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Integrated ecological and economic solutions are increasingly sought after by communities to provide basic energy
needs such as homeheating, transport, and electricity, while reducing drivers of and vulnerability to climate change.
Small rural communities may require a coordinated approach to overcome the limitations of economies of scale.
Low-carbon development strategies present potential for large payoffs at a household and community scale. South-
east Alaskan forests previously harvested for timber are currently re-growing and require thinning tomaintain eco-
system service benefits such as wildlife habitat and hunting. Thinned material presents a potential biofuel source.
However, without verification among decision alternatives, communities may not have the momentum, vision, or
conviction to stimulate a shift to a newenergy source.Wepresent a network approach to evaluatingmultiple energy
delivery pathways, and a calculation of carbon, energy, and dollar savings presented by each pathway.We quantify
chain of production impacts; from the point of energy extraction and transport (upstream), through consumption
and emission accounting (downstream). Our findings suggest substantial greenhouse gas emission savings of
over 70% as well as heating cost savings for all bioenergy scenarios compared to fossil fuel scenarios. Outputs can
facilitate dialog between land managers, planners, community members and decision-makers.

© 2014 Elsevier B.V. All rights reserved.
1. Energy Decisions in Peripheral Communities

Communities increasingly seek integrated ecological and economic
solutions for basic energy needs such as home heating, transport and
electricity, and reducing drivers of and vulnerability to climate change.
For small or geographically isolated communities, high transportation
costs, limited infrastructure, workforce and financial capital, all height-
en the importance of coordination to overcome economies of scale. Few
small communities have access to inventory tools and calculators, fi-
nancial or technical wherewithal to compare among possible alterna-
tives or configurations (Barthelmie et al., 2008; Pierce, 1996; Ridolfi
et al., 2008; Smith, 1998). Quantification of costs and benefits, from eco-
nomic, social and ecological perspectives, is a necessary first step to in-
vestment in solutions that take more local and global ecological and
economic conditions into account.

2. Biomass as an Energy Alternative for Rural Clusters

Biomass from a wide diversity of sources (e.g. algae, agriculture,
wood-based) presents many prospects for communities exploring
olz).
alternatives to petroleum dependence. Wood-based biofuel alternatives
are of interest, and plentiful in many forest-based rural communities
from sources such as sawmill residues and second-growth forest.
Biomass projects hold prospects for strengthening rural and local
economies (Horne et al., 2007), reducing greenhouse gas emissions
(GHG) and reducing foreign energy dependence (Perlack et al.,
2005). Global (Hertwich and Peters, 2009) and multi-regional scale
models (e.g. Korobeinikov et al., 2010) suggest that biomass prod-
ucts have economic and carbon benefits. However, quantified studies
have yet to confirm that transition, opportunity and transaction costs
as well as loss of associated ecosystem services (other than carbon se-
questration) do not cancel out net benefits (Giarola et al., 2012, and
Patrizi et al., 2013). For small, rural, or geographically isolated commu-
nities, small-scale wood-based bioenergy options may not be consid-
ered because the comparative analysis and case-by-case calculations
can be expansive and complex (Barthelmie et al., 2008). Tools to facili-
tate and speed this process are needed to support a locally relevant, re-
liable, and well-examined energy strategy.

One strategy for overcoming the economy of scale issue often found
in small rural communities is an economic cluster approach that capital-
izes on ‘the geographic concentration of interconnected companies,
specialized suppliers, service providers, firms in related industries and
associated institutions in particular fields that compete but that also
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cooperate’ (Mitchell Group, 2003; Munnich et al., 2003; Porter, 1990;
Wennberg and Lindqvist, 2010). In forest based rural communities
this approach requires tighter coordination between members of the
community, existing forest product producers, non-forest business,
land owners, and land managers interested in developing cluster bene-
fits (Rojas, 2007).

Beyond employment, the inclusion of biomass energy alternatives in
land management has many motivations. Landmanagers must thus in-
tegrate new information and data sources on infrastructure, transport
networks and local energy needs, and re-examine prior assumptions
of joint-production (e.g. timber vs. biofuel vs. recreation vs. scenic im-
pacts vs. wildlife habitats). General energy and production models for
biofuels and timber have been developed at the global (e.g. Berndes
et al., 2003), national (e.g. US Department of Energy, 2011), or multi-
regional scale (e.g. Buchholz and Canham, 2011), with few applicable
to small or finer scales.

Various tools have been used to account for community energy
decisions, specifically lifecycle analysis (Zanchi et al., 2013), ecolog-
ical footprint, energy analysis (e.g. Buchholz and Da Silva, 2010), and
triple bottom line accounting (Rogers and Ryan, 2001). Yet, despite
its impact from both economic and ecological perspectives, the
transport leg of this analysis has often remained one of the least
examined (Caro et al., 2014; Wei et al., 2014). Reasons for this in-
clude a paucity of data on fuel efficiency, use and terrain, difficulty
of drawing a well-defined boundary to the system (Matthews et al.,
2008), and because the responsibility for the resulting carbon is not
formally assigned thus reducing the incentive to pursue the matter
(Bastianoni et al., 2004).

This paper offers three specific contributions. First, we apply an ap-
proach defining clusters by geographic proximity, linked institutional
commonalities and complementarities, and upstream (energy extrac-
tion and transport) and downstream (consumption and emission
accounting) integration of the vertical chain of production on a land-
scape level.

Second, we take a network analysis approach to modeling carbon
and local economic consequences of a shift from petroleum based
sources towood-based fuel in a relatively small, well-defined geograph-
ical area. The model presented calculates the carbon footprint from an
actual biofuel source, at a micro-scale relevant to the cluster-based
model. While prior efforts have developed more generalized models
based on assumptions (Leighty et al., 2006a), our inputs are based on
site-and-scale specific field data.

Third, the model platform presents a transparent calculation tool
which can be used to alter inputs based on new data, parameters, as-
sumptions and scenarios, or facilitate dialog between land managers,
planners, and decision-makers. This tool is envisioned to improve the
evaluation of scenarios and tradeoffs, address the challenge of constant-
ly emerging data sets and alternatives, and decrease the difficulty mod-
elers may have to articulate the uncertainty embedded in models
involving consumption (Beynon and Munday, 2008).

Sustainable forest management, i.e. “the practice of meeting the for-
est resource needs and values of the present without compromising the
similar capability of future generations” (Helms, 1998) can accommo-
date the principles of strong sustainability provided that stocks of natu-
ral capital aremaintained (Pearce and Atkinson, 1993). The depletion of
natural capital stock in this case, is not limited to trees but includes the
sum of all forest-related assets, including the ecosystem services that a
forest provides. In this article, we consider biomass fuel as a form of
“natural income” (Costanza, 1996), and evaluate it against a petroleum
based fuel in terms of GHG emissions, heat output, and dollar cost.
Characterization of costs and benefits thus often focuses on balancing
rates of wood extraction with rates of forest regeneration and
self-thinning through density dependent mortality. Forest man-
agement, economics, and social perceptions are evaluated through
various scenarios and tradeoffs involving fuelwood and/or biomass
consumption, in addition to calculations of efforts to move
harvested forests toward late-successional structures that store
additional carbon in live trees (Hurteau and North, 2010).

3. Site Description

Southeastern Alaska (Fig. 1) is an area of steep, mountainous, coastal
terrain, capped by ice fields and glaciers. A network of island andmain-
land communities are characterized by large distances, small popula-
tions, challenging topography and limited access to the continental
road network — characteristics that define and constrain opportunities
to derive profit and livelihood from resources. Transport costs are high
for moving material around 700 miles each way from the nearest US
port (Seattle).Machinery, fuel, and supplies are importedwhile seafood,
timber, and minerals are exported.

At 17 million acres, the Tongass National Forest is the largest forest
in the USDA Forest Service and the single largest intact store of temper-
ate rain forest. Forest system carbon accounts for 8% of the contermi-
nous USA and 0.25% of the carbon in global forest vegetation and soils
(Leighty et al., 2006b). The interface between land and sea in the area
creates one of the largest estuarine systems on the planet, with a pro-
ductivity that supports regionally important stocks of salmon, as well
as terrestrial and marine biodiversity. Productive forest land, rare
large-tree forests and karst regions are of international significance for
their intensity, diversity and recreational values, as well as biological,
cultural and paleontological values (Baichtal and Swanston 1996,
Beier et al., 2008).

Prince of Wales (POW) Island is the largest island in the Alexander
Archipelago (Fig. 2) and ranks highly for ecological values in the region
(Beier et al., 2008). Karst and large-tree forests are of international
significance for their productivity, diversity and recreational values, as
well as biological, cultural and paleontological values (Baichtal and
Swanston, 1996).

4. Background on Second-growth and Thinning

Timber extraction of Sitka spruce or western Hemlock has been an
important driver of changes to Southeast Alaskan economies and land-
scapes alike. Intensive clear cutting accompanied the establishment of
pulp mills in the region, particularly starting in 1954 with the granting
of two 50-year timber contracts to large pulp mills until 1997 with the
closing of the last pulpmill and a net loss to the Tongass timber program
(Leighty et al., 2006b). Smaller mills in the area remain, however much
of the higher grade, easier access timber has already been removed. The
land use history of the area has strongly influenced the trajectory of for-
est re-growth on theminor portion of the landscape thatwas harvested.
‘Second growth’ or ‘Young growth’ are terms used to describe the
100 years following a clear-cut event, during which seedlings compete
for light and nutrients, eventually forming a dense re-growth thicket
and canopy (Alaback, 1982a,b, 1984; Deal, 2001; Deal et al., 1991;
Hennon and McClellan, 2003) which prevents sunlight from reaching
the forest floor, reduces wildlife density (Dellasala et al., 1996; Hanley,
1993; Schoen et al., 1981, 1988; Wallmo and Schoen, 1980), and
excludes understory vegetation almost to exclusion (Oliver, 1981;
Alaback, 1982a; Deal et al., 1991; Alaback, 1982b, 1984; Tappeiner and
Alaback, 1989 as summarized in Deal and Tappeiner, 2002).

Despite an initial 10–15 years of rapid forest regrowth that is condu-
cive tomanyhunted populations such as black-tailed deer, and bear, the
‘young-growth’ then enters a second phase called ‘stem exclusion’,
where the new trees grow in so densely that the canopy closes out
light entirely, slowing growth and resulting in declines in plant diversi-
ty, and reduced forage for wildlife (Hanley et al., 2013). Restoration of
these land areas has been proposed, i.e. to thin young stands to allow
for passage of wildlife and hunters, increase biodiversity, and provide
a source of fuel for firewood and biomass projects.

Thinning is ameans of copingwith the dense forest re-growth. “Sec-
ond-growth thinning” has been shown to improve conditions for



Fig. 1.Map of Southeast Alaska region. Prince of Wales (POW) Island exhibits a typical topography for the whole region.
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Fig. 2.Map of Prince of Wales Island communities.
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recreators, hunters, andwildlife, allowsmore sunlight to the forest floor
(whichpromotes biodiversity andwildlife forage), and alters the carbon
storage trajectory in remaining live trees (Hurteau and North, 2010).
Thinning, or ‘partial cutting’ on formerly clear-cut lands ideally takes
place once the crowns of the regenerating stand make contact with ad-
jacent crownswhich takes place at 10 to 15 years of stand age in South-
eastern Alaska. Thinning has increasedmanagement options for desired
forest characteristics (Alaback, 2010; Barbour et al., 2005; Deal et al.,
2002;McClellan et al., 2000; Peterson andMonserud, 2002) by simulat-
ing old-growth structural diversity and increase species diversity
among understory plants (Deal, 1999, 2001; Deal and Tappeiner,
2002; Deal et al., 2003; Hanley, 2005; Zaborske et al., 2002), which
can result in increases of small mammals (Hanley, 1996; Hanley and
Barnard, 1999a,b) and other species (see review in Deal, 2007). The

image of Fig.�2
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increased understory has been seen to increase the abundance of wild-
life such as black-tailed deer (Wallmo and Schoen, 1980; Schoen et al.,
1988), and can improve access for recreation, gathering of non-timber
forest products and hunting.

There have been several efforts made to developmodels that help
in prioritizing watersheds on POW Island in terms of the diversity of
ecosystem goods and services they provide (Albert and Schoen,
2007), their overall biological productivity, use, and risk of distur-
bance they are exposed to (Beier et al., 2008). Many ecosystem ser-
vice benefits may result from active management of formerly
harvested timber stands (Hanley et al., 2013). Pre-commercial thinning
(i.e. cutting some trees and reducing the intra-tree competition for
light, space, and nutrients) results in more vigorous, resilient stands
that grow faster, and ideally sequesters more carbon (Oliver and
Larson, 1996, McClellan, 2008; Lowell et al., 2008). Thinned stands
may also provide more browse for deer populations, and allow easier
access to hunters (Hanley et al., 2013). Young-growth timber thinning
may provide jobs in the thinning, transport, and processing into a num-
ber of products such as fire wood and pellets (Alexander et al., 2010;
Beck Group, 2009).

That said, the net impact in terms of carbon flux and wildlife habitat
alike, is greatly dependent on the life cycle of thinned and harvested
products. For example, slash may inhibit the passage of wildlife and
humans if not removed from the site. Yet removal, or on-site burning,
may cause additional impact and/or GHG emissions. The net sequestra-
tion rate of the stand depends on the particulars of the stand age; the
past and future harvest date, and site productivity before and after thin-
ning. Documentation of a net carbon benefit must also assure that the
net emissions from the harvest act itself do not outweigh the increased
sequestration rate that results.

Though young growth volume could be available in the 2010s,
economically sustainable young growth forest management is not esti-
mated to be possible until the early 2030s (Alexander et al., 2010). Yet
the additional ecosystem service benefits from thinning are seen as so-
cially and ecologically desirable, and when considered in net ecological
economic analysis, may prove to tip the balance in favor of thinning
activity.

The life cycle fate of harvested forest productsmay also affect the po-
tential net carbon benefits of a thinning activity. Furthermore, petro-
leum and transport costs are predominant factors in the economic and
commercial functioning in Southeast Alaska. Comparatively high fossil
fuel costs represent a substantial risk and comparative disadvantage
for entrepreneurs seeking opportunities in the area. A full-scale forest
restoration program on POW Island, in theory, could address watershed
health and provide a new source of economic benefit to formerly extrac-
tive timber dependent communities. Yet integrated planning that ad-
dresses biomass sourced fuel, the ecosystem service benefits from
thinning, and the jobs created from the thinning and processing of the
harvested material must also address the other substantial factors: ge-
ography and a limited as well as particular transport network. Feasibil-
ity assessments need to involve close partnership among the US Forest
Service, local industry, environmental groups, and local communities,
and will require transparent tools which assist in the analysis of the
costs and benefits of various fuel sources, distribution pathways, and
procurement strategies.

5. Approach

Our assessment is structured using an economic cluster approach
defined by a dense network of resources, companies and institutions
in a given geographic sphere. The cluster is composed of production
companies, rawmaterial suppliers, service providers, and public institu-
tions such as logging, conservation, and energy production (Porter,
1990). The cluster typically contains three types of connections: (1) Ver-
tical— a connection between provider andmanufacturer along the pro-
duction line; (2) Horizontal — a connection between manufacturers of
complementary products; and (3) Institutional— a connection between
companies and public institutions (Porter, 1990). These connections fa-
cilitate resource-use and cost-efficiencies, andwhen studying distribut-
ed energy systems, typically only take into account hard infrastructure
utilization (e.g. Leighty et al., 2006a). In this study,we are taking into ac-
count natural resource availability into the distributed resource concept
and using that as an input into what would be considered an energy
cluster. Using this framework two issues will become prioritized: fuels
sources and energy production should be created as close to the end
users as possible; and energy feed stock demands will be integrated
with equally weighted other demands such as improved habitat quality
(through structurally heterogeneous thinning). This approach allows
for the increased use of a constrained resource while considering area-
and usage-specific obligations and restrictions. In this case, energy
would not be used just as a demand, but energy would be also used as
an aid to natural resource conservation.

5.1. Life Cycle Carbon Calculators

Carbon calculators analyzing the life cycle emissions of a given activ-
ity, product, or fuel have been increasingly relied upon to describe
evaluative frameworks, and improve consistency and effectiveness in
communication (Kim and Neff, 2009). Yet frequently, the underlying
data and assumptions, the tradeoffs, and the comparisons amongmulti-
ple outcomes are not particularly transparent. Carbon calculators gener-
ally define the scope of the studied comparison (in space and time), and
describe the life cycle of the product (from source to end destination),
the available data inputs and data ranges, and the factors whichwill de-
scribe the outputs of the compared scenario, product, or technique. As
the model used in this study is offered as a calculator, the appendices
offer access to the modeling tool (Appendix B), as well as information
aboutwhich inputsmay bemanipulated in order to create other scenar-
ios or compare among other conditions. Clear, specific, and transparent
methods and scope in calculators can assist informational exchange,
scenario exploration, and decision support between developers, man-
agers, private, public, and tribal entities (Kim and Neff, 2009). The emis-
sion LCA applied in this study included CO2, CH4, and N2O emissions in
the short- and long-haul transportation of heating oil from Seattle and
of biomass off the logging site respectively, through to the delivery to
a final consumer (Fig. 3).

5.2. Methods

Biomass life cycle assessments are becomingmore standardized as a
result of their increased use in measuring potential environmental, so-
cial and economic impacts of biofuels. Traditional life cycle analysis is
conducted in two phases standardized by the International Organiza-
tion for Standardization (ISO 14040 and ISO 14044, ISO, 2006), an ap-
proach we truncated according to our assumption that the fuel type
chosen on POW Islandwould not influence the rate of extraction, refin-
ing, and transport of petroleum to Seattle which is considered as a busi-
ness as usual scenario. To maintain focus on the ‘additionality’ offered
by biofuel utilization, the life cycle analysis system boundary begins
with fuels originating either in Seattle (petroleum scenarios), or the
study site (POW Island forest area — biofuel options) and ends with
combustion of the fuels for heat generation. The life cycle stages includ-
ed in the system boundary are harvesting, biomass chip transport,
biomass processing, and converting it into community based heat/emis-
sions for residential homes and centralized facilities. Fuel demands are
estimated for POW Island communities in Point Baker, Port Protection,
Whale Pass, Edna Bay, Coffman Cove, Naukati Bay, Klawock, Thorne
Bay, Craig, Hollis, Kasaan, and Hydaburg (Fig. 2).

The environmental impacts were assessed using five principal in-
puts: (1) landscape characterization and scenario design for biomass
extraction on second growth stands, (2) characterization of forest oper-
ations and equipment configurations for extracting biomass in second



Fig. 3. Spatial segmentation illustration for POW: There are three pathways; A) Forest → Transport → Production → Distribution → End Use; B) Forest → Marine →
Harbor→ Transport→ Production→ Distribution→ End Use; and C) Forest→ Transport→ Marine→ Harbor→ Transport→ Production→ Distribution→ End Use.
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growth stands, (3) transportation network systems via road-ways and
maritime routes, (4) central processing at one of three proposed loca-
tions on POW Island, and (5) heat production efficiencies comparing
woody biomass to traditional heating oil. Associated pathway assump-
tions are documented in Appendix (A).

The analysis considers multiple source and transport vectors, and
multiple heat efficiency, biomass yields, and fuel prices by performing
a network analysis and dynamic variation of input parameters, in
order to form the highest and lowest values possible for each scenario
estimate.

5.3. Baseline

We first defined a baseline scenario using the 2008 energy demand
data for communities and transportation on POW Island based on
local household level data. The baseline assumes that existing heating
is 100% heating oil based. A transportation network analysis was uti-
lized to quantify GHG emissions, heat utilization and cost associated
with heating oil utilization in the business as usual baseline. Infrastruc-
ture retrofits, and disposal of old heating infrastructure, capital and op-
erational cost of equipment and personnel are not included in either
baseline or alternative scenarios.

5.3.1 . Demand
Community heating estimates assumed fuel type (heating oil #2), an

average oil usage of 40.6 l/m2/year, an average heating technology effi-
ciency of 78%, a higher heating value of 10.8 kWh/l, and GHG emissions
at 3.14 kg of CO2 equivalents per liter. Biomass demandon a perm2/year
basis was synchronized to the net energy demand for heating oil sys-
tems based on a biomass heating technology efficiency of 80% for new
systems, and a higher heating value of 5820 MWh/Mg. The total foot-
print per community was based on energy demand estimates for
home heating (a function of number of houses, average size, and
occupancy rate). Heat for public and community shared buildings was
estimated to be one half of the total housing footprint (see Appendix B).

5.3.2. Long Haul Transportation
Transportation energy estimates were based on two segments, the

long haul emissions resulting from transporting petroleum based fuel
from the refinery to POW Island, and the short haul emissions resulting
from transporting the fuel from the harbor to local communities. Long
haul estimates were based on round trip ship capacity, and estimates
of fuel consumption based on average distance, speed, energy efficiency
and daily fuel consumption rate (see Appendix B).

5.3.3. Short Haul Transportation
Short haul travel involved estimates of fuel consumption, heat utili-

zation, and GHG estimates resulting from transporting fuel from the
harbor to local communities via the POW road system. Round trips
were based on assumptions of an empty return, tanker truck capacity,
and community energy demand rounded to the nearest full trip. Fuel
consumption was based on road distance, speed, mass transported,
and estimates of fuel efficiency (CCAR, 2009; Fig. 4). GHG emissions
were based on total fuel utilization and GHG emission factors (CCAR,
2009).

5.3.4. Total Baseline Estimate
Baselines were estimated for GHG emissions, heat usage, and costs.

GHG and heat usage are the sum from baseline energy demand, as
well as from long and short haul travel. Total baseline cost measures
were estimated based on fuel consumption and do not include the
capital or operational cost of the equipment or personnel used.

5.4. Alternative Biomass Scenarios

The alternative biomass scenarios are based on estimates of large
volumes of slash and un-merchantable timber resulting from forest
thinning treatments, and for which geo-spatial profiles of the land acre-
age, feedstock, moisture and heat content for transport are already well
documented (TNC Alaska, 2013). Currently this material is left to de-
compose or is burnt on site. Transport pathways utilize existing path
possibilities as established by current restoration efforts. Biomass sup-
ply sites are accessible from land (terrestrial extraction), marine and
shoreline sites (marine extraction), and a hybrid of the two. Transport
distance alternatives were then calculated to account for location, ac-
cess to existing infrastructure, and community needs (Control Lake
cross roads, Craig sorting yard, Thorne Bay sorting yard). The energy de-
mand for biomass was normalized to baseline community estimates

image of Fig.�3


Fig. 4. Map of POW communities and terrestrial transport network.
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(Fig. 5). For example, the heat demand was established by the heating
oil simulation and the biomass system was normalized to deliver the
same amount of heat to the end user.
Fig. 5. POW Island heating oil demand, by community (error bars: ±10%). Differences betw
emissions equaled 56,406 Mg CO2e.
A transportation network analysis was utilized to quantify GHG
emissions, heat utilization and cost associated with three separate
pathways associated with the alternative scenarios.
een communities can be largely explained by a difference in population size. Total GHG

image of Fig.�4
image of Fig.�5
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The three alternative pathways involved distinct fuel use and
emission profiles for each segment of the biomass extraction and trans-
port process (Fig. 3). The terrestrial pathway contains the following
segments in order; forest biomass, forest transportation to the landing,
delivery transportation to the facility, conversion of biomass at the facil-
ity, distribution to the end user, and consumption by the end user. The
marine pathway contains the following segments in order; forest
biomass, transportation to the barge, delivery transportation from
barge to the harbor, delivery transportation from the harbor to the
facility, production of biomass at the facility, distribution to the end
user, and consumption by the end user. The hybrid pathway contains
the following segments in order; forest biomass, forest transporta-
tion to the barge transfer location, transportation to the barge, deliv-
ery transportation from barge to the harbor, delivery transportation
from harbor to the facility, production of biomass at the facility, dis-
tribution to the end user, and consumption by the end user. The total
GHG emissions and energy demand for each pathway are estimated
by summing the values from each of the segments then averaging
and normalizing it by the total demand identified in the baseline
analysis.
5.5. Analytics

One challenge to life cycle analysis is accounting for multiple factors
that can vary with and against each other, which shift project-specific
cumulative impacts. Our analytical framework captures the possible
variation stemming from the use of any of three transport pathways,
three transfer site locations, and various possible fuel efficiencies.
Eighty-one simulations were completed, with results capturing a full
matrix sensitivity analysis of High (+10%), Average, and Low (−10%)
fuel efficiencies. The assumptions used for each of the segments were
held constant (complete listing see Fig. 6).
5.6. Potential Emission Offsets

GHG emission savings derived from a switch of fossil fuel based
heating systems to biomass based heating systems might potentially be
eligible for participation in the voluntary emission offset market. In
order to gage the potential eligibility aswell as revenues from selling car-
bon offsets, we identified potentially applicable protocols under the
Clean DevelopmentMechanism (CDM) of the United Nation Framework
Convention on Climate Change (UNFCCC) guidelines and quantified
emissions as well as income. The rationale behind the choice of CDM
UNFCCC protocols is a likely endorsement of these frameworks by volun-
tary (e.g. American Carbon Registry) carbon markets. We analyzed two
protocols, a simplified small-scale as well as a large-scale methodology,
for applicability and quantification of carbon credits, namely the small-
scale methodology ‘AMS I.E. Switch from non-renewable biomass for
thermal applications by the user’ (CDM UNFCCC, 2013a) with a simpli-
fied framework to accommodate resource limitations of small-scale pro-
jects and ‘AM0036: Fuel switch from fossil fuels to biomass residues in
heat generation equipment Version 04.0.0’ (CDMUNFCCC, 2013b) appli-
cable to larger projects.
Fig. 6. Transportation, biomass sorting y
6. Results

The results were divided into three sections consistent with the re-
search objectives namely quantifying the cluster of biomass utilization
on GHGs, heat utilization, and overall cost compared to heating oil as a
heating source. Results are presented for each of the major pathways
by production yard integrating the sensitivity analysis.

6.1. Diverted Greenhouse Gas Emissions

We found substantial GHG emission savings for all scenarios when
comparing biomass utilization to fossil fuels (Fig. 7). Each biomass
scenario provided substantial GHG emission savings and the differences
in emission savings range by less than 15% in emission reduction poten-
tial independent of pathway or biomass yard. These substantial GHG
emission savings are a result of reduced transportation emissions due
to shorter transport distances for biomass compared to heating oil as
well as the assumption that GHG stack emissions are zeroed out in the
case of biomass under a bioenergy scenario since these emissions
would be anyway emissions occurring at the forest if residues would
have been left to decay.

6.2. Heat Cost Savings

At a delivered pellet price of 331 US$/Mg and a heating oil price of
1.16 US$/l, the heat cost savings range from 15 to 19 US$/m2/year
(Fig. 8). Savings depending on technical efficiencies and community lo-
cations could be realized by conversion to biomass fuel sources. This is
equivalent to about 2500 to 3200 US$ in potential annual savings for
the average household of 167 m2. Assuming costs of 10,000 US$ for the
installation of a wood pellet system for the average household, the pay-
back for this capital investmentwould be less than four years. Further as-
suming that a wood pellet industry develops on POW fed by local forest
thinnings, most of the expenses on fuel would now circulate through the
community rather than leaving the locality. Instead of a total of ~$16,000
spent on the terrestrial delivery of heating oil annually— the only source
of local income from home heating besides oil storage and furnace up-
keep under current conditions, the bioenergy scenario would circulate
over $6.5 million annually through the community. While a fraction of
this sum would also service capital costs on infrastructure and leave
the island (pellet mill technology, transportation equipment, etc.), the
magnitude of the difference between the two scenarios cancels out any
doubt of the socio-economic boost awaiting the community.

It should be noted that these savings do not reflect the cost of conver-
sion,maintenance, or other costs associatedwith transport infrastructure,
transaction costs, or various other start-up costs associated with biomass
fuel production. We calculated a total biomass demand of 31,371 Mg
biomass if all residential and communal buildings would be converted
to wood-based heat. At a pellet price of 331 US$/Mg, this conversion
would create an industry with annual revenues of 10,383,801 US$
which could offset initial infrastructure costs. While these estimated
values omit the general volatility of fuel prices,we included a general sen-
sitivity based on average fuel prices. Changing heating oil prices by±10%
did not result in significant changes to heating cost savings.
ard, and cost scenario assumptions.
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Fig. 7. Detailed scenario results: Comparison of GHG emission savings from the current
level (56,406 Mg CO2e; see Fig. 5) among alternative pathways resulting from a switch
from heating oil to wood for each of the nine analyzed procurement scenarios. Despite
large variances in transport pathways and distances, GHG emission savings are compara-
ble across all analyzed procurement scenarios.
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If we assume that the distribution costs are the same, we're internal-
izing the biofuel production costs into the delivered biofuel's price.
Looking at the differential between the heating potential between the
two fuel sources is therefore an estimate of the savings from a fuel
switch to the end users. In terms of the total lifecycle, there are savings
anticipated from carbon dioxide emissions and dollar savings, regard-
less of transport route.

6.3. Emission Offsets and Revenues Based on CDM UNFCC Methodologies

Both methodologies reviewed, the simplified small-scale as well as
the large-scale methodology, could be potentially applicable to a fuel
switch project based on the biomass origin, namely harvest residues.
As long as regional laws are complied with, the simplified small-scale
methodology accommodates biomass as long as it is derived from
“land area remains a forest” or as long as “[…] practices are undertaken
on these land areas to ensure, in particular, that the level of carbon
stocks on these land areas does not systematically decrease over time
(carbon stocks may temporarily decrease due to harvesting)” (CDM
UNFCCC, 2013a). In contrast, the large-scale methodology is restricted
to biomass residues, i.e. biomass of non-marketable quality that occurs
during logging operations or at a processing facility (CDM UNFCCC,
2013a). While for the simplified small-scale methodology only stack
CO2 emissions for the fossil fuel baseline have to be quantified and can
bemarketed as offsets in their entirety, the large-scale methodology re-
quires an accounting of CO2 emissions during the processing and
Fig. 8. Heat cost savings for each of the nine analyzed procurement scenarios (error
bars: ±10%). Dollar savings could be used to relieve cost of shifting public or household
infrastructure over to enable biomass as a fuel source. Despite large variances in transport
pathways and distances, heating cost savings are comparable across all analyzed procure-
ment scenarios.
transportation of the biomass as well. Project activity emissions must
include CO2 emissions associated with “off-site transportation of bio-
mass residues” and “on-site fossil fuel and electricity consumption due
to the project activity”. Emissions originating in harvest activities as
well as the combustion of biomass are excluded as “it is assumed that
CO2 emissions from surplus biomass do not lead to changes of carbon
pools in the LULUCF sector”. Accounting for CH4 emissions during a
potential decay of the biomass under a business as usual scenario is
optional as long as CH4 emissions during a biomass combustion process
under the project activity scenario are also considered.

Using the large-scale methodology, marketable emission reductions
compared to a baseline are substantial. Depending on the pathway and
sorting yard chosen, CO2 emissions would be cut by around 75–80%
(Table 1). Emission savings differed compared to results presented
above as transport and processing emissions for a fossil fuel baseline
are not included in the ACM0036 accounting. If excluding CH4 emissions
and up to over 150% if also considering CH4 emissions from biomass
decay compared to fossil fuel emissions only under a fossil fuel baseline.
Total net income would range from 61 to 127 US$ per household and
year depending on the inclusion or exclusion of CH4 and the choice of
the methodology.

Potential eligibility of this project under small-scale methodologies
potentially depends on the combined capacity of the installed equip-
ment which is at around 50 MW for the project considered here.
While other small-scale CDMUNFCCC offset methodologies are specific
about cut-off capacities (e.g. 45 MW under the simplified small-scale
methodology; CDM UNFCCC, 2013c). Another critical consideration for
application of the CDM UNFCCC protocols is the expected lifetime of
the installed (biomass-combustion) equipment. While small-scale
methodologies are not specific about the total length of a project life-
time and therefore the period under which payments are eligible, the
large-scale methodology specifies that a project lifetime is limited to
the life expectancy of the currently installed equipment. This expected
lifetime is substantially shorter for residential heating equipment
(~15 years) than for commercial applications, thus putting an offset
project based on residential heating applications at a considerable
disadvantage compared to commercial-scale combustion equipment
with life expectancies in the range of 30 years (CDM UNFCCC, 2013d).

7. Discussion

Addressing climate change vulnerability and the drivers of climate
change requires radical rethinking of many structures and processes,
and implemented changes that require coordination among many ac-
tors and systems simultaneously. Sometimes, an attractive solution
may not be seriously considered, either because it goes against the
mindset of how things are generally ‘done’, or it requires new social
and built infrastructure, or the full range of costs and benefits (econom-
ic, social, and environmental) have not been fully explored. A certain ap-
proach may remain in place, even when more desirable alternatives,
and the technology to implement them, are available (Costanza,
1996). For example, the American transport system remains rigidly
tied to petroleum extraction, refining, transport and distribution, even
when electric cars offer alternatives, in part because re-tooling for elec-
tricity distribution requires coordination, cost, and perhaps unintended
consequences.

The tendency is to think that bigger is better for energy systems. For
geographically isolated communities this is not often the case, because
scaling up results in transport costs that absorb the efficiency gains.
However, because we included the environmental cost of shipping
fuels into the equation the cost-efficiency gains through economies of
scale (but coupled with increased transport distances) may cancel out.

Yet while acknowledging the extreme difficulty of whole-system
conversion, and the risks to various service and product entrepreneurs,
wemust also acknowledge that fewbiomass projects and products pen-
cil out to what the results of this study show to be extremely promising
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Table 1
Emission reduction and revenue projections from emission offset markets.

Baseline fossil fuel
emissions (Mg CO2e)

55,349

Emission savings
and revenues

Excluding CH4 emissions Including CH4 emissionsa

Total emission savings Total net
incomeb

Net
income per
household

Total emission savings Total net
incomeb

Net
income per
household

(Mg CO2e) % of
baseline

(US$/year) (US$/year) (Mg CO2e) % of
baseline

(US$/year) (US$/year)

ACM 0036 (large scale methodology) 40,570–46,341 73%–84% 161,619–185,973 61–70 77,825–83,913 141%–152% 311,300–335,654 118–127
AMS I.C. (simplified small-scale methodology) 55,349 100% 221,396 84 N/A N/A N/A N/A

a Assuming 10% and 0.021% of carbon are emitted as CH4 during biomass decay and combustion, respectively (Mann and Spath, 2001; United States Environmental Protection Agency,
2008); 2% soil mineralization rate of carbon when biomass decays and 1% of carbon are permanently sequestered in ash in case of combustion.

b Assuming a project overhead cost averaging 20% of total revenues.
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in favor of biomass. Even considered conservative estimates, these
numbers have been reinforced by numerous anecdotal data, and affir-
mations from sources throughout Southeast Alaska and other geogra-
phies. Thus, while the community risks might incline us to suggest
that these systems are not as capable of producing positive results
than we have reported, we must perhaps instead provide the caveat
that we have — even while reporting this system in extremely positive
light, grossly underestimated the net benefits.

For example, the heating energy network and systems that are cur-
rently in place in POW and elsewhere are (in part) an artifact of histor-
ical demands and practices. These artifacts are difficult to change in the
best case scenarios. Even if an attractive alternative presents itself, we
are often ambivalent for a lack of clarity about the production chain,
the infrastructure, the costs and the benefits in quantified and predict-
able form. Social conversion incurs investment, and uncertainty and
mistakes can come with high social costs to communities. Broad scale,
integrated change is often rare. Pioneers are few, and often uncoordinat-
ed with other elements of the value chain, and economies of scale in
small rural environs often don't scale up because covering broader ter-
ritory incurs transportation costs that may cancel out benefits. These
limitations have often stunted the growth of biomass programs due to
three major reasons; misalignment of the demand and production
scales, lack of understanding of the needed social capital, and failure
to optimize for energy type (thermal vs. electric).

There are several caveats that need to be stated and clarified. LCAs
have been used to clarify many complicated issues, given that there
are several limitations associated with the approach used in this analy-
sis. Listed below are several caveats both quantitative and qualitative.

7.1. Caveats-LCA

The boundary of analysis between the fossil fuel business as usual
(BAU) and biomass alternatives was not the same, because the fossil
fuel BAU did not include the costs or emissions associatedwith explora-
tion, extraction, transportation of crude oil to a refinery, or processing of
heating oil prior to shipment of the product from Seattle to POW.We as-
sumed that for this analysis, this portion of the BAUwould have contin-
ued independent of implementing a community based biomass
program. The results presented here are therefore conservative in
terms of the associated GHG benefits derived from a fuel switch from
fossil fuels to biomass.

7.2. Caveats-ecological

Even when biomass utilization is part of an ecological restoration
plan, quantified ecological benefits are still not well understood. The
long-term, energetic, and landscape level ecological impacts of thinning
are still in the early phases of study (Hanley et al., 2013). The thinning of
dense second growth vegetation in forest stands has been proposed to
contribute to forest structure attributes which benefit species diversity,
however study results are not unequivocal and ultimately depend on
the long-term fate of the forest stand.

The geo-spatial data estimates of biomass productivity used in this
study generalize and simplify what is in reality a mosaic of rock, ice,
alpine, muskeg bog, avalanche slopes, scrub forest, and productive for-
est lands. Current models used to estimate sustained yield have proven
successful for traditional harvesting techniques in the area. An impact
from biomass restoration efforts on forest productivity is less well
understood, due to the lack of historical information.

8. Caveats-social

Biomass is not always a popular solution. Proposals for coordinated
energy-forest harvest programs do not enjoy unequivocal public
support. Reports that rates of wood harvest were exceeding sustainable
yields in many of the world's forested and developing regions and cor-
rective responses such as tree planting, demand reduction programs
(deMontalembert and Clement, 1983) reduced emissions fromdefores-
tation and forest degradation (REDD in post-2012 climate treaty) have
reinforced the association between biomass energy and negative envi-
ronmental impacts. Fuelwood consumption for energy or heat is often
perceived as unsustainable because of its association with deforestation
and/or forest degradation, and communicating the use of current log-
ging residues is therefore of paramount importance to gain widespread
support for bioenergy programs.

8.1. Caveats-economic

There were several economic assumptionsmade in this study. There
is a substantial transition cost on behalf of households and biomass pro-
cessing infrastructure associated with the proposed program that could
be partly financed by heat cost savings. Even though a sensitivity analy-
siswas conducted thatfluctuated fuel prices and efficiency, drasticmar-
ket volatilitywas notmodeled. The study also assumed that the biomass
extraction of material was conservative at 21 to 35 Mg/ha of logging
residues. Cost estimates for thinning operations on POW are around
10,900 US$/ha and produce in average 56 Mg/ha in roundwood, offset-
ting 50% of thinning costs (TNCAlaska, 2013). At a logging residue quan-
tity of 21 Mg/ha and a total requirement of 31,371 Mg/year of biofuel,
around 1500 ha/year would need to be thinned to satisfy demand. In
the case where the income from the carbon offset market would be
diverted to the forest sector instead of the biomass demand sector,
this would generate only 46 US$/ha at a price of 5 US$/Mg CO2e includ-
ing an overhead of 20%. In this case, the shortfall of 5450 US$/ha in thin-
ning costs would be reduced by less than 1%.

Nevertheless, if thinnings can be financed from other sources than
wood products, our results suggest economic gains from a fuel switch.
So why does it seem to work so well in this case, where in other parts
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of the country results are more mixed? In part, because in isolated, geo-
graphically challenged small communities, the bar for opportunity cost
is quite low because the transport costs of fossil fuels are so high. The
size and distribution of the communities are small enough that they
do not have access to more traditional cost-efficient systems such as
natural gas, and the infrastructural limitation is high. Transportation
distance is one of the key variables in determining the viability of a bio-
mass program, and is often the key variable that kills a project. Our
study area happens to be in the middle of the biomass supply limiting
the issues associated with biomass transportation. A sustainable feed
stock supply is also another major limiting factor in making a biomass
program viable. Typically the feedstock is planned years in advance
from multiple sources including orchard plantations, mill waste, and
other alternatives to typical forest streams. This diversity can cause
some risk in the supply chain jeopardizing overall performance. From
a location perspective, unlike communities located at great distance
from the fuel source, the study site communities are located amidst a
high volume of reliable feed-stock, so given the scale of the demand
relative to supply — the likelihood of reliable supply is higher and
much more stable than the typical example.

This approach could yield a natural positive feedback loop depend-
ing on how it is scaled. An economy of scale could be created when
resources/employment opportunities are close together, using a clus-
tered node system, with a goal of linking back to restoration efforts.
There currently is a shifting management regime from clearcutting to
a structurally homogenous forest cover/disturbance regime. New resto-
ration efforts have several objectives including opening gaps, creating
structural diversity, and preserving wildlife habitat. But these efforts
incur major social, ecological and economic costs. Therefore economic
costs can be mediated by bundling to environmental and economic
costs of fuel on POW. Thiswould create a situationwhere restoration ef-
forts provide feedstock, and an economically viable alternative that is
specifically valuable to that area.

Establishing forest product clusters, and enabling their success can
take time, but can be a worthy investment for the POW Island network.
The White Mountain Stewardship Project (Apache–Sitgreaves National
Park, Arizona), about five years in progress, still receives government
support to carry out treatments, and the stewardship projects are only
five years in, but managers report progress (Nicholls, personal comm.).
It is hoped that within five years, enough wood product firms will be
in operation across one or more clusters that treatments will be paid
for through energy savings.

Realizing revenues from carbon offsets through the voluntary carbon
market might be feasible, though unprecedented as of yet in the US, and
could provide limited financial support to support thinning operations
on POW while fostering a switch to biomass-based heating applications
onPOW(Magnani et al., 2007). Thenature of such apiloting effort is likely
to depend on considerable efforts to protocol eligibility. Residential
heating applications are at a considerable disadvantage due to shorter ex-
pected project lifetimes and therefore substantially reduced revenues
compared to projects providing biomass to commercial-scale combustion
facilities.

9. Conclusion

This study quantifies chain of production impacts; from the point of
energy extraction and transport (upstream), through consumption and
emission accounting (downstream). The model utilized can be adapted
for future feasibility analysis as knowledge and data improve. Inputs can
be altered based on new parameters, pathways and assumptions.
Scenario output can facilitate dialog between land managers, planners,
community members and decision-makers. We found that GHG emis-
sion savings are substantial and indifferent of biomass sorting lot and
transportation pathway. A biomass heating project as described here
would be a piloting exercise if endorsed by the emission offset market.
Revenues from selling carbon credits can assist in building necessary
bioenergy infrastructure but are marginal in terms of the capital re-
quired. The conservation of natural capital, typically defined as reten-
tion of land cover can be degraded, or restored through management
activity. There is evidence that the push for biomass thinning improves
natural capital in Southeastern Alaska's forests while also providing
benefits for financial capital. However, to overcome logistical limita-
tions, coordination and cooperationmust occur at various scales. Future
research should focus on forest carbon cycling under thinning regimes
and socio-economic variables such as transition costs in the heating
systems, assessment of market volatility, and policy incentives, includ-
ing carbon offset markets, for getting home-owners to shift to wood-
based heat.
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