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  Executive Summary 

 This chapter reviews the role of the production, 
use and end-of-life management of harvested 
wood products (HWPs) in the global carbon 
cycle. Harvested wood products can be long term 
reservoirs of carbon; however, solid wood 
 products, paper, and paperboard manufacturing 
require large energy and heat inputs, and end-
of-life pathways can further or hinder carbon 
sequestration, depending on management.  

   What We Know About Harvested Wood 
Products and the Carbon Cycle   

   The global stock of carbon    within forest    prod-• 
ucts is estimated between 4,100 teragrams 
(Tg) carbon and 20,000 Tg carbon, with net 
sink rates estimated between    26 and 139 Tg 
carbon per year. The methods and assump-
tions used to estimate the role of HWPs in the 
global carbon cycle vary, resulting in a wide 
range of fi ndings. Even assuming the high 
end of the estimates, these fi ndings suggest 

that forest products are still are a minor 
 component of the global carbon budget.  
  Manufacturing processes operate on a mix of • 
fossil energy and biomass energy, a by-product 
derived from wood waste. Emission reductions 
are achieved when energy generated from 
biomass displaces fossil fuel emissions.  
  Newer wood products such as oriented strand • 
board, laminated veneer lumber and I-joists 
use 80–216% of the energy needed to produce 
solid sawn lumber. It is unclear whether the 
lower density of newer wood product materials, 
given their increased strength and greater uti-
lization of wood resources, offsets the energy 
intensity per unit of the newer materials.  
  Paper products contain signifi cantly more • 
embodied fossil fuel (carbon) energy than 
solid wood products: 0.3–0.6 megagram car-
bon (MgC) in fossil energy used/MgC for vir-
gin paper products vs. 0.07 MgC in fossil 
energy used /MgC for solid wood products in 
Finland in 1995. However, approximately 
50% of U.S. paper production is manufactured 
using recycled paper as a feedstock. Recycled 
feedstock may reduce or increase GHG emis-
sions relative to virgin pulping depending on 
the pulping process and energy sources.  
  Global transport of wood and paper products • 
is estimated to account for approximately 27% 
of total fossil carbon emitted within the manu-
facturing and distribution process.  
  Several researchers assert that substitution of • 
wood for other construction materials (e.g., steel 
and concrete) produces net GHG emissions 
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reductions. These substitution effects may be up 
to 11 times larger than the total amount of car-
bon sequestered in harvested wood products 
annually. Quantifi cation of substitution effects 
relies on many assumptions about particular 
counterfactual scenarios, most importantly link-
ages between increased/decreased forest prod-
ucts consumption and total extent of forestland.  
  The end-of-life pathways of HWPs can augment • 
GHG emissions reductions. Once discarded, 
HWPs can be burned for energy production, 
recycled or reused, or put in landfi lls, where the 
carbon can remain indefi nitely due to anaerobic 
conditions. However, HWPs discarded in 
landfi lls create methane, a greenhouse gas that 
is 24 times more potent than CO 

2
 , thus poten-

tially offsetting gains from carbon storage.  
  Inclusion of end-of-life pathways in HWP car-• 
bon stock calculation models is crucial, as 
failure to do leads to estimates with a high 
degree of error.     

    1   Introduction 

 Although many policy makers recognize the role 
forests play in carbon sequestration and climate 
change mitigation, to date there is no accepted 
methodology for quantifying and incorporating 
harvested wood products into global carbon bud-
gets and carbon markets. While there is ample dis-
cussion surrounding sustainable forest management 
and the long-term sequestration of carbon in stand-
ing forests, the discussion rarely considers the life-
cycle of wood and or the linkages between forest 
management and end markets for wood products. 

 Understanding the role of harvested wood 
products (HWPs) in the global carbon cycle is 
essential if appropriate policy concerning the 
treatment of HWPs as a carbon stock is to be 
implemented on a national or even international 
level under multi-lateral agreements in a post-
Kyoto protocol regime (Rueter  2008 ). Studies 
that quantify current global stocks of HWPs vary 
greatly, as calculation methods are dependent 
on critical assumptions regarding product life, 
decay rates, and system boundaries (Pingoud 
et al.  2003 ; Green et al.  2006 ). A lack of data on 

the usage and disposal of HWPs adds to the dif-
fi culty of quantifying this global carbon stock 
(Kuchli  2008 ). Opinion on system boundaries is 
divided across the literature. The topic of landfi lls 
is a major part of this debate as models that include 
“end-of-life” within their system boundaries are 
intrinsically tied to assumptions made regarding 
the level of methane (CH 

4
 ) capture from landfi lls. 

The composition of materials in landfi lls has 
a signifi cant impact on the magnitude of CH 

4
  

generation, while the landfi ll design greatly infl u-
ences the ability to capture landfi ll gases or convert 
methane passively through oxidation. 

 This chapter reviews the role of the forest 
products industry and harvested wood products 
within the context of global carbon stocks and 
fl ows, starting at the beginning of the HWP life 
cycle with production, turning then to the estima-
tion of product life span and carbon stocks in 
products, and concluding with issues related to 
end-of-life management. 

 The chapter reviews the direct and indirect 
effects on greenhouse gas (GHG) emissions of 
production within the wood products and paper 
and paperboard sectors. It demonstrates the com-
plexities of including wood products in use in such 
analyses by examining recent research in life-cycle 
assessment, manufacturing and use trend data, and 
literature on the impacts of materials substitution. 
The literature on the carbon stock of HWPs is 
reviewed and currently accepted research on the 
topic of product life spans and HWPs in landfi lls is 
summarized. The end-of-life pathways of HWPs 
and their carbon implications are then examined. 

 The chapter concludes by considering areas of 
further research, such as incorporation of the role 
of forest management in carbon sequestration via 
HWPs and further study of carbon benefi ts cur-
rently claimed by proponents of wood pro duct sub-
stitution for more energy-intensive raw materials. 

    1.1   Overview and Framework 
for Assessing Role of HWPs 
in Carbon Cycle 

 From the perspective of global carbon stocks 
and fl ows, forest products are a heterogeneous 
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group that consists of very short-lived products 
(e.g., newsprint) to very long-lived products 
(e.g., furniture, housing stock). Heterogeneity 
increases further due to different manufacturing 
processes, energy requirements for production, 
sources of energy within manufacturing, 
consump tion patterns, end-of-life consider-
ations, and substitution effects. 

 Miner  (  2008  )  presents a useful framework for 
evaluating the carbon profi le of the forest products 
industry (Table  12.1 ). In general, direct and indirect 
emissions are quantifi ed as positive GHG contribu-
tions, while sequestration and avoided emissions 
are quantifi ed as negative GHG emissions—where 
negative emissions, i.e. reductions, are desired—
relative to a business-as-usual scenario (Miner 
 2008  ) . The net GHG profi le is diffi cult to quantify 
because data for several of these processes are 
imprecise or unavailable. This is particularly true 
for sequestration and emissions within solid waste 
disposal sites as well as for substitution effects.  

 In light of the broad divestment of industrial 
timberland in the United States (Brown  1999  )  
largely to timberland investment management 
owners, it is reasonable to ask whether forest car-
bon sequestration should be part of the carbon 
profi le of the forest products industry. As many 
timberland buyers increasingly seek to manage, 
quantify, and monetize carbon sequestration ben-
efi ts (Lippke and Perez-Garcia  2008  )  alongside 
traditional timberland management strategies, it is 
becoming increasingly important to apply a life-

cycle framework to the industry, including the 
sequestration potential of forestlands as a source 
of raw material inputs. Similarly, it is also impor-
tant to quantify products-in-use and in landfi ll 
sequestration since these are also key components 
of the life-cycle of forest carbon in use. 

 The National Council for Air and Stream 
Improvement, a U.S.-based industry-sponsored 
research group (NCASI  2007  ) , presents estimates 
of net emissions of the forest products and forest 
carbon sequestration (Table  12.2 ). It is important 
to note that these fi gures do not take into account 
any product substitution effects, but do  incorporate 
a large fi gure for forest carbon sequestration that 
may not be linked to the production of forest 
products. The largest areas of uncertainty in these 
estimates relate to transportation-related emissions, 
forest carbon sequestration, and methane emis-
sions from landfi lled forest products.  

 Forest products and the forest products industry 
are unique within the realm of carbon stocks and 
fl ows. First, industrial production of forest prod-
ucts typically uses a high proportion of its own 

   Table 12.1    A framework for evaluating the carbon 
profi le of the forest products industry   

 Carbon Flux  Activity or Source 
 Direct emissions  Manufacturing 
 Indirect emissions  Transport 

 Purchased power 
 Landfi ll CH 

4
  emissions 

 Sequestration  Forests 
 Products in use 
 Products in landfi lls 

 Avoided emissions  Combined heat and power 
applications 
 Product recycling 
 Substitution effects 

  Adapted from Miner  (  2008  )   

   Table 12.2    Emissions and sequestration estimates for 
the global forest products value chain   

 Value chain component 

 Est. Net 
emissions, 
Tg CO 

2
 -eq. 

year  − 1   Uncertainty a  

 Direct emissions: 
manufacturing 

 262  ±20% 

 Indirect emissions: 
purchased power 

 193  ±25% 

 Indirect emissions: 
transport 

 70  ±50% 

 Indirect emissions: 
landfi ll-derived methane 

 250  −50% to 
+100% 

 Net forest sequestration  −60  ±200% 
 Sequestration in forest 
products 

 −540  ±50% 

 Avoided emissions: 
biomass fuels 

 −175  ±200% 

 Avoided emissions: 
combined heat and power 

 −95  ±200% 

 Avoided emissions: 
recycling 

 −150  ±200% 

 Product substitution effects  Unknown  N/A 

  Modifi ed after NCASI  (  2007  )  
  a Uncertainty is based on professional judgment as presented 
in NCASI  (  2007  )   
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feedstock (of biomass derived from production 
byproducts) as its energy source. Nevertheless, 
the vast majority of direct fossil CO 

2
  emissions 

are still generated in the production phase. 
Second, once in use, most forest products do not 
generate CO 

2
  emissions; upon disposal, they can 

generate varying degrees of CO 
2
  and methane 

(CH 
4
 ) depending on decomposition rates. 

 Forest products are often considered to be 
less energy- and emissions-intensive substitutes 
for other building materials, particularly  concrete, 
steel, and aluminum (Wilson  2005 ; Upton et al. 
 2008  ) . These substitution effects may play a much 
greater role in global CO 

2
  reduction schemes 

than improvements within the forest products 
manufacturing process itself (Kauppi and Sedjo 
 2001 ; Miner  2008  ) . However, while some 
researchers (e.g., Burschel et al.  1993  )  regard 
product substitution as important, they point 
out that changes in forest management are 
even more signifi cant. Denman et al.  (  2007  )  note 
that terrestrial ecosystems, and forests in partic-
ular, sequester amounts equal to approximately 
25% of total anthropogenic emissions. Thus, the 
impacts of industry on forestland extent, stock-
ing rates, and land-use conversion must be 
included in a comprehensive analysis of the car-
bon footprint of the industry. 

 Long-lived wood products-in-use constitute a 
carbon sink (Skog  2008  ) , as do some wood pro-
ducts within solid waste disposal sites (Skog and 
Nicholson  1998 ; Micales and Skog  1997  ) . 
NCASI  (  2007  )  estimates that within the United 
States the total gross emissions through the for-
est products value chain in 2005 were 212 Tg 1  
carbon dioxide equivalents (CO 

2 
e) 2  per year, 

while the forest carbon pool in products (in-use 
and landfi lls) grew by 108.5 Tg CO 

2
 e per year. In 

2005 in the U.S., landfi lled wood products con-
stituted 3% of total carbon stocks within the for-
est sector, but accounted for 27% of  carbon 

sequestration (defi ned as fl ux in total carbon 
stocks), which is estimated to average 162 Tg 
carbon per year (Woodbury et al.  2007  ) . The 
global stock of carbon within forest products is 
estimated between 4,100 Tg carbon (Han et al. 
 2007  )  and 20,000 Tg carbon (Sampson et al. 
 1993 ; IPCC  1996  ) , with net sink rates estimated 
between 26 Tg carbon per year (IPCC  1996  )  to 
139 Tg carbon per year (Winjum et al.  1998 ). 
The Intergovernmental Panel on Climate Change 
(IPCC  2007  )  estimates the total global standing 
forest carbon stock to be 3,590,000 Tg carbon 
for vegetation only and 11,460,000 Tg carbon 
for forest biomass and soils . Others estimate 
that the total carbon stock of the terrestrial bio-
sphere is 24, 770,000 Tg C, including non-forest 
stocks (Fischlin et al.  2007  ) . Even assuming the 
high estimate of 20,000 Tg carbon for forest 
products, this suggests that they still are a minor 
component of the global carbon budget. 

 However, Woodbury et al.  (  2007  )  assert that 
the forest products sector (including forest 
growth) provided net carbon sequestration equal 
to 10% of total U.S. CO 

2
  emissions in 2005. 

While forests accounted for 63% of net seques-
tration, changes in products-in-use and landfi lled 
forest products accounted for 37% of net seques-
tration, implying that in 2005 the production and 
disposal of forest products was responsible for 
sequestering 3.7% of total U.S. CO 

2
  emissions. 

NCASI  (  2007  )  estimates that in 2005, 52% of 
gross emissions from the forest products  industry 
was offset by carbon sequestration in products-
in-use and products in landfi ll. It further estimates 
that annual forest growth on all private lands off-
set an additional 61% of gross emissions from the 
forest products industry. USEPA  (  2008  )  reports 
that total U.S. CO 

2
  emissions in 2005 were 

7,130 Tg CO 
2
 e, which, using fi gures from NCASI 

 (  2007  ) , suggests that forest harvesting, clearance 
and disturbances (e.g. fi re) represent only 1.8% 
of total U.S. emissions, and that forest products 
represent only 1.5% of total U.S. emissions. 

 A potentially broader set of carbon implica-
tions arises from the use of wood for energy or as 
a substitute for more carbon-intensive materials. 
These substitution effects have been explored 
extensively through comparisons of steel/aluminum/

    1   Teragrams – 1 Tg is equal to 1,000,000 Metric tons. All 
tons in this chapter are metric unless otherwise indicated.  

   2   Carbon dioxide equivalent (CO 
2 
e) is a measure for describ-

ing the climate-forcing strength of a quantity of greenhouse 
gases using the functionally equivalent amount of carbon 
dioxide (CO 

2 
) as the reference.  
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concrete vs. wood housing designs (Marceau and 
VanGeem  2002 ,  2008 ; Wilson  2005 ; Perez-
Garcia et al.  2005 ; NCASI  2007  )  and use of bio-
mass fuels (Sedjo  2008  ) . There is less literature, 
however, on the effects of wood demand on main-
taining tracts of forestland (Ince  1995 ). Together, 
these indirect effects may play a much larger role 
in GHG reduction than direct effects within the 
forest products sector.  

    1.2   Defi nition of Harvested 
Wood Products (HWPs) 
and Related Terms 

  Harvested wood products  (HWPs) can be defi ned 
as wood-based materials that, following harvest, 
are transformed into commodities such as 
furniture, plywood, paper and paper-like prod-
ucts (Green et al.  2006 ). The term HWP is further 
simplifi ed by the International Panel on Climate 
Change (IPCC) defi ning it as all wood material 
(including bark) that is transported off harvest 
sites. It does not include woody biomass, com-
monly referred to as slash or residual material, 
left at harvest sites (Pingoud et al.  2003  ) . 

  Sawtimber  refers to trees or logs large enough 
to be sawn into lumber. Once harvested, tree boles 
(i.e., the main stem of the tree) intended for human 
utilization are termed  roundwood . The UN Food 
and Agriculture Organization (FAO) more for-

mally defi nes roundwood as wood in its natural 
state after it has been harvested, including logs 
that have undergone minimal transformation and 
may be without bark, rounded, split, or roughly 
squared. Roundwood is used as either  woodfuel  or 
industrial roundwood, which is used to produce 
HWPs. Woodfuel, destined for heating, cooking 
and energy production, includes solids (fuelwood 
and charcoal), liquids (black liquor, 3  methanol, 
and pyrolitic oil) and gases from the gasifi cation 
of these substances.  Fuelwood  is wood in the 
rough such as branches, twigs, logs, chips, saw-
dust and pellets, used for energy generation. 
Woodfuel is not analyzed here. While industrial 
roundwood and paper/paperboard production are 
concentrated in a few industrialized countries, 
fuelwood is less concentrated, and more promi-
nent in lesser-developed countries (Table  12.3 ).  

 HWPs are categorized into two groups:  solid 
wood products  (SWPs) and  paper products . Solid 
wood products consist of sawn wood and wood-
based panels, typically measured in cubic meters. 
Paper products are defi ned as paper and paper-
board (thicker, stronger and more rigid grades of 
paper) which are measured in dry tons (Green 
et al.  2006 ). In many cases, HWPs are further 
transformed into different product classes and 
categories throughout their lifecycle due to 
recycling (Pingoud et al.  2003  ) .   

   Table 12.3    Production and production concentration of industrial roundwood, paper and paperboard, and wood fuel   

 Industrial 
roundwood, 
1,000 m 3  year  − 1  

 Industrial 
roundwood, 
% of global 
production 

 Paper and 
paperboard, 
1,000 ton year  − 1  

 Paper and 
paperboard, 
% of global 
production 

 Woodfuel, 
1,000 m 3  year  − 1  

 Woodfuel, 
% of global 
production 

 Production, 
Top 10 
Countries 

 1,175,185  71%  263,350  74%  1,061,620  60% 

 Production, 
Top 25 
Countries 

 1,445,594  88%  331,510  94%  1,385,578  78% 

 Production, 
Total Global 

 1,645,681  100%  354,490  100%  1,771,978  100% 

 Top 10 
Counties in 
Production 

 USA, Canada, Russia, Brazil, 
China, Sweden, Finland, 
Germany, Indonesia, France 

 USA, China, Japan, Canada, 
Germany, Finland, Sweden, 
South Korea, France, Italy 

 India, China, Brazil, Ethiopia, 
Indonesia, Dem. Rep. of 
Congo, Nigeria, Russia, USA, 
Mexico 

  Derived from FAO  (  2004  )   

   3   Black liquor is liquid residual from soda or sulfate pulping.  
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    2   The Global Forest Products 
Industry 

 For the purposes of this review, we make a dis-
tinction between the forestland harvests for land 
clearing/forest conversion versus the continuous 
production of forest products such as sawtimber, 
paper/pulp, biomass, and other forest products. 
Land clearing (deforestation) is considered a 
primary driver of anthropogenic CO 

2
  emissions, 

accounting for between 17% and 20% of total 
global CO 

2
  contributions between 1990 and 2002 

(WRI  2006 ; Watson et al.  2000  ) . Drivers of 
deforestation include a variety of sources ranging 
from fuelwood consumption, illegal logging, and 
expansion of agricultural land (Stern  2006  ) . 

 The total global annual volume of harvested 
wood products in 2006 was 3.42 billion cubic 
meters (m 3 ) according to the U.N. Food and 
Agriculture Organization (FAO  2007  ) . About 
1.65 billion m 3  was industrial roundwood, while 
1.77 billion m 3  was fuelwood. Others, however, 
suggest that harvest was slightly lower (approxi-
mately 3 billion m 3  per year), with approximately 
1.8 billion m 3  as industrial roundwood, and 1.2 
billion m 3  as fuelwood (Nabuurs et al.  2007  ) . 
These fi gures may differ on the total fuelwood 
harvest, since economic data typically do not 
include fuelwood. In 2006, developed countries 
accounted for 70% of total global industrial 

roundwood consumption (USA, Canada, 
European Union, Japan) (FAO  2007  ) . However, 
the largest producers, in order, were the USA, 
Canada, Russia, Brazil, and China. 

 The percentage of roundwood used for 
woodfuel varies greatly by country. Developed 
countries typically report low percentages used 
for fuelwood, while lesser-developed countries 
generally report a higher proportion of roundwood 
as fuelwood (Table  12.4 ).   

    3   Direct Effects of Forest Product 
Harvest, Manufacturing, 
and Distribution 

    3.1   Wood Harvesting 

 Wood products result from harvesting trees from 
natural forests and plantations. The harvesting 
process generates signifi cant amounts of by-
product, such as branches, leaves and other unmer-
chantable biomass, which are often either burned 
or left in the forest to decompose. The proportion 
of merchantable to unmerchantable biomass 
varies by forest type, species, and age at harvest. 
Representative values cited in the literature for 
North American forests suggest that 20–40% of 
tree biomass remains in the forest after harvest 
(Côté et al.  2002 ; Finkral and Evans  2008  ) . 

   Table 12.4    Roundwood, pulpwood, woodfuel production and production ranking for selected countries and the global 
HWP industry   

 All values 
1,000 m 3  year −1   Global total 

 Selected countries 
 US  Finland  Canada  Russia  Japan  Brazil  China  Zambia  Mexico 

 Industrial 
roundwood 

 1,645,681  414,702  49,281  196,667  134,000  15,615  110,470  95,061  834  6,913 

  % as Pulpwood    32%    41%    51%    14%    40%    23%    43%    7%    0%    14%  
 Woodfuel  1,771,978  43,608  4,519  2,901  48,000  114  136,637  191,044  7,219  38,269 
  Total 
roundwood  

  3,417,660    458,310    53,800    199,568    182,000    15,729    247,107    286,105    8,053    45,182  

  % of 
Roundwood 
as fuelwood  

  52%    10%    8%    1%    26%    1%    55%    67%    90%    85%  

 Global rank 
of industrial 
roundwood 
production 

 1  7  2  3  18  4  5  78  33 

  Modifi ed from data in FAO  (  2004  )   
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The variability refl ects the diversity of commer-
cially harvested species and forest types, as well 
as economic factors and harvest technologies. 

 Sustainable management and the use of a 
formal management plan should be requirements 
for any forest to be included as a carbon sink 
under national and international GHG accords. 
As of 2007, approximately 90% of developed 
country forests were harvested under sustained 
yield objectives within a management plan, while 
only 6% of developing country forests were 
similarly managed (Nabuurs et al.  2007  ) .  

    3.2   Wood Products Manufacturing 

 Solid wood products manufacturing uses a major-
ity of all global industrial roundwood volume. Its 
direct manufacturing emissions are a small frac-
tion of total industry emissions, unlike paper and 
pulp manufacturing, which create much higher 
direct emissions. Globally, in 2004, 68% of 
all industrial roundwood volume went to the 
manufacturing of a variety of solid wood prod-
ucts (FAO  2007  ) . Using 2004 FAO data, NCASI 
 (  2007  )  estimates that the global solid wood 
products industry emits 25 million tons (Mt) of 
fossil CO 

2
  per year. Major categories include 

solid sawn lumber (softwoods and hardwoods), 
structural panels (plywood, oriented strand 
board [OSB]), non-structural panels (e.g., parti-
cleboard), engineered wood products (laminated 
veneer lumber, I-joists, glulam), and miscella-
neous uses (telephone poles, railroad tracks). 
Many of these products, with the exception of 
packaging/pallets, are manufactured for durable 
purposes. Since durable goods usually have 
product lives of 40–80 years, solid wood prod-
ucts have the potential to sequester carbon for 
signifi cant periods. Furthermore, much of the 
solid wood stream is then deposited in a solid 
waste disposal site, where it may be sequestered 
near-permanently (Skog and Nicholson  1998  ) . 

 McKeever  (  2002  )  estimates that in 1998 the 
United States, which leads the world in con-
sumption of solid wood products, consumed 
0.23 billion m 3  of solid wood products in the fol-
lowing proportions: solid sawn lumber (62%), 

structural panels (18%), nonstructural panels 
(12%), engineered wood products (1%) and mis-
cellaneous (8%). 4  Researchers focused on the 
carbon sequestration potential of the solid wood 
products sector have offered several conclusions 
related to product mix and manufacturing:
    1.    Since 1970, the rate of resource utilization 

(the percentage of roundwood that ends up in 
fi nal product form) of the U.S. solid wood 
products industry has increased signifi cantly, 
despite a recognized reduction in size and 
quality of roundwood inputs. Yields from 
raw materials have increased, and inputs of 
petroleum-based additives in engineered and 
panel products have decreased.  

    2.    Since 1970, the product mix within the solid 
wood products industry has shifted from solid 
sawn lumber and plywood to a mixture of engi-
neered wood products and OSB. This is likely 
due to changes in quality of roundwood inputs 
and demand for uniform, high-performance 
engineered products (Meil et al.  2007  ) .  

    3.    The industry produces a substantial amount of 
its energy needs through biomass electricity 
and heat production, which are often adjacent 
to manufacturing facilities.      

    3.3   Carbon Management 
Implications of Trends in Solid 
Wood Product Manufacturing 

 Within the wood products sector, there is a strong 
trend toward engineered products such as glue-
laminated lumber, I-joists, and non-plywood 
structural panels such as oriented strand board. 
Proponents recommend these products for their 
load-bearing strength and uniformity relative to 
solid sawn wood (Meil et al.  2007  ) . They can 
also be manufactured from small-diameter round-
wood and/or scraps from other processes. Because 
these products have been allowed under the two 
major international building codes (IBC/IRC), 
are favored by builders for their uniformity and 
strength, and allow for greater economic utiliza-
tion of harvested fi ber, it is unsurprising that this 

   4   Data include domestic and imported products.  
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is the fastest growing sub-segment of the solid 
wood products industry (Meil et al.  2007  ) . By 
volume, these products made up about 1% of total 
U.S. roundwood consumption as of 1998. Sales 
growth of engineered wood products increased 
30.2% over 2000–2004 (McKeever  2002  ) . In con-
trast, the American Plywood Association projects 
that solid sawn lumber consumption will drop 
below 4 billion cubic feet (ft 3 ) in 2012, implying 
no growth in volume between 1998 and 2012. 

 Because solid wood manufacturing encom-
passes a mix of solid sawn wood and engineered 
wood products, it is worthwhile to examine the 
carbon footprint of each major segment. A series 
of studies by Wilson (2005) and Kline  (  2005  )  
conducted as part of the CORRIM research pro-
gram 5  provides carbon and energy consumption 
data for the production of various solid wood 

products (Table  12.5 ). CO 
2
  emissions by product 

type range from 202 to 672 kg CO 
2
 /m 3 , with U.S. 

Southern OSB production resulting in the highest 
emissions by volume 6  (Puettmann and Wilson 
 2005  ) . Variability within a product type arises 
from differing regional energy sources and year 
of analysis. Solid sawn lumber production is not 
substantially lower in CO 

2
  emission/volume than 

the engineered wood products. However, Pacifi c 
Northwest plywood generated 24% lower CO 

2
  

emissions than solid sawn wood.  
 Most engineered wood products contain (by 

mass) 5–15% in additives such as petroleum-
based adhesives, waxes, and resins. These are 
created using more energy-intensive manufactur-
ing processes. Because these products are stron-
ger, less wood fi ber is required within the 
construction process relative to solid-sawn lum-
ber. For example, I-joists use approximately 
62–65% of the wood fi ber of a solid joist, but 

   6   Meil et al.  (  2007  )  assert that this is largely due to the use of 
regenerative thermal oxidizer (RTO) units which are a critical 
element of air emissions control in OSB manufacturing.  

   Table 12.5    Carbon dioxide (CO 
2 
) emissions in the cradle-to-gate life cycle of a wood building product from the 

generation of the forest through product manufacturing, 2004   

 Pacifi c northwest production  Southeast production 
 Product  Glulam  Lumber  LVL  Plywood  Glulam  Lumber  LVL  Plywood  OSB 
 CO 

2
  emissions 

(biomass), kg/m 3  
 230  160  141  146  231  248  196  229  378 

 CO 
2
  emissions 

(fossil), kg/m 3  
 126  92  87  56  199  62  170  128  294 

 CO 
2
  emissions, total, 

kg/m 3  
 356  252  228  202  430  310  366  357  672 

 CO 
2
  emissions 

(biomass), kg/m 3  
 65%  63%  62%  72%  54%  80%  54%  64%  56% 

 CO 
2
  emissions 

(fossil), kg/m 3  
 35%  37%  38%  28%  46%  20%  46%  36%  44% 

 Total energy, MJ/m 3   5,367  3,705  4,684  3,638  6,244  3,492  6,156  5,649  11,145 
 Product yield, log to 
product 

 53%  51%  41%  50%  71% 

 Product yield, other 
wood inputs to 
product 

 82%  N/A  82%  N/A 

 Description of other 
wood inputs 

 Dry, planed 
lumber 

 Veneer  Dry, planed 
lumber 

 Veneer 

  Derived from Puettmann and Wilson  (  2005  )  
 Note: I- joists are made of OSB and LVL, and could not be included in this table. 
  Glulam  glue laminated timber beams,  LVL  laminated veneer lumber,  OSB  oriented strand board  

   5   CORRIM is a research consortium focused on the envi-
ronmental impact of the production, use, and disposal of 
wood and other bio-based materials. The Consortium 
includes US and Canadian research institution members 
and a number of contributing companies, associations and 
agencies related to the forest products industry.  
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their production is more energy-intensive. As a 
result, substitution of I-joists for solid-sawn lum-
ber provides negligible opportunities for CO 

2
  

emissions reduction (Perez-Garcia et al.  2005  ) . 
Moreover, substitution of OSB for plywood 
reduces total carbon emissions only by 3–4%. 

 Resource utilization studies conducted in the 
U.S. in 1976 and again several decades later 
(Wernick et al.  1997 ; Meil et al.  2007  )  document 
increased utilization of by-products while 
 providing interesting data on product yields from 
raw materials. In 1970, the softwood lumber indus-
try had a 35% utilization rate by weight (e.g., con-
version of raw logs into the primary product). This 
rose to 45% in 2000. Effi ciency gains for softwood 
plywood showed a 7% improvement. However, a 
much greater proportion of plywood byproducts 
were used as raw materials for other products, 
such as nonstructural panels, rather than being 
burned or landfi lled. In addition, over the same 
period, adhesive and resin content in plywood was 
reduced by 17% (Meil et al.  2007  ) . The authors 
therefore calculate a reduction of 62.7 kg of fossil-
derived CO 

2
 /m 3  of softwood lumber produced in 

2000 relative to 1970. 
 Biomass has been an important, carbon-neu-

tral energy source for the forest products indus-
try. Biomass is considered by Watson et al.  (  2000  )  
and others to be a “carbon-neutral energy source” 
because it does not generate fossil carbon emis-
sions. Within the forestry sector, forest regenera-
tion is thought to offset carbon from energy 
production from biomass. Other researchers 
argue that such accounting masks important com-
plexities (e.g., Luo et al.  2009 ; Walker et al. 
 2010  ) . Regardless, within the IPCC framework, 
changes in forest regeneration are reported sepa-
rately as land-use change (Watson et al.  2000 ; 
IPCC  2007  ) , which makes it diffi cult for forest 
products industry bookkeeping to include the life 
cycle of their products for the purposes of calcu-
lating carbon stocks. 

Over the past 30 years, the industry has 
improved utilization effi ciency for materials by 
creating value from products once burned for 
energy, and by burning for energy products that 
were previously typically burned solely for dis-
posal purposes (Wilson  2005  ) . Historically, the 

industry burned bark and other “wet” residues in 
uncontrolled outdoor burners variously termed 
“teepee” or “beehive” burners, with signifi cant 
particulate emissions and zero energy recovery. 
Only sawdust and planer shavings were con-
verted into energy due to the cost and conversion 
effi ciency of boilers. Today, in developed 
nations, it is more common for all residue, 
including bark, mill-ends, sawdust and shavings 
to be burned for the cogeneration of heat and 
electric power. These outputs are used to drive 
manufacturing processes within modern solid 
wood product mills. But they sometimes remain 
uncounted in carbon budgeting. 

 Two studies from the 1970s indicate that histo-
rically energy recovery was low. Grantham and 
Howard  (  1980  )  indicate that in 1970 25% of 
residual byproducts were used as fuel, and 
another 37% transferred to other facilities as raw 
materials. Corder et al.  (  1972  )  claim that 26% 
(for lumber) and 24% (for plywood) of byproducts 
were used for fuel in 1967. Between 1970 and 
2000, bark and wet residues began to be used as 
fuel for combined heat and power applications at 
manufacturing sites.  

    3.4   Pulp and Paper Manufacturing 

 In 2004, the pulp and paper industry consumed 
approximately 32% of all industrial roundwood 
produced globally (FAO  2007  ) . NCASI  (  2007  )  
estimates that pulp and paper manufacturing pro-
cesses globally emit 195–205 Mt of fossil CO 

2
  

per year (compared to 25 Mt CO 
2
  per year for 

solid wood products). The pulp and paper industry 
generally produces products that are shorter-lived 
than the solid wood products segment, ranging 
from various grades of newsprint and paper to 
paperboard. The production of paper products 
from virgin fi ber is considerably more energy-
intensive than all solid wood products, since 
wood fi ber must be converted (chemically or 
mechanically) from a mixture of cellulose, hemi-
cellulose, and lignins into a cellulose-dominated 
pulp for papermaking. In 1998, the paper manu-
facturing industry ranked as the United States’ 
fourth largest emitter of greenhouse gases, 
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 following petroleum, basic chemicals, and metals 
(EIA 2006). Using 1991 data, Subak and Craighill 
 (  1999  )  estimate that the paper and pulp industry 
directly and indirectly accounted for 1.3% of total 
global fossil carbon emissions in 1993. 

 Industry segments vary in production volumes, 
carbon intensity, manufacturing processes, and 
estimated service life. In 2006, the United States 
produced 41.8 million short tons of paper and 
50.4 million short tons 7  of paperboard products. 
In contrast to fl at or slowly growing markets for 
solid wood products (McKeever  2002  ) , the U.S. 
paper and paperboard markets in total have 
been declining since 1999 (Irland 2008) likely 
the result of a transition away from newsprint 
consumption. Furthermore, production has 
dropped faster than consumption as signifi cant 
industry segments have moved offshore (e.g., 
China now dominates global packaging markets) 
(FAO  2007  ) . 

 International trade in pulp, paper, and paper-
board products is considerably more developed 
than trade in raw sawtimber and solid wood 
products. A different set of nations is dominant 
within global production of paper and paperboard 
products (Table  12.3 ). Additionally, recycled 
fi ber streams play a much greater role in paper 

manufacturing relative to solid wood products 
manufacturing (Falk and McKeever  2004  ) . 

 Paper industry inputs vary by product type, 
and include (i) industrial roundwood, (ii) chips as 
a co-product of solid wood product manufacturing 
and (iii) recycled fi ber. Certain products require 
more virgin fi ber for tensile strength, while other 
products can be produced with predominantly 
recycled fi ber. A NCASI  (  2007  )  report states: 
“   Of the 352 million tons of paper and paperboard 
produced globally in 2005, 162 million tons, or 
46%, was recovered rather than being disposed” 
(FAO 2006a). Miner  (  2008  )  also documented a 
complex fi ber supply web within the industry 
(Fig.  12.1 ). Of the 100 million tons of paper con-
sumed annually within the U.S, approximately 
53.4 million was recovered for recycling in 2008. 
A 2008 press report from Forestweb (Irland 2008) 
indicates that paper manufactured from 100% 
recycled pulp results in 1,791 kg/ton of CO 

2
  

emissions, vs. 4,245 kg/ton of CO 
2
  emissions 

from paper manufactured from virgin pulp. 
However, there is some debate over the role of 
recycled fi ber in reducing GHG emissions within 
the industry. The de-inking and recycling process 
is energy-intensive, and typically involves 100% 
purchased power (vs. in-house biofuel-derived 
power in virgin pulp manufacturing). Some 
researchers suggest that the climate benefi ts of 
recycled material arise from the avoided CH 

4
  

  Fig. 12.1    The complex supply web of the forest products industry. Thickness of lines signify relative magnitude of fl ows. 
( Source : From Miner  2008 . Reprinted with permission)       

   7   One short ton = 2,000 pounds (lb)  »  907 kilograms 
(kg, SI) = .907 metric tons.  
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emissions from decomposing paper within land-
fi lls (Subak and Craighill  1999 ; NCASI  2007  ) .  

 Using data from Finland’s forest products 
industry, Pingoud and Lehtilä  (  2002  )  estimate 
that in 1995 across pulping processes and fi ber 
sources, the proportion of fossil-based carbon 
emissions per wood-based carbon in end prod-
ucts (Mg carbon/Mg carbon) is 0.07 for sawn 
wood and 0.3–0.6 for paper in the manufacturing 
stage, suggesting that paper is 428–857% more 
fossil carbon intensive than sawn wood by mass. 
They also found that direct fuel, heat, and elec-
tricity demands for the production of 11 grades of 
pulp in Finland in 1995 can dramatically vary 
(Pingoud and Lehtilä  2002  )  (Table  12.6 ).  

 Chemical pulping uses either a kraft (sulfate) 
process or sulfi te process to dissolve lignins, 
which are burned with other derivatives to recover 
pulping chemicals and to provide process heat 
(Côté et al.  2002  ) . This process leaves cellulose 
fi bers largely intact for high-quality papermaking. 
Mechanical pulping uses fi ber more effi ciently, 

yielding a lesser amount for biofuel as a process 
energy, and increasing the need for purchased 
electricity (Pingoud and Lehtilä  2002  ) . Chemical 
processes result in 50–55% loss of fi ber by 
weight, while recovery of recycled paper results 
in a 16–18% loss of fi ber by weight. Fiber that 
does not end up in the fi nal product is generally 
burned in the production process or landfi lled 
(Côté et al.  2002  ) . Industry-wide in the U.S., 56% of 
all energy needs are met with biofuel co-products 
(Davidsdottir and Ruth  2004  ) . Farahani et al. 
 (  2004  )  have highlighted a new technology, black 
liquor gasifi cation-combined cycle (BLGCC), 
which has the potential, under certain conditions, 
to fully offset energy usage within the chemical 
pulping process. In this case, using less recycled 
feedstock actually improves the GHG emissions 
profi le by providing greater opportunities to use 
biomass and black liquor as energy feedstock. 

 In general, mechanical pulping is less energy-
intensive, although, as noted, it also uses a greater 
proportion of purchased electricity in its 

   Table 12.6    Energy inputs and ratio of embodied** carbon in raw material vs. fi nal product under a variety of pulping 
processes in Finland, 1995   

 Total production, 
Gg year −1  

 Direct fuels, 
MWh/Mg  Heat, MWh/Mg  Electricity, MWh/Mg 

 C in raw material/ C 
in fi nal product 

  Mechanical  
 GWP, B  801  0  1.55  1.2 
 GWP, NB  1,167  0  2.1  1.23 
 TMP, NB  923  −0.75  2.4  1.2 
 TMP, B  801  −1.17  3.37  1.24 
 CTMP  105  0.56  1.65  1.25 
 SCP  509  1.06  0.4  1.45 
  Chemical  
 HSUP, B  2,174  0.39  3.07  0.69  2.46 
 SSUP, NB  680  0.52  2.77  0.57  2.56 
 SSUP, B  2,928  0.52  3.33  0.75  2.71 
  Recycled  
 REC, NB  180  0  0  0.1  1.07 
 REC, B  272  0.25  0.17  0.4  1.17 
  Total   10,540 

  From Pingoud and Lehtila  (  2002  ) . Reprinted with permission 
 *    In Finland, 51% of produced chemical pulp was dried in 1995 (Carlson and Heikkinen  1998 ). This is included in the 
energy demand fi gures 
 ** Embodied energy, also known as embedded energy, refers to the energy consumed in the prior steps in the product chain. 
 Abbreviations used:  GWP  ground wood pulp,  TMP  thermo-mechanical pulp,  CTMP  chemi-thermo-mechanical pulp, 
 SCP  semi-chemical pulp,  HSUP  hardwood sulphate pulp,  SSUP  softwood sulphate pulp,  REC  recycled pulp,  B  bleached, 
 NB  unbleached,  MWh  megawatt hours. One megawatt-hour (MWh) ≈ 3.6 ´ 109 joules (J, SI) ≈ 3.412 ´ 106 British 
Thermal Units (BTU).  
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 manufacture. Given the reputation for energy 
and process effi ciency of the Nordic paper and 
pulp industry (Subak and Craighill  1999  ) , the fi g-
ures in Table 12.6 may not be globally represen-
tative, yet are among the few data points available 
on this topic. 

 Similar to trends within the solid wood products 
industry, the paper and pulp sector has experi-
enced process, energy effi ciency, and resource 
utilization improvements since 1970. IEA ( 2003  )  
documents a 0.8% decrease in energy intensity of 
OECD-country paper and pulp making processes 
from 1968 to 1990. Nevertheless, as of 2002 in 
the U.S., the paper and pulp industry remains the 
second highest manufacturing sector on an energy 
intensity basis (with petroleum/coal as the highest) 
(Davidsdottir and Ruth  2004  ) . This estimate does 
not take into account the relatively high propor-
tion of energy derived from biomass fuels within 
the forest products industry, approximately 40% 
in the United States in 1998 (EIA  2008  ) .  

    3.5   Carbon Implications 
of Transport and International 
Trade of Forest Products 

 Transportation of forest products, both as raw 
industrial roundwood and as consumer products, 
has been recognized as a signifi cant potential 
source of fossil carbon emissions (Pingoud and 
Lehtilä  2002 ; NCASI  2007 ). Research indicates 
that some forest products can travel large distances 
prior to and following manufacture, via overland 
freight or cargo ship. Globally, NCASI  (  2007  )  
estimates that product transport results in fossil 
carbon emissions of approximately 70 million tons 
CO 

2
  per year, or approximately 27% of total 

fossil carbon emitted within manufacturing and 
distribution processes. Pingoud and Lehtilä  (  2002  )  
examined transportation related emissions in 
Finland, documenting a wide range of transpor-
tation modes and distances. Their research con-
cluded that transportation from harvest site to 
mill, and from mill to consumer, accounted for 
22% and 20% respectively of total fossil carbon 
emitted within manufacturing and distribution 
processes in 1995.  

    3.6   Indirect Effects of the Forest 
Products Industry on Carbon 
Emissions 

 As noted above, the forest products industry’s 
contribution to total global GHG emissions is 
minor, despite its high energy intensity (NCASI 
 2007  ) , partly due to its signifi cant use of biomass 
fuels to power manufacturing processes, and its 
long-lived products, which sequester carbon in 
products-in-use and landfi lled products. Beyond 
purchased power, transportation, and landfi ll 
methane emissions related to forest products, 
the forest products industry offers products that 
may be less fossil carbon-intensive than substitute 
materials such as concrete, aluminum, and steel. 
To the extent that increased use of forest prod-
ucts results in an expansion of timberlands 
operated on a sustained-yield basis, substitution 
effects may have a greater impact on net carbon 
sequestration beyond a comparison of the embod-
ied energy within various substitutable building 
materials. 

 Gustavsson et al.  (  2006  )  describe four GHG 
emissions-related aspects to materials substi-
tution: (i) emissions from fossil fuel use over 
the life cycle of the product (e.g., production, 
transportation, end use and waste management); 
(ii) replacement of fossil fuels with biomass energy 
within the production phase; (iii) carbon stock 
changes in forests, products-in-use and landfi lled 
materials; and (iv) GHG emissions from indus-
trial process reactions in such areas as cement 
and steel production. While it is impossible to 
accurately quantify all actual and counterfactual 
outcomes within this framework, Kauppi and 
Sedjo  (  2001  )  indicate that the range of possible 
substitution effects may be up to 11 times larger 
than the total amount of carbon sequestered in 
forest products annually. This suggests that minor 
changes in consumer preference for materials can 
have a big impact on the overall GHG emissions 
profi le of the construction sector. 

 In many applications, forest products are sub-
stitutable with rival products, typically plastics, 
metals or concrete (Upton et al.  2008  ) . Researchers 
have compared the carbon footprint of forest 
products relative to some of these materials, and 
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concluded that increased use of forest products 
within the construction sector would result in 
decreased GHG emissions (Wilson  2005 ; Upton 
et al.  2008  ) . Currently, in the U.S., wood framing 
techniques are used in approximately 90% of 
new housing starts (Upton et al.  2008  ) . This 
percentage is much lower in other regions of the 
world, particularly outside of North America and 
Northern Europe (Gustavsson et al.  2006  ) . 

 In the lifetime of a house, there are two primary 
sources of carbon emissions: the construction of 
the structure, and the energy requirements to heat 
and cool the structure over its lifetime. It is diffi -
cult to compare wood vs. other building materials 
because alternative materials have different thermal 
characteristics. For example, the thermal mass 
associated with concrete buildings may reduce 
heating and cooling costs, thereby lowering carbon 
emissions during building operation, suggesting 
that the advantages of wood could be overesti-
mated (Nishioka et al.  2000 ; Upton et al.  2008  ) . 

 Upton et al.  (  2008  )  project that wood-framed 
single-family houses require 15–16% less total 
energy for nonheating and cooling purposes and 
emit 20–50% less fossil CO 

2
  to build than non-

wood houses made of steel framing products. This 
conclusion relies on several key assumptions about 
the ratio of embodied energy in housing relative to 
energy expended to heat and cool the house over 
its lifetime, as well as assumptions regarding the 
fate of forests used or not used for the production 
of industrial roundwood (Upton et al.  2008  ) . Wilson 
 (  2005  )  found that the wood-framed house had a 
global warming potential index (a measure of total 
GHG emissions, not energy usage, as in Upton 
et al.  (  2008  ) ) 26% and 31% lower, respectively, 
than model steel and concrete house designs. 
These fi gures represent only the embodied energy 
within the production of the house, not its opera-
tion. These fi gures are supported by Gustavsson 
and Sathre  (  2006  ) , who conducted a sensitivity 
analysis around uncertainties and variability 
within the production of both concrete and wood. 
Using plausible inputs, wood building materials 
had lower embodied energy costs relative to con-
crete in all cases analyzed. 

 Perez-Garcia et al.  (  2005  )  characterize the 
substitution effects throughout the value chain 

from forest to landfi lled product. The product life 
span of wood used in housing and therefore 
the carbon that is sequestered is unchanged, 
regardless of the length of the forest rotation. 
What changes is the carbon stock in the forest. 
Furthermore, with substitution effects, the use of 
wood products offsets concrete or metal con-
struction, providing a greater benefi t than either 
the forest carbon pool or the forest product carbon 
pool. In short, intensive forest practices create a 
“positive carbon leakage” through greater use of 
wood products in the market place. 

 Several studies examining substitution posit 
that greater use of forest products will result in 
greater retention of working forestlands, or con-
versely, that less use of forest products will has-
ten conversion of working forestlands to other 
land uses (Wilson  2005 ; Perez-Garcia et al.  2005 ; 
Upton et al.  2008  ) . Regardless of the validity of 
this assumption, it is important to recognize that 
each author implicitly or explicitly recognizes 
that carbon fl uxes within forestlands are several 
orders of magnitude greater than any identifi ed 
substitution effect. Thus, it is worth examining 
how and whether the forest products industry has 
any effect on the extent and condition of forest-
lands relative to other factors.   

    4   Estimate of Carbon in HWPS 

 Global estimations of yearly HWP production 
are derived from statistics collected by FAO on the 
production of roundwood. In the United States, 
the USDA Forest Service keeps statistics on 
roundwood harvests and HWP production based 
on data collected from government agencies and 
industry. The FAO reports that, globally, 1.65 
billion m 3  of roundwood is extracted annually for 
HWP production (FAO  2007  ) . In 2002, the United 
States produced approximately 425 million m 3 , 
or 25%, of global roundwood intended for HWPs 
(Howard  2006 ). If this global roundwood pro-
duction fi gure were converted to carbon, it would 
be very large. However, production losses occur 
as roundwood is processed into different prod-
ucts, and assumptions on the magnitude of these 
losses greatly infl uence the fi nal calculations. 
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First, it is assumed that roughly 50% of harvested 
roundwood logs is lost as residues (Gardner et al. 
 2004 ), which brings the total to 825 million m 3 . 
Data from 2004 show that the paper products indus-
try consumed 32% of the total roundwood produc-
tion, which would account for 264 million m 3 , 
while solid wood products accounted for 561 
million m 3 . However, these fi gures are further 
reduced when losses from fi nal product fi nishing 
are taken into account. Skog and Nicholson ( 2000 ) 
assumed an 8% loss for solid wood products, and 
5% for paper products, during fi nishing. This 
would mean that 516 million m 3  of solid wood 
products and 251 m 3  of paper products comprise 
the total annual global production of HWPs. 
Using the same assumptions on production losses, 
United States yearly production of HWPs would 
amount to 133 million m 3  of solid wood products 
(SWP) and 65 million m 3  of paper products (see 
Table  12.7 ).  

 In 1996, the world’s forests produced 3.4 
billion m 3  of harvested roundwood. About 1.9 
billion m 3  (56%) of this harvest was fuelwood; 
the remainder (1.5 billion m 3 ) was industrial 

roundwood (e.g., sawlogs and pulpwood). The 
industrial roundwood corresponds to a harvesting 
fl ux of about 0.3 Gt C year −1 (FAO  2004  ).  

 Estimates of the total carbon sequestered in 
HWPs globally vary widely from 4,200 Tg C 
(IPCC 2000) to 25,000 Tg C (Matthews et al. 
1996). In another study, Harmon et al. (1990) 
suggest that global C stocks in long-lived prod-
ucts lie in the range 2–8 Pg C. 

 Similarly, estimates of the net annual sink from 
HWPs ranges from 26 to 139 Tg C/year in these 
same reports (IPCC 2000; Matthews et al. 1996). 
This compares to the 38,000 Tg CO 

2
 e in estimated 

worldwide emissions in 2004 (IPCC  2007  ) , which 
equates to 139,300 Tg C, thus the total amount of 
carbon sequestered annually in HWPs is small. 
There are several reasons to explain the wide 
range in these fi gures on HWP annual sink. First, 
estimates will vary based on the assumptions 
made about average production losses and wood 
densities. The choice of wood density can have 
considerable impact on the results (Stern 2008). 
Secondly, as described below, HWP stock esti-
mates frequently do not distinguish between 
HWPs in use versus those in landfi lls (Pingoud 
et al.  2003  ) . A standard methodology for convert-
ing HWP mass into carbon equivalents is needed 
to compare data reported from different countries 
along with better estimates for country-specifi c 
trends in landfi ll waste.  

    5   Calculating Useful Lifetimes 
of HWPs 

 The fi gures above give us a rough estimate of the 
potential yearly input to the global carbon stock 
of HWPs. However, since these calculations fail 
to recognize the fi nite life of HWPs, these rough 
estimates are infl ated. Lifespans of HWPs vary 
signifi cantly by product type and must be 
accounted for accordingly. The carbon embodied 
in short-lived products can be released quickly 
back into the atmosphere after rapid decomposi-
tion, while long-lived products can store carbon 
for many years. Some wood or paper items such 
as antiquities and historic buildings are expected 
to have very long lives (in excess of 100 years) 

   Table 12.7    Global productiovn    of HWPs in 2000 accord-
ing to FAOSTAT 2002   

 Billion m 3 /year 
 Pg C/
year 

 Primary products 
 Roundwood  3.1  0.71 
  Wood fuel  1.5  0.37 
  Industrial roundwood  1.6  0.34 
      Pulpwood (Round & Split)  0.48  0.11 
      Sawlogs + Veneer Logs  0.95  0.20 
      Other Indust Roundwd  0.15  0.03 
 Semi-fi nished products 
  Sawnwood  0.42  0.09 
  Panels + Fibreboard  0.22 

 billion tons/year 
  Paper + Paperboard  0.32  0.15 

   Source : Pingoud et al .   (  2003  )  
 The associated carbon fl uxes have been estimated by 
assuming that the approximate dry weight of coniferous 
wood is 0.4 tons/m 3  and non-coniferous is 0.5 tons/m 3  and 
that the carbon fraction in biomass is 0.5. In addition, the 
estimated charcoal production was 0.04 billion tons/year 
(metric tons per year). The production of wood residues 
was 0.06 billion m 3 /year and chips and particles 0.16 
billion m 3 /year, these being mainly by-products of wood 
processing  
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(Skog et al. 1998). However the majority of paper 
products have a high rate of retirement, lasting 
only weeks (Marland and Marland 2003). 

 The lifespan attributed to products has a major 
impact on the outcome of estimates on the stock 
of HWPs. Although it is critical to determine the 
lifespans of various HWPs, it is diffi cult due to a 
lack of data on product use and disposal (Stern 
2008). In response, some believe that HWP 
lifespans should not be viewed as empirical but 
as parameter values used in models (Pingoud 
et al.  2003  ) . Data on HWP use suggest that rate of 
retirement of HWPs from end uses is more or less 
constant for a period, then accelerates for a while 
near the median life, and fi nally slows down after 
the median life (Skog and Nicholson  2000 ). As a 
result, the average lifespan of HWPs is much 
shorter than some models would suggest (Pingoud 
et al.  2003  ) . Because of the diffi culty of deter-
mining lifespans, it is common to see confl icting 
values for the lifespan of the same products in 
different studies. For example, a review of stud-
ies has shown that the estimates of average 
lifespan of pallets range from 2 to 20 years 
(Pingoud et al.  2003  ) . 

 Data on average lifespan can be used to model 
how HWPs are discarded and ultimately oxi-
dized. Much of the literature uses the term decay 
to describe both the mathematical characteriza-
tion of retirement of products from use as well as 
the biophysical decomposition of products (Dias 
et al. 2009). The use of the term decay in this way 
refl ects the fact that researchers analyzing HWP 
lifespans frequently quantify both the length of 
time that a product is used and the time during 
which HWP generates carbon emissions during 
waste management using the same model. The 
decay parameters for products in use are none-
theless different from those out of use (in land-
fi lls, for example) where decay of HWPs may be 
halted almost completely. Most studies, however, 
do not separately model the decay of HWPs that 
are out of use (Pingoud et al.  2003  ) . Instead these 
studies model the retirement of HWPs and assume 
that decomposition occurs at different rates as a 
function of the product’s retirement function. 

 The type of decay model used has a signifi cant 
impact on estimation of the HWP carbon stock as it 

determines the timing of carbon releases through 
oxidation during decomposition. Numerous 
methods for modeling the carbon release of 
HWPs exist. (Dias et al. 2009). 

 One method of modeling HWP oxidation is to 
assign an exponential decay rate to a product. 
This is often done by assigning each type of HWP 
a carbon half-life which represents the time in 
which half of the carbon embodied in the end-use 
product is no longer present and has been emitted 
back into the atmosphere. This exponential decay 
model assumes that 90% of the carbon in HWPs 
is released in 3.3 times the assigned half life. 
Under this model, carbon release begins immedi-
ately once a product is in use and occurs at a 
greater rate earlier on in the life of the product 
and slows as the product progresses through and 
end of life. Another approach assumes that prod-
ucts of this type all have the same age, which is 
set to the product’s average lifespan. In the model, 
100% of the carbon remains embodied in the 
HWP until it is discarded, at which time all 
the carbon in the HWP is then released into the 
atmosphere. A third method follows a linear 
model in which a percentage of the initial amount 
of carbon in the HWP is released each year. The 
year in which all the carbon has been released is 
the maximum lifespan of the HWP type. Half 
of the time needed to reach the maximum lifespan 
is the product’s average lifespan. The emissions 
profi le of these models can be linear, exponential 
or equal (Fig.  12.2 ) (Skog and Nicholson  2000 ).  

 The different methods in modeling carbon 
release from HWPs clearly show how assump-
tions concerning product lifespan can signifi -
cantly alter estimates. The most rudimentary 
model is that which assumes products of a cer-
tain type have an equal age and release 100% of 
their carbon at the time of retirement. This 
model does not account for carbon that is 
released into the atmosphere from products that 
are discarded before reaching their average 
lifespan. This method may mask carbon emis-
sions that are occurring from HWP end-of-life 
processes and may infl ate estimates of the annual 
increase in the HWP carbon stock. The linear 
and exponential decay functions both have car-
bon emissions occurring from the start of a 
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product’s life, which accounts for products that 
are discarded much earlier than those reaching 
the average lifespan. The exponential function 
creates a scenario where carbon emissions occur 
much faster in the beginning and slow as a prod-
uct gets closer to reaching its average lifespan. 
HWP retirement most likely follows this decay 
function more closely as HWP retirement accel-
erates before reaching median life and fi nally 
slows down after the median life (Skog and 
Nicholson  2000 ). It must be noted that these 
decay functions do not effectively model condi-
tions in landfi lls or bioenergy facilities. 8  Thus, 
they should only be used to model the rate of 
HWP retirement from use, which could then be 
incorporated into a larger model that more accu-
rately portrays carbon emissions from HWP 
once they are discarded. 

 Determining accurate HWP lifespan values 
in order to create models that simulate real life 
conditions is diffi cult given a lack of data. There 
is room for vast improvement in reporting 
methods. Better data on product life for indus-
trial uses of HWPs such as pallets may become 
available in the future as companies begin to 
label them with bar codes containing a pallet’s 
age. Carbon markets may also encourage com-

panies to keep better data on product life as 
they may in the future be able to sell temporary 
carbon credits based on their HWP stock. 
Efforts to develop global reporting standards 
and data sets on product life spans are under-
way (Murakami et al.  2010 ; Oguchi et al.  2010 ) 
Inclusion of HWPs in climate mitigation policy 
will require increased reporting which will lead 
to better data, allowing for more accurate prod-
uct lifespans (Kuchli  2008 ).  

    6   End-of-life Pathways 
for HWPS 

 Harvested wood products can take several dif-
ferent pathways when they are discarded (CEPI 
 2007 ). Recent research has expanded the sys-
tem boundaries of analysis to account for the 
different end-of-life pathways which can post-
pone carbon release of HWPs, store carbon 
indefi nitely, displace fossil fuels, or even pro-
duce emissions at a signifi cant level. HWPs can 
be recycled, burned (with or without energy 
recovery), composted, or disposed of in a dump 
or landfi ll (Fig.  12.3 ). Each of these pathways 
has different implications for carbon emissions. 
Calculations that do not account for these path-
ways are not accurately capturing the carbon 
effects. This is especially true in regards to the 
production of CH 

4
  resulting from the landfi lling 

of HWPs. Research that includes end-of-life 
pathways has shown that from 2000 to 2005 the 

  Fig. 12.2    A graphical representation of how carbon release is modeled using different methods of incorporating HWP 
product life into stock calculations ( Source : Pingoud et al.  2003 . Reprinted with permission)       

   8   For example, carbon emissions from incineration of 
HWPs is immediate whereas, as described below, the 
release from landfi lled products follows a longer and more 
complicated path. Composting of HWPs present an inter-
mediate case.  
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global HWP stock had an average net increase 
of 147 Tg C/year, which is equivalent to 540 Tg 
CO 

2
 /year (Miner  2008  ) . These fi ndings are at 

the higher end of the range compared to earlier 
studies due to the study’s assumptions on 
landfi lls.  

    6.1   Burning HWPs 

 HWPs have the potential to be burned as a fuel. 
Short-lived wood products follow this pathway 
more often than long-lived products. Skog and 
Nicholson ( 2000 ) estimate that in 1993 in the 
United States, over 24% of paper and paperboard 
waste (after recycling) was burned. Although 
burning discarded wood or paper for energy is a 
carbon-emitting activity, it may result in lower 
net emissions if it has displaced more carbon-
intensive fuel types (i.e., substitution effect). 

Using discarded HWPs for energy also reduces 
the amount that is put in landfi lls thus reducing 
the production of potent CH 

4
  gas. In order to 

evaluate whether burning HWPs for energy is 
superior to burning an alternative energy, a com-
parison of the two fuel chains must use a consis-
tent methodology and a consistent defi nition of 
system boundaries.  

    6.2   Recycling 

 Recycling programs prolong the lifespan of car-
bon in HWPs, which keeps carbon stored in the 
product chain and extends carbon sequestration 
benefi ts. Recycling processes typically transform 
HWPs into products of lower wood content. This 
process can be repeated until the HWP is used to 
create bioenergy or otherwise disposed. This is 
known as a cascade effect (Kuchli  2008 ). HWP 

  Fig. 12.3    Schematic representation of a lifecycle of HWP ( Source : Pingoud et al.  2003  )        
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recycling can thus reduce the rate of landfi lling. 
This in turn reduces the amount of CH 

4
  produced 

by HWPs in landfi lls (CEPI  2007 ). This is 
 particularly true for paper products, as these 
materials produce higher levels of CH 

4
  than 

landfi lling of solid wood products (Skog et al. 
 2004 ). 

 As HWPs cascade into products of lower 
wood densities, however, their viability to be 
recycled is reduced. Once paper has reached a 
very low grade, such as tissue, it can no longer 
be recycled. Not surprisingly, in part because 
of the cascading effect and the downcycling of 
HWPs, low-grade paper products typically con-
stitute a third of municipal solid waste (MSW) in 
landfi lls (Pingoud et al.  2003 ; EPA  2008  ) . 

 The type of HWP plays a major role in whether 
or not it will be recycled. At the moment, recy-
cling is only seen as a viable option for paper 
products. 9  The EPA reported that in 2007, 83 mil-
lion tons (U.S.) of waste paper and paperboard 
were generated, of which 45 million tons (U.S.) 
(or 54%) were recovered through recycling (EPA 

 2008  ) . In contrast, the recycling rate for HWPs 
used in construction is signifi cantly lower. In 
2007, the United States recycled only 1.3 million 
tons of durable wood products from the nearly 14 
million tons generated (9%) (EPA  2008  ) . This 
huge disparity in recycling rates is due to the 
nature of the products themselves. Newspaper is 
easily sorted and collected, while wood from 
construction demolition is very diffi cult to sep-
arate and re-use. Notably, data from the National 
Council for Air and Stream Improvement (NCASI) 
shows that while paper recovery is rising rapidly, 
the amount of paper products in landfi lls has 
decreased only nominally (Fig.  12.4 ) (Miner  2008  ) . 
Still, reductions in the amount of HWP landfi lled 
are expected to occur over time as HWP recy-
cling processes modernize and become fueled by 
residue losses from the recycling process.   

    6.3   Landfi lls 

 Landfi lls have been criticized for their negative 
environmental impacts since the beginning of the 
environmental movement. Today, however, there 
are those in the scientifi c community who sug-
gest that landfi lls could potentially act as a car-
bon  sink  for HWPs because HWP decomposition 

  Fig. 12.4    Paper recovery vs. landfi lling in the U.S. 1993–2007 ( Source : Created with data from the American Forest 
& Paper Association,   http://www.paperrecycles.org/stat_pages/recovery_vs_landfi ll.html    )       

   9   There is some niche market recycling of solid wood 
products—lumber from old buildings, etc. and some 
efforts to reclaim hardwood from pallets. (Technically, 
this is reuse and not recycling.)  

 

http://www.paperrecycles.org/stat_pages/recovery_vs_landfill.html
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can be very slow. Modern landfi lls are typically 
engineered to minimize the infi ltration of water 
and the absence of moisture impedes biodegra-
dation. Studies have shown that most wood 
products, when disposed of in a modern landfi ll, 
will experience a very slow decay (Bogner et al. 
 1993 ; Ximenes et al.   2008 ). This fi nding can 
have signifi cant implications for calculating the 
stock of carbon in HWPs because it is estimated 
that biomass materials, such as paper, food, and 
wood, constitute about 63% of the municipal 
solid waste (MSW) in the U.S. (Fig.  12.5 ) (EPA 
 2008  ) . The high proportion of HWPs in landfi lls 
further supports the case to expand the boundar-
ies of analysis to include HWP end-of-life path-
ways. If CH 

4
  is captured and used for energy, 

carbon emission reductions can occur as carbon 
remains locked in HWPs at the same time that 
energy generated from landfi ll gases can displace 
fossil fuel emissions from traditional energy 
sources. Despite the attractiveness of using landfi ll 

gases for fuel, recent estimates indicate that only 
around 5 Tg C is captured worldwide, versus 
15–20 Tg C of annual emissions from landfi lls 
(Spokas et al.  2006 ; Willumsen  2004 ). The large 
discrepancy between landfi ll gas (LFG) produc-
tion and capture is best understood by analyzing 
how landfi lls work as well as current disposal 
practices. This may also help to forecast the likely 
impact from policies under debate to encourage 
or permit increased landfi lling of HWPs.   

    6.4   Landfi ll Science 

 In a landfi ll, solid waste is buried. While this 
allows some biodegradable fractions of the waste 
to decompose via a complex series of microbial 
and abiotic reactions, the anaerobic conditions 
prevent a signifi cant amount of decomposition. 
CH 

4,
  or methane, is formed by methanogenic 

microorganisms under anoxic conditions, either 

  Fig. 12.5    Composition of waste materials destined for fi nal disposal as Solid Waste in the United States, 2007 ( Source : 
Data from EPA  2008  )        
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through the direct cleavage of acetate into CH 
4
  

and carbon dioxide or the reduction of CO 
2
  with 

hydrogen (Fig.  12.6 ) (Spokas et al.  2006 ).  
 Since new layers of waste cannot be instantly 

covered, the waste is exposed to oxygen which 
allows white-rot fungus to decay wood. This type 
of decay, however, is limited because the avail-
able oxygen is rapidly consumed by the fungus, 
leaving only anaerobic bacteria. While anaerobic 
bacteria can break down hemicellulose and 
cellulose, these organisms cannot reach these 
materials if they are enclosed in lignin (Skog 
and Nicholson  2000 ). As a result, solid wood 
placed in landfi lls experiences low rates of 
decay. In newsprint, however, lignin content is 
only 20–27% and chemically-pulped paper 
has virtually no lignin, which results in a greater 
likelihood of decay than solid wood products, 
despite anaerobic conditions. Still, both wood and 
paper products experience low decay rates; 
in general, less than 50% of the carbon in 
these products is estimated to be ultimately con-
verted to CO 

2
  or CH 

4
  (Table  12.8 ) (Skog and 

Nicholson  2000 ).  

 Emissions created from anaerobic conditions 
are referred to generally as “landfi ll gas” (LFG) 
and encompass multiple gases, predominantly 
CO 

2
  and CH 

4
 . According to Skog and Nicholson 

( 2000 ), the proportion of carbon that is emitted 
as CO 

2
  and CH 

4
  in the gaseous product of MSW 

in landfi lls is skewed towards CH 
4
  at a rate of 

1.5:1. Other studies suggest that the proportional 
difference between the two is not as great and 
that 1:1 should be used for commercial purposes 
(Johannessen  1999 ; Themelis and Ulloa  2007 ). 

 It is also important to note that emissions of 
various greenhouse gases occur on different tem-
poral scales. On the one hand, CO 

2
  is released 

  Fig. 12.6    Landfi ll carbon mass balance ( Source : EPA  2006  )        

   Table 12.8    Estimated maximum proportions of wood 
and paper that are converted to CO 

2 
 or CH 

4 
 in landfi lls   

 Product type  Maximum carbon converted (%) 

 Solid wood  3 
 Newsprint  16 
 Coated paper  18 
 Boxboard  32 
 Offi ce paper  38 

   Source : Skog and Nicholson (2000)  
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quickly as decomposition occurs while oxygen is 
still present in the system. Studies estimate that 
half of the total CO 

2
 , is emitted in the fi rst 3 years 

while the rest is emitted continually over time 
(Skog and Nicholson  2000 ). Methane, on the other 
hand, is released very slowly over time once all the 
oxygen is depleted, with half the total CH 

4
  emitted 

in approximately 20 years (Micales and Skog 
 1997  ) . Moreover, Skog and Nicholson claim that 
10% of the CH 

4
  is converted to CO 

2
  by micro-

organisms as it moves out of the landfi ll, which 
makes the landfi ll cover a de facto converter. 
According to Johansson, the conversion capacity 
for a landfi ll top cover varies depending on soil 
texture, moisture content, and the amount of organic 
matter available in the soil. Covers with porous 
soils and organic matter have achieved complete 
oxidation of methane (Johannessen  1999 ). 

 While LFG generation poses a problem in 
terms of carbon emissions, high LFG generation 
levels are desirable for operators of LFG recovery 
systems, particularly since such systems are capi-
tal intensive and often fi nanced by energy sales. 
Although theoretically, 1 ton of biodegradable 
carbon can produce 1,800 m 3  of LFG, in practice, 
this number is much lower because of uneven and 
incomplete biodegradation. As a result, 200 m 3  is 
generally accepted as the maximum volume of 
LFG produced from 1 ton of land fi lled MSW 
(Johannessen  1999 ). Several factors infl uence the 
rate of capture to total volume of LFG generated. 
These include LFG losses to the atmosphere 
through the surface or through lateral gas migra-
tion; pre-closure loss due to decomposition of 
organic material under aerobic conditions; aero-
bic decomposition of the near-surface layer (e.g., 
air intrusion due to gas extraction); and washout 
of organic carbon via leachate (Johannessen 
 1999 ). All of these can reduce the potential LFG 
capture rate, and often tip the balance of whether 
landfi lls reduce emissions from carbon storage or 
serve as large sources of carbon emissions. 

 As of the beginning of this century there are 
more than 350 landfi lls in the United States with 
gas recovery plants, and more than 1,100 world-
wide (Spokas et al.  2006 ). These landfi lls are 
very diverse with respect to the amounts of 
material placed in the landfi ll, the type of mate-

rial, degradation rate, and LFG capture system. 
Moreover, within individual landfi lls, decompo-
sition rates can vary even in adjacent areas of a 
landfi ll (Micales and Skog  1997  ) . This variation 
makes it diffi cult to assign an average capture 
rate to all landfi lls (CEPI  2007 ). As one example, 
the EPA’s Waste Reduction Model (WARM) 
uses a default value of 75% LFG capture rate. 
Compared to other reports, this fi gure is higher 
than average and likely varies greatly from region 
to region within the United States (Themelis and 
Ulloa  2007 ). Other studies are more conservative 
and claim that normal recovery rates are thought 
to range from 40% to 50% by volume (Johannessen 
 1999 ). In this case, even landfi lls with advanced 
cover systems are thought to recover just slightly 
over 60% of the LFG generated. However, a more 
recent study in France found LFG recovery rates 
ranged from 41% to 94% of the theoretical CH 

4
  

production and were highly dependent on the 
engineered cover design (ADEME  2008 ). It fur-
ther suggested that average LFG recovery rates 
could exceed 90% by excluding the poorest per-
forming cover design from the study. 

 LFG generation and capture rates vary across 
a temporal scale. This has led the French environ-
ment agency (ADEME) to create different default 
values to account for landfi ll design and stage of 
operation with values ranging from 35% to 90% 
recovery (Spokas et al.  2006 ). The literature 
on this subject clearly shows that there is a high 
level of uncertainty when it comes to calcula-
ting emissions from landfi lls. However, industry 
experts believe that methane emissions from 
wood products in landfi lls will become a smaller 
part of the total carbon foot print from HWPs as 
technology improves and more LFG is captured 
(Miner  2008  ) . 

 In 2007, 3.7 billion m 3  of methane was cap-
tured from landfi lls in the United States, of which 
70% was used to generate thermal or electrical 
energy (Themelis and Ulloa  2007 ). The rest of 
the captured methane was fl ared since it was 
thought to have no economic value. Flaring of 
LFG and using it in energy production reduces 
the methane content to carbon dioxide and water 
(Johannessen  1999 ). Despite the fact that fl aring 
reduces the potency of the methane, it still 
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 produces high levels of CO 
2
  emissions. It must 

also be noted that there are nearly 1,400 landfi lls 
in the United States (EPA  2008  )  that do not cap-
ture and fl are any biogas. It is likely that HWPs in 
these sites are generating high levels of CH 

4
  

emissions. 
 Including end-of-life conditions in HWP carbon 

stock models is critical due to the large potential 
emissions from landfi lls. Carbon released during 
end-of-life processes does not follow the simple 
decay functions most often used to model HWP 
retirement and discard. As described above, 
landfi lls may have varying conditions which will 
have a large impact on HWP carbon stocks. How 
these landfi lls are incorporated into HWP carbon 
stock accounting is key. In the United States, 
for example, only about 20% of 1,754 landfi lls 
are currently capturing LFG (EPA  2008  ) . This 
fi gure raises serious doubts on the default LFG 
capture rate of 75% used by the EPA in the 
WARM model. Unfortunately, unrealistic default 
LFG capture rates have the potential to lead to 
signifi cant miscalculation of the role of HWPs 
not only on a country basis but globally. Policies 
that promote or permit landfi lling of HWPs could 
be aligned with policies that require high percent-
age LFG capture rates to ensure net emission 
reductions.   

    7   Management and Policy 
Implications 

 As policymakers focus on the role of forests 
and HWPs in mitigating climate change, addi-
tional research is needed to fully understand the 
relationships among climate policy, the forest prod-
ucts industry, consumers, and forests. 
Management and policy implications are sum-
marized below. 

    7.1   Management Implications 

     • Forestlands . The potential to sequester carbon 
in forests is much larger than the potential to 
sequester carbon in forest products. Minor 
changes in forest extent have much greater 

impacts on GHG emissions than the forest 
products industry. Some researchers (Kauppi 
and Sedjo  2001 ; NCASI  2007  )  refer to the 
benefi cial role that the forest products industry 
plays in maintaining sustained-yield forestland.  
  The production and use of HWPs may post-• 
pone carbon emissions as carbon is stored in 
HWPs for a period after the initial harvest of 
roundwood. If the production of HWP exceeds 
the rate of retirement, then the amount of 
carbon bound in the HWP stock increases.  
  Current methods for estimating carbon in • 
HWPs are highly variable. A lack of data on 
product use makes it diffi cult to model HWP 
stocks; even assumptions on average wood 
density can signifi cantly alter estimates of the 
conversion of HWP mass into carbon.  
   • Substitution . Each major building materials 
industry (wood, steel, and concrete) has pub-
lished studies suggesting that their products are 
superior from the perspective of climate change 
mitigation. Given that climate considerations 
are currently an externality, more research is 
needed to understand what factors drive materi-
als selection and whether a carbon price signal 
is suffi cient to overcome these factors.  
   • Landfi lls . From the perspective of greenhouse 
gas emissions landfi lls with effective landfi ll 
gas collection could potentially be an accept-
able fi nal destination for discarded HWPs 
since HWPs have shown to have very low 
rates of decay in landfills. The production 
of LFG also fi ts into the “cascaded use of 
HWPs” framework because it can be converted 
into energy, displacing fossil fuels and further 
reducing global emissions. At the same time, 
it must be demonstrated that unintended con-
sequences such as increased emissions else-
where in the wood product life cycle are not 
triggered by strategies intended to enhance the 
HWP carbon stock at end of life.     

    7.2   Policy Implications 

    The rise of biomass energy use in the forest • 
products industry, as well as increasing 
 utilization of wood products, has been driven 
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by several factors. These include the competi-
tive nature of the industry and the need to 
lower costs while seeking new sources of rev-
enues, particularly for by-products and co-
products that had historically not generated an 
economic return to the industry. Under certain 
economic conditions, however, forest prod-
ucts manufacturers may be inclined to alter 
manufacturing processes, which could result 
in incremental emitting activities under cer-
tain scenarios, particularly if it lowers costs 
for a profi t maximizing entity.  
  To date, policymakers have not fully considered • 
the role harvested wood products can play in 
climate change mitigation and have not linked 
forest management practices to the full life 
cycle of harvested wood products. Incentives 
could be considered to support the use of recy-
cled materials, to encourage such activities as 
product substitutions, industrial energy effi -
ciency, and to encourage biomass fuel sources.  
  There are many factors that will favor or disfa-• 
vor wood as a construction material or energy 
source. These include relative price, technol-
ogy, economic growth, policy, market effi -
ciency, socioeconomic factors, and quality and 
quantity of energy and materials (Gustavsson 
et al.  2006  ) . Recognizing that wood products 
are still largely a cyclical industry driven by 
global GDP, policies could begin to introduce 
longer- term, secular demand for wood prod-
ucts that encourage investment in wood that is 
both economically and environmentally sound.  
  Recycling should be promoted heavily in • 
policy intended to enhance the HWP carbon 
stock since recycling postpones carbon emis-
sions of even short-lived HWPs. Recycling also 
fi ts very well in the “cascaded use of HWPs” 
concept where HWP are transformed multiple 
times within a tight recycling chain and fi nally 
converted into bioenergy.          
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