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Abstract Over two million hectares of marginal land in the
Northeast USA no longer used for agriculture may be suitable
and available for production of second-generation cellulosic
bioenergy crops, offering the potential for increased regional
bioenergy production without competing with food produc-
tion on prime farmland. Current yields of perennial bioenergy
grasses and short-rotation woody crops range from 2.3 to 17.4
and 4.5 to 15.5Mg/ha, respectively, and there is great potential
for increased yields. Regional advantages for bioenergy de-
velopment include abundant water resources, close proximity
between production and markets, and compatibility of
bioenergy cropping systems with existing agriculture. As
NewYork and NewEngland (a subset of the Northeast region)

account for ~85 % of the nation’s heating oil consumption,
production of bioheat, biopower, and combined heat and
power could substantially reduce the region’s dependence on
imported petroleum. While numerous grassroots efforts are
underway in the region across supply chains, bioenergy
development faces several challenges and unknowns in
terms of environmental impact, production, yields, socio-
economics, and policy. We explore the opportunities for
second-generation bioenergy production on the unused
marginal lands of the Northeast USA and discuss the
challenges to be addressed to promote sustainable
bioenergy production on the region’s underutilized mar-
ginal land base.
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Introduction

Sustainable bioenergy systems can address a number of crucial
environmental issues and enhance national security by provid-
ing renewable domestic energy production alternatives to fossil
fuels and specifically imported petroleum.While focus has long
been given to first-generation annual energy crops such asmaize
(Zea mays) and soybean (Glycine max) that require prime
farmland, there is increasing interest in second-generation pe-
rennial crops such as switchgrass (Panicum virgatum),
miscanthus (Miscanthus×giganteus), and willow (Salix spp.)
that can also be grown onmoremarginal soils and thereby avoid
food vs. fuel competition for prime farmland [1, 2].
Development of a large bioenergy economy in the USA will
require dramatically increasing sustainable biomass feedstock
production, for which production forecasts cite the use of mil-
lions of hectares of marginal lands [1, 3–8]. Specifically cited
are agricultural lands that have fallen out of production be-
cause they are unable to support sustainable economic returns
in conventional agriculture. Abundant land and water re-
sources make the Northeast USA (Fig. 1) particularly suited
for second-generation bioenergy feedstock production. The
region’s high energy demand and its reliance on fuel oil for
heating underline an economic and environmental potential
and necessity for local production of alternative renewable
energy. However, this potential remains largely untapped be-
cause of a number of challenges related to bioenergy feed-
stock production, conversion, and policy that must be ad-
dressed before significant expansion can occur.

High energy demand is a distinctive feature of the Northeast
USA because of high population (18% of the USA’s population

in 5 % of its land area [9]), cold winters, and many poorly
insulated houses. Because natural gas networks primarily serve
more densely populated areas, nearly 30 % of New York State
and New England’s homes are heated with fuel oil [10], ac-
counting for ~85 % of the entire nation’s heating oil consump-
tion [11]. Initiatives are underway to offset a portion of this
demand with thermal biomass (bioheat) or combined heat and
power (CHP) applications [12], thereby directly replacing
imported carbon-emitting heating oil. Bioheat initiatives in the
region were initially driven by local advocates, researchers, and
innovators but have recently received state-level interest [13,
14]. Bioenergy has significant potential to contribute a far
greater percentage of the future of Northeast USA energy needs
than it does at present. For example in New York State, only
12 % of energy consumed in 2010 was from in-state resources
[15], roughly equating to 8 % of expenditures ($4.8 billion).
Agricultural bioenergy production can therefore not only reduce
petroleum demand but also do so in a way that localizes energy
production, which benefits rural, local, and national economies
by providing a renewable income source [e.g., 12] in place of
what now constitutes a capital export. Although expansion is
currently hampered by factors discussed below, the region’s
energy importation indicates potential for the development of
local bioenergy supply chains. The relatively close proximity
between production regions and local markets (pellet mills,
biofuels refineries, pellet plants, and population centers) and
export markets (deepwater ports with pellet loading capabili-
ty) is an economic advantage because transportation is costly
for bioenergy feedstocks and products [16]. Replacing heating
oil by regionally produced densified switchgrass could pro-
vide benefits of $2.3 to 3.9 billion annually [17].

The environmental impact of second-generation cellulosic
perennial crops is widely considered less than that of annual
first-generation bioenergy crops (Table 1), with benefits includ-
ing emissions neutrality, significant ecosystem services, and
long-term soil resource improvement [18, 19]. Underutilized

Fig. 1 Map of the United States of America (a) with the Northeastern
states shaded in gray, and a detailed map of these Northeastern States (b),
including the States of New York (NY), Pennsylvania (PA), New Jersey

(NJ), Connecticut (CT), Rhode Island (RI), Massachusetts (MA), New
Hampshire (NH), Vermont (VT), and Maine (ME)
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marginal lands are an increasingly important land base for
bioenergy feedstock production and are the primary land base
available in the Northeast USA. As such, there is a need to
estimate how much land is suitable and available in the region
and to assess the productivity and impacts of second-
generation feedstocks on these marginal soils.

Here, we discuss the opportunities and challenges for
bioenergy (Box 1) feedstock production from marginal lands
in the Northeast US, with examples drawn primarily from our
experience centered in New York State. We first review the
favorable climatic conditions in the region and analyze the
origin and availability of the marginal land resource base. We
then explore the main challenges for further development of
this resource in the region, focusing on farming, production,
and policy issues, particularly from a near-term, low-cost, and
low-input production and utilization context.

Box 1. Definitions

Definitions of “biomass,” “bioenergy,” and “biofuel” vary between
countries and legislative bodies [20–23]. US federal policy has focused
almost exclusively on liquid biofuels [6] to the frequent exclusion of
other biomass energy pathways including combustion-based bioheat
and combined heat and power. Since these latter forms of energy are
relevant in the Northeast context, we use the term “bioenergy” in this
paper more generally as energy that is released by the direct or post-
conversion combustion of biomass or its products. Energy products
include, but are not limited to, bioheat, biopower, combined heat and
power, and an array of liquid biofuels, such as syngas, bio-oil, and
ethanol.

Applied to land resources, the term “marginal” is foremost an economic
condition with biophysical causes [24]. It refers to land at themargins of
production, where potential returns are at a breakeven point with
production costs (in contrast to submarginal land where production is

Box 1. Definitions
unprofitable). That marginal is an economic termmeans that it is defined
by the local economic context, which means that the specifics of
marginality will vary regionally and temporally [25, 26]. As such, clear
definition of the cause(s) of marginality in a particular context is
important [26, 27].

Favorable Climate

In contrast to many other regions in the USA, water resources
are abundant in most of the Northeast. Annual precipitation in
most of the region varies between 760 and 1,520 mm [28] and
is generally well distributed over the year. Mean annual tem-
peratures range from 1.7 to 15.6 °C [28], a temperature range
that is comparable to many of the corn- and wheat-producing
areas of the Midwestern USA. Summers in the Northeast are
warm and winters are cold, with precipitation typically occur-
ring as snow. Because of the abundance of natural rainfall,
crop and biomass yields are generally not strongly limited by
availability of water, especially in comparison to drier regions
of the USA.

Marginal Land Available

Decades of abandonment of agricultural lands in the
Northeast USA (Box 2) created large areals of scrub and
woodlands (described presciently as the “New Forests” by
Conklin [29]), as well as fallow lands that have been
occasionally mowed to prevent shrub and tree growth.

Table 1 Differences between first- and second-generation bioenergy feedstocks

First-generation Second-generation

Primary crops Annuals: corn, soybean Perennials: grasses, willow

Component of interest Grain (also corn stover) Cellulosic/whole plant

Marginal soil adaptation Limiteda Moderate to gooda, b

Net energy yield Lowc (just over 1:1) Highb, c

Food vs. fuel conflict High when grown on prime farmlandd Low when grown on abandoned, marginal landd

Required inputs
(tillage/fertilizer/pesticide)

Higha Low to moderatea, b

Potential impacts
(nutrient loss, erosion)

Moderate to higha Lowa, b

Potential emissions Moderate to higha Low to moderatea, b

Soil quality trend
(including C accumulation)

Negative/flate unless aggressively managed Depends on prior land use (see Table 3)

a Blanco-Canqui [18]
b Limited research
c de Vries et al. [147]
d Valentine et al. [2]
e Stockmann et al. [48]
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Reforested portions now contribute to the region’s substan-
tial woody biomass resource base, while the remainder is
potentially usable for production of bioenergy feedstocks
such as switchgrass and short-rotation willow. These aban-
doned marginal lands (Box 1) are available without com-
peting for food production.

To facilitate accurate estimation of the potential for regional
feedstock production, we quantified the amount of land that is
available and suitable for perennial bioenergy feedstock pro-
duction in the region (Box 3). This geospatial analysis sug-
gests that nearly 2.5 million ha might be available and suitable
for use throughout seven Northeastern states (Table 2),
representing 6 % of the total land area in this region. This
estimate is an upper bound as actual land availability is addi-
tionally constrained by wet soils, accessibility, distance to
markets, and competing landowner goals (Box 3). Despite
these constraints, the land base potentially usable for
bioenergy feedstock production without competing with cur-
rent agricultural production is substantial.

Box 2. Causes of land abandonment

Underutilized land resources in the region are significant due to historical
abandonment of former agricultural lands. Causes of this
abandonment were manifold, but primary among them were
degradation of soil quality coupled with the opening of more
productive croplands to the west. In the 1800s, New York State was
the bread basket for the USA, with canal systems for shipping grain to
the cities of the eastern seaboard. But in the 1900s, production
declined due to the loss of fertile topsoil from many hillside soils,
which became too shallow to hold sufficient water during the dry
summers and could not produce profitable yields even with added
fertilizers. Many valley bottom lands were too wet for spring planting
and/or fall harvesting. Attractive off-farm labor opportunities and
price competition from better-adapted regions (as well as from prime
farmlands in the region) made farming poorer soils a less attractive
option. The cumulative impact has been a century-long decline in land
in farms. Those lands that were not mowed to retard successional
shrub and tree growth reverted to woodlands (the “New Forests” cited
by Conklin [29]) which now contribute to the region’s substantial
woody biomass resource base. Lands that were at least occasionally

Box 2. Causes of land abandonment
mowed have remained open and thereby potentially usable for pe-
rennial bioenergy production.

Box 3. Quantification of the land available in the US Northeast

We quantified the amount of land available in the region from the amount
of land that was cleared for agriculture in the past, but that is not
currently producing a crop such as hay, nor being used for pasture on
farms. This land is currently in various types of herbaceous vegetation
cover. This analysis differs from previous ones that often focused on
current agricultural land [6] because it focuses on lands that are not
currently in agricultural production, which we consider the primary
land base for bioenergy in the region.

Which lands are suitable?

The area of land that is available for bioenergy feedstock production is
first and foremost determined by their suitability. To determine
suitability, we made the following assumptions. First, forest land will
stay forests—we do not consider conversion of any forest lands to
production of agricultural bioenergy feedstocks. (It should be noted
that there is great potential for bioenergy feedstock production from
these existing forests, including branches and tops of commercial
species as well as species not suitable for wood products, but that topic
is beyond the scope of this analysis). Second, row crop lands will
remain in row crops and are not considered for perennial feedstock
production to avoid competition with food production. Lands currently
in herbaceous cover (pasture, hay, grassland, crop land, shrub, and
scrub land) will remain in herbaceous cover, but these could include
bioenergy crops. Not all lands in herbaceous cover are practical to
access for harvest because of size, slope, or ownership. We therefore
removed (1) fields <2 ha as these are not suitable for large-scale
commercial feedstock production operations; (2) areas with a slope
>15 % as these are hard to access by farm machinery; and (3) lands in
federal ownership and State-protected lands.

How much land is available?

After classifying land suitability, we calculated the amount of land that
could be available in coming decades for dedicated grasses and willow
bioenergy feedstocks in three steps. First, the total amount of land in
herbaceous cover was determined through geospatial analysis of the
sum of the crop, pasture, and grass and hay land from the National
Land Cover Database [30]. Using geospatial modeling, we then
estimated the fraction of this land that would be biophysically suitable
for feedstock production (as outlined above). Finally, data from the
Census of Agriculture [31] were used to remove land currently in
agricultural production for each county throughout the region.

Upper limit of availability

It is important to note that the areal we hereby quantified to be available and
suitable for bioenergy production in the region is an upper bound of
actual land availability for a number of reasons. Most of these lands are
currently out of production for a good reason, as their biophysical
characteristics can be very challenging for farming (as discussed below).
Portions of the available land base may therefore be too wet or have
other limitations making them not suitable for commercial production of
bioenergy feedstocks. Location is another potential issue: some of this
land may not be accessible by road (particularly in Maine where lands
are scattered in remote regions), and some of this landmay be too remote
from markets or be too sparse in a local region to support commercial
bioenergy feedstock production. Current land usemay also be a concern,
as some land may be in use for crops that are not reported in the Census
of Agriculture, such as the case for home gardens and horses (if not on
farms). Lastly, landowners have many goals for their land, and
production of bioenergy feedstocks will not always be compatible with
other uses. For example, based on surveys of landowners and on detailed

Table 2 Amount of potentially suitable and available marginal land for
seven states in the Northeast USA, expressed as total area (ha) and as
portion of the total land in each State (%). These estimates are based on a
number of assumptions (Box 3) and are an upper limit

US state Available land (103 ha) % of State

New York (NY) 1,015 8.3

Pennsylvania (PA) 838 7.2

Maine (ME) 356 4.5

Vermont (VT) 125 5.2

New Hampshire (NH) 38 1.6

Pennsylvania (PA) 838 7.2

Massachusetts (MA) 125 5.2

Total 2,430 6.1
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Box 3. Quantification of the land available in the US Northeast
analysis for NewYork State, only half of landowners might be interested
in harvesting biomass from their lands [32]. This fraction varies with
population density [32] and other factors, and further research is required
to better understand landowner’s values and interest in producing
biomass feedstocks. Finally, attitudes may change as biomass feedstock
marketing opportunities develop throughout the region.

Land Quality

Marginal lands are available because of one or more use
restrictions (slope, elevation, depth, texture, rockiness, inter-
nal drainage, fertility, and/or remoteness) that preclude profit-
able production of conventional agricultural crops. Many of
these characteristics directly affect agricultural suitability via
their effects on soil hydrology. Most marginal agricultural
soils in the region (e.g., Fig. 2) are subject to at least seasonal
saturation or near-saturation because they are characterized by
relatively permeable surface soils atop shallow restrictive
layers (dense basal glacial till, fragipans, or shallow bedrock).
When precipitation and/or snowmelt exceeds evapotranspira-
tion, perched water tables develop over these impermeable
layers. In sloping soils, this produces significant lateral inter-
flow that saturates downslope depressions and areas where
restrictive layers are especially shallow [33–35], complicating
management and reducing trafficability [36]. These hydrolog-
ic characteristics furthermore contribute to the marginality of

many soils in the region due to these adverse effects on crop
growth. Spring wetness can cause yield losses via delayed
planting and soil-borne diseases associated with cool, wet
soils [37]. Late season wetness causes problems with field
operations and can lead to yield losses. Paradoxically, high
seasonal perched water tables in the spring are also associated
with summer drought susceptibility, as the dense soil layers
reduce effective rooting depth and thus limit soil water avail-
ability. Soils prone to saturation are also likely to generate
runoff and thus transport nutrients and pesticides off-site [35].
Such soils are typically closely connected hydrologically to
surface water bodies; thus, any potential impacts from
bioenergy feedstock production on water quality need to be
carefully assessed and mitigated as bioenergy feedstock pro-
duction expands in the region.

Wetness is not the only reason for soils to bemarginal in the
Northeast. Many hillslope soils atop shallow restrictive layers
as well as sandy “excessively drained” soils are marginal due
to their inadequate water-holding capacity and consequent
summer moisture deficits, and are often consigned to
pasture/forage production. Significant erosion from poor prior
management (including growing poorly suited annual crops)
may also relegate soils to marginal status due to loss of soil
depth, organic matter, and native fertility.

These factors that render soils at best marginally suited for
annual crops are of lesser consequence for perennial
bioenergy feedstocks such as warm-season grasses and
short-rotation woody crops. These perennials have deeper
and more extensive root systems, require far fewer field ma-
chinery operations, and have longer time windows for field
operations such as fertilizing and harvesting.

Environmental Impact

Soil Health, Carbon Sequestration, and Water Quality

Perennial bioenergy crops are often regarded to have major
benefits for the environment, such as increased soil health and
carbon sequestration, reduced water quality impacts associated
with reduced erosion and lower fertilizer use, reduced (at pres-
ent) pesticide and herbicide requirements, and improved biodi-
versity [18, 38, 39]. Naturally, the relative environmental impact
of land use conversion to perennial bioenergy feedstock produc-
tion depends on the preexisting land use (Table 3). When
converting land in annual row crop production to perennial
bioenergy grasses and short-rotation woody crops, benefits are
indeed manifold [1, 4, 18, 39–45]. Perennials have longer
growing seasons and deeper rooting depth than annuals and
therefore return more aboveground and belowground residue
to the soil, increasing carbon accumulation [46, 47]. However,
the environmental impact of conversion from pasture, fallow, or
abandoned land is not so clear. Initial land clearing and tillage

Fig. 2 A harvested switchgrass field on a wetness-prone marginal soil
near Ithaca, NY
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required for the establishment of perennial feedstocks releases
carbon from aboveground and soil C pools [48], incurring a
“carbon debt” [49] that is repaid as belowground carbon accu-
mulates but which can take decades or even centuries to recover
[50]. Hence, conversion of fallow land for perennial bioenergy
crops cannot be assumed to cause substantial increases in carbon
sequestration [32, 51]. The same applies to erosion and water
quality: since plant cover is already high in fallow land, initial
land clearing and tillage can only increase erosion risk (albeit
briefly), particularly on sloping land. Fertilizer and initial
herbicice applications will also be higher than for fallow land,
with potential impacts on denitrification (see below) and both
surface and groundwater quality as agrichemicals find their way
to water bodies through surface runoff and leaching. Erosion
impacts are greatest at the time of conversion and decrease with
the establishment of a full cover, and may be mitigated when
perennial grasses are established with no-till methods, which are
also considered beneficial for mitigating other adverse effects of
conventional tillage, such as CO2 emissions, and decreased soil
structure and infiltration [18, 48, 52]. Current challenges of no-
till establishment include the availability of both appropriate
equipment and registered herbicides to manage weed competi-
tion. While pesticide application is likely limited to the initial
establishment phase, any effects of regular fertilization will
continue as long as the stand is activelymanaged. These impacts
need to be accounted for, as even low impacts on an areal basis
can still aggregate into considerable impacts on a regional basis.

N2O and CH4 Emissions

Long-term sustainability of renewable bioenergy production
systems requires long-term GHG emissions neutrality. Similar
to soil and water quality considerations, the net impact of
marginal land bioenergy feedstock production on N2O and
CH4 emissions depends strongly on prior land use.
Displacement of annual crops with perennial crops would sub-
stantially reduce N2O emissions, due to reduced fertilizer N
application and hence reduced emission potential. Although it
is beyond the scope of this review, it is important to recognize
that displacement of first-generation food/feed production in one

place may trigger indirect (offsite) land use changes and conse-
quent offsite emission effects that should be accounted for when
determining net emission impacts. In cases where previously
idle/fallow lands are put into perennial bioenergy feedstock
production, emissions of both CO2 (due to tillage [50]) and
N2O (due to fertilization [53], albeit at low rates) will both
increase. However, a wider systems view typically shows a net
reduction in the emission of greenhouse gases as emissions
associated with the production and use of fossil fuels are offset
[16, 54, 55]. Yet, several factors remain poorly defined in the
cases of wetness-prone marginal soils. One is the extent of N2O
emissions: do emission factors (the fraction of applied N lost as
N2O [e.g., 56]) increase in wetter (and therefore denitrification-
prone) soils such that any emissions reductions due to lower
overall N-fertilization rates are offset? A second factor involves
trade-offs on wetter soils with lower biomass yield potential:
addingN to increase yields on otherwise low-yielding sites [e.g.,
57] will increase potential N2O emissions but this may be more
than offset by the increased yields (see VanGroenigen et al. [58]
for row crops) and increased displacement of fossil fuels. While
evaluation of these questions is underway, it is pertinent to
conduct comprehensive life cycle analyses of second-
generation bioenergy feedstock production from wetness-
prone marginal lands in the region that consider, among other
factors, land conversion, fertilization, transport and energy con-
version, as well as any associated indirect emissions.

Second-Generation Feedstock Production

The primary categories of second-generation bioenergy feed-
stocks of interest to the region are perennial grasses and short-
rotation woody crops (Fig. 3).

Perennial Grasses

Grasses have historically been grown in the USA for forage and
pasture [59], with both cool- and warm-season grasses used in
the Northeast [60]. Cool-season grasses are usually harvested

Table 3 Environmental impact
of bioenergy feedstock produc-
tion depends on prior land use
(row crop or fallow/abandoned)

a As reviewed by
Blanco-Canqui [18]
b Extent unclear
c Dhondt et al. [148],
Dauber et al. [149]

Environmental impact From row crops From fallow/abandoned

Soil organic matter/quality Improves with timea Initial loss, recovery unlikely to
exceed initial stateb

Soil physical quality Improves with timea Initial loss, recovery with timeb

Erosion potential Decreases after 1st yeara Increases in 1st year;
afterwards?b

Nutrient losses Decreasea Likely increaseb

Pesticide use/losses Decreasea Likely increaseb

Trace gas emissions (N2O, CO2) Decreasea Likely increaseb

Water quality Improvesa Likely improvesb

Wildlife benefits Increasea Unclearc
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several times during the growing season, but typically have
reduced productivity during the hottest mid-summer months.
In contrast, warm-season grasses start growing later in the
spring and have their maximum production period in the sum-
mer, and are harvested once per year [61]. Bothwarm- and cool-
season perennial grasses have been the focus of intense research
for use as dedicated energy crops [4, 40, 42, 62]. One of the
candidates, switchgrass, is a widely adapted warm-season grass
native to the USAwhich can be found in most states east of the

Rocky Mountains [62]. Plants generally grow 1 to 2.5 m in
height and develop extensive root systems with total under-
ground biomass often equivalent to aboveground yields.
Sustained yields of 2.3–17.4 Mg ha−1 can be obtained
(Table 4) depending on soils and climate. Switchgrass cultivars
are characterized as either upland or lowland ecotypes; to date,
upland cultivars tend to have better winter survival in the
Northeast than lowland ecotypes [63]. However, many cultivars
currently available to producers have not been specifically bred
for improved biomass yield and quality [64]. Cultivars originat-
ing from the north-central region of the USA generally do not
perform well in the Northeast [65, 66]. Active breeding pro-
grams at Rutgers and Cornell universities are developing germ-
plasm and cultivars with improved performance specifically for
the Northeast and for bioenergy end uses [65]. In the Midwest,
breeders have demonstrated significant biomass yield increases
with new biomass type cultivars [64, 67], particularly with
upland and lowland ecotype hybrids that combine the high yield
potential of the lowland ecotypes with the high survivorship and
cold tolerance of the upland ecotypes. Sustained increases in
switchgrass biomass yields over the long term, similar to which
has been achieved in corn, will be required to improve produc-
tion and increase potential returns for growers.

Although much of the focus on warm-season perennial
grasses for bioenergy has been on switchgrass, several other
species have potential for use as dedicated bioenergy crops with
economically viable yields. Native prairie grasses big bluestem
(Andropogon gerdardii Vitman) and indiangrass (Sorghastrum
nutans L) [68] have similar physiological and morphological
growth characteristics to switchgrass. While they also grow
well on marginal land, two recent studies in Ontario [Canada,
one to four cultivars, 1–2 years after establishment; 69] and
New York (three locations, two to ten cultivars, fourth produc-
tion year; Mayton et al., unpublished data) found that yields for
both were lower than for switchgrass. Big bluestem is also

Fig. 3 Feedstocks potentially suitable for bioenergy production on mar-
ginal lands in the Northeast USA. a Switchgrass (Panicum virgatum L.);
b shrub willow (Salix spp.); cmiscanthus (Miscanthus×giganteus); and d
reed canarygrass (Phalaris arundinacea L.)

Table 4 Yield of perennial grasses evaluated in the Northeastern USA, with “N” indicating that N-fertilizer was applied. Values given represent yields
from a range of cultivars and/or mixtures, unless otherwise indicated

Location Trial information Switchgrass Mixed warm-season
grasses and CRPa

Source

Mg/ha (dry weight) Mg/ha (dry weight)

New York Multiple trial locations 2.3–11.9
2.4–17.4 (N)

8.6–11.2
7.7–14.2 (N)

[150]

New Jersey, Pennsylvania, New York Multiple trial locations 9.8 prime landb

7.7 marginal landb

4.5–13.9 total rangeb

8.6 prime landb

7.0 marginal landb
[66]

New York, Pennsylvania, New Jersey,
Maryland, and Virginia

Multiple grasslands (mostly natural)
across years

– 6.6 [151]

Vermont Two locations 6.5–9.9c

8.1–13.2 (N)c
– [152]

a Conservation Reserve Program (see also Box 5)
b Average of various trial locations and multiple cultivars
c Cave in Rock cultivar only
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lower in seedling vigor and has seed appendages that interfere
with conventional seeding equipment [70].

An emerging candidate bioenergy feedstock is giant
miscanthus (Miscanthus×giganteus), a sterile triploid hybrid
of Miscanthus sacchariflorus and Miscanthus sinensis that is
clonally propagated and has been shown to do well in very wet
soil [71]. Although it is a warm-season grass, it has a relatively
good low temperature tolerance for photosynthesis (for a C4
plant), still producing high yields when grown at 14 °C [72].
Yet, while established plants are cold tolerant, winter kill of
first-year plantings has been observed. To avoid major financial
losses due to high planting costs, Lee et al. [73] suggest that
current Midwest-adapted clones will be most successful only in
the southern areas of the Northeast region (i.e., Pennsylvania
and New Jersey), whereas others include New York and south-
ern New England as part of the region where miscanthus will
likely perform well [74]. The yield of miscanthus can consid-
erably exceed that of switchgrass [75, 76], but findings to date
are based on studies in Europe and the US Midwest. While
some scale-up operations are underway (e.g., Aloterra; www.
aloterraenergy.com, and the NEWBio project: www.newbio.
psu.edu), those represent efforts in Ohio and states farther west,
with little headway to date in the Northeast.

Even though some cool-season grasses do well on wet
marginal soils in the northeastern climate, they have received
much less attention for bioenergy feedstock production than
their warm-season counterparts. Cool-season reed canarygrass
(Phalaris arundinacea L.) is well adapted to elevated soil
moisture [42, 77], can survive repeated inundation [78], and
is drought-tolerant [77]. In early screening studies, its yields
exceeded those of switchgrass on poorly drained northeastern
soils, but fell short of potential switchgrass yields on better
drained soils [57]. Yields on marginal Iowa mollisols
approached those of switchgrass, but at higher per ton produc-
tion costs [79] due to twice yearly fertilization and harvests.
Optimization of cultural practices for bioconversion efficiency
vs. optimal harvest and handling logistics is underway [42, 77].

Perennial Grass Production

A major opportunity regarding the production of perennial
grass feedstocks is easy adoption due to compatibility with
current farming systems (Fig. 4), with both equipment and
expertise being widely available. However, a notable draw-
back of perennial warm-season grasses is a long establishment
time: switchgrass seedlings grow slowly and stands only reach
full production in their third growing season. Weed control is
critical during the slow establishment phase [80], but once
established, switchgrass has little difficulty maintaining dom-
inance. Current data suggests that a 10-year stand life could be
adequate for profitability [32].

While good yields are clearly attainable on suitable lands
(above, Table 4), there is still a limited research base to enable

matching of cultivars to a range of prevailing field conditions on
marginal soils. Fertilization responses and benefits are still am-
biguous: while fertilization improves yields on some soils [81,
82], this is surprisingly not the case everywhere [83]. In one
early study, the effect of N-fertilization was related to soil
drainage class: switchgrass yields were unaffected on well-
drained soils, but significantly improved with N on poorly
drained soils [57]. Soil drainage is likely also factor of impor-
tance determining grass establishment and yields [82], but the
potential returns from bioenergy cropping on marginal soils are
not likely to justify the considerable cost of drainage
installations.

Relatively few pathogens and pests have been observed on
growth trials in the region, but specialists are tracking smut,
rust, anthracnose, bipolaris leaf spot, and gall midge [84–86].
Researchers in the region have recently been evaluating yield
potential, compositional quality, and environmental impacts
of switchgrass and other warm-season perennial grasses
grown in monocultures as well as in grass or grass/legume
mixtures. Ongoing research (particularly on marginal soils) is
needed to optimize yields and profitability while mitigating
environmental impacts.

Short Woody Rotation Crops

Woody Crops Yields and Research

Having begun in the northeasternUSA in the late 1980s, research
on the use of short-rotation woody crops for bioenergy is pri-
marily focused on willow (Salix spp.) [87]. While hybrid poplar
is used as a short-rotation woody crop elsewhere in the USA, its
susceptibility to septoria canker precludes commercial use in the
Northeast [88]. Willow biomass crops are grown using coppice
management that utilizes willow’s natural ability to resprout, and
initial work generally involved genotypes fromEurope, Japan, or
Canada [89] that were developed in the 1980s. Since then,
willow breeding efforts in the USA have made sizable gains in
biomass production in the last two decades [90, 91]. Yield gains
of approximately 20 % over foundation breeding material have
been realized [92, 93] and additional gains are likely, based on
preliminary analysis of recent genetic selection trial results [94].
Through these efforts, economic viability of this crop may be
attained even on marginal lands. An overview of studies in the
northeastern USA and eastern Canada indicates annual biomass
yields ranging between 4.5 and 15.5 Mg ha−1 (Fig. 5). Willow is
particularly suited for the marginal soils in the region, as it
tolerates wet soil well [95, 96]. Despite the fact that wet soils
are inherently linked to limited trafficability, this presents a
challenge only for willow planting operations because harvest
is often carried out when the soil is frozen.

Development of improved cultivars has been largely based
on the production of interspecific hybrids through controlled
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pollinations, including advanced generation crosses involving
multiple species combinations [90]. Current willow cultivars
are not particularly vulnerable to pests and diseases, but
expansion of production is likely to increase pest and disease
populations. Improved pest tolerance and rust resistance have
been significant among first-generation hybrids tested in New
York [97]. Genomics-assisted breeding will be possible in the
near future for Salix purpurea, Salix suchowensis, Salix
viminalis, and other species, and studies underway using both
association and QTL trait mapping approaches should identify
loci that can be selected early in the breeding process [98].
Breeding efforts have also resulted in broadening the genetic
diversity of commercial cultivars that can be deployed, thus
hedging against widespread crop failure if pest or disease
resistance were to be defeated and allowing for planting of
genetically diverse genotype mixtures [99]. Future breeding
efforts should consider genotypic differences in nutrient use
efficiency [100], with aim of developing cultivars that are well
adapted to nutrient-poor and low pH sites. This genetic im-
provement of shrub willow, together with producing new
cultivars with pest and disease resistance and greater yield
across a wide range of (marginal) soils in the Northeast, will
be critical for the long-term success of this crop.

Production of Woody Crops

Production of short-rotation woody crops is more challenging
to integrate into current farming systems than perennial
grasses because the specialized equipment and expertise need-
ed to grow and harvest these woody crops (Fig. 4) are not (yet)
widely available. Woody crops moreover require even longer
than perennial grasses to reach peak production: yields from
trials undergoing multiple harvest cycles have demonstrated a
nearly 20 % increase from the first to second rotation, with

many cultivars maintaining yield increases by the fourth har-
vest cycle or after 13 years of production [93]. Stands can last
at least seven rotations or >20 years [39, 87] before growers
may decide to replant, and due to substantial front-end costs, a
stand life of circa 22 years is currently required for adequate
profitability, since the “breakeven” point with current eco-
nomics is not reached until the end of the third or fourth
rotation [101]. For producers, this implies a long return-on-
investment horizon, whereas for markets this means that any
near-term increases in woody crop acreage do not translate
into immediate increases in feedstock availability since the
first crop is typically only harvested 4 years after planting.

Given the long lifespan of a stand, adequate nutrient man-
agement is essential, particularly on nutrient-poor soils.
Because willow can be harvested multiple times throughout
its 20+ year stand life, it is hypothesized that soil nutrient pools
may be reduced to the point that yield is negatively impacted
[102]. While field evidence for this is inconclusive [103, 104],
much attention has been given to quantifying rates of nutrient
removal through harvesting, with fertilization recommenda-
tions largely based on compensating for these removal rates
[105, 106], usually after each harvest [87], and influenced by
prior land use history [107]. Naturally, fertilizer is applied to
increase biomass yields on nutrient-poor sites. As deployment
of shrub willow crops expands in the region, clear guidelines
for nutritional requirements will be necessary, including both
short-term nutrient requirements for establishment as well as
long-term requirements for economically viable yields.

Despite decades of research on fertilization of shrub wil-
low, fertilizer requirements are still uncertain [108], and anal-
ysis of willow studies in the region (Fig. 5a, b) showed no
correlation between N-fertilizer rate and biomass yield
(Fig. 5c). Organic amendments tended to give the greatest
response; however, they also tended to be applied at the

Fig. 4 Equipment used for site
preparation, planting, and
harvesting operations in shrub
willow production. a Zone tillage
used for reduced tillage practices
in site preparation for shrub
willow planting. b The Danish
four-row Egedal Energy Planter
in use in upstate NY. c The Ny
Vraa JF 192 single-row tractor
mounted willow harvester in use
in upstate NY. d The Henriksson
Salix AB harvesting header
attached to a John Deere forage
harvester, manufactured in
Sweden

490 Bioenerg. Res. (2015) 8:482–501



highest rates (Fig. 5a). Although part of the wide range in
fertilizer effects may be due to variation in crop age at the time
of application and the frequency of application, it may also
indicate that factors other than N are limiting crop growth. For
instance, nutrient uptake could be limited by low water avail-
ability during the growing season on drought-prone marginal
soils, since some studies have shown greater yields where
willow is well watered and fertilized [100, 108]. Conversely,
excessive soil moisture can negatively impact nutrient acqui-
sition and growth in woody species, although for poplar more
than for willow [95, 96]. Most studies on willow production to
date are based on relatively short time series and/or on a
limited number of sites. A comparison of data from multiple
rotations and sites across the region may help clarify driving
factors of soil nutrient changes and fertilization effects. Such
an assessment is not only important from a production stand-
point but is also relevant from the economic and environmen-
tal perspectives. Since fertilization can account for ~10 % of
production costs [101] and 20–35 % of the total energy inputs
to willow production [109], optimal rates for biomass produc-
tion should be weighed against economically and energetical-
ly optimal rates. Additionally, inappropriate application rates
or timing can result in nutrient losses through runoff or
leaching [102]. Any potential gains in yield as a result of
fertilization must be weighed against these economic and
environmental factors.

Energy Conversion

Perennial Grasses

Perennial grasses are suitable for multiple energy conversion
pathways, including pyrolysis, ethanol fermentation, and po-
tentially combustion-based systems. Given that liquid biofuel
conversion pathways have historically been given the majority
of attention, the conversion and use pathways discussed here
are relatively near-term and low-cost combustion applications
(bioheat). Major current challenges with implementing grass
bioheat include maintaining consistent feedstock quality, post-
harvest feedstock management, development of appropriate
combustion technologies, and air quality.

Feedstock Quality and Post-Harvest Feedstock Management

Grass bioheat appliances burn feedstocks in compressed form
(pellets, pucks, or bricks) or, for large applications, as whole
bales. Feedstock composition and quantity of combustion
residue (ash) are the primary factors determining whether or
not a feedstock can be burned effectively in a particular
appliance. Most appliances function well when ash content
is low (<1 %, comparable to woody feedstocks), but higher
ash contents complicate operation because of corrosion and/or

Fig. 5 Overview of shrub willow yield from studies conducted in the
northeastern US and eastern Canada: effects of organic and synthetic
fertilization (a, b), and yield response vs. fertilization rate (c) in the same
studies.Horizontal bars in a, b refer to biomass yield (bottom x-axis) from
non-fertilized control (gray) and fertilized (black) plots, with the corre-
sponding fertilization rate (top x-axis) denoted using black circles connect-
ed by lines. Asterisks indicatewhere statistically significant (p<0.05) results
were reported. Symbols in c refer to references as follows: star = Adegbidi
et al. [105], mean of five clones; open/filled triangle =Adegbidi et al. [153];
open/filled diamond = Cavanagh et al. [154]; filled plus sign = Kopp et al.
[155], first and third annual harvest yields shown from lowest planting
density; ○=Labrecque et al. [156], data shown are from the poorly drained
site only; open/filled square = Quaye et al. [157], data from newly planted
“young” field; open/filled inverted triangle = Quaye, Volk [158], data are
means of three sites and two clones. Filled symbols in c indicate a synthetic
fertilizer treatment, while open symbols indicate an organic N source

Bioenerg. Res. (2015) 8:482–501 491



melting of ash into solid clinkers (incombustible fragments)
that can hinder air or ash movement, increase maintenance
costs, and eventually force boiler shutdowns. Ash contents of
grass feedstocks range from 1 to over 20 % [110], with ash
contents exceeding 10 % usually caused by excessive soil
contamination of the feedstock. Ash content is mainly con-
trolled by themineral composition of the feedstock, in particular
its Cl, K, N, S, and Si. K is by far themost abundant alkali metal
in grasses and reduces the melting temperature of ash and
contributes significantly to corrosion potential. Cl is a particu-
larly damaging component as it catalyzes corrosion reactions
and is a potential emissions pollutant.While little can be done to
control S and Si, the content of the other elements can be
managed by avoiding overfertilization of N and particularly K
and Cl which are subject to excessive luxury uptake [111].
Feedstock mineral composition varies considerably among spe-
cies [112] and can also be managed by the timing of grass
harvest and baling [113].While delayed baling or overwintering
(spring harvest) of the crop can result in significant leaching loss
of certain elements [114], these practices come with the risks of
yield loss and increased feedstock contamination with soil
which may offset any benefits resulting from the delayed har-
vest. Research is underway to modify grass biomass composi-
tion to minimize potential corrosion and clinkering, and thus
make the feedstocks suitable for a wider range of appliances.

Post-harvest feedstock management (densification, trans-
port, and storage) is another factor affecting the quality of the
combustion product. In contrast to woody biomass that can be
chipped for easy transport and handling, grass biomass typi-
cally requires some form of densification. Pellets (typically
~0.6–0.7 cm in diameter, <3.8 cm in length) are currently the
most common form of densified grass, produced by size
reduction, heating, and compaction. They are typically used
in small-scale combustion appliances, whereas larger products
such as pucks, briquettes, or bricks are more appropriate for
larger scale combustion systems [115], especially for feed-
stocks with pelleting problems. Consistent physical properties
of densified products improve storage, transportation, and
handling characteristics, and can positively affect both the
quality and cost of the feedstock [115]. High product quality
furthermore facilitates safe storage of the material, as accurate
observation of limits on the percent fines can prevent dust
explosion or spontaneous combustion in silos [115].

Appliance Design

Appliance design is a major consideration for combustion of
any biomass fuel, and design and production of grass-capable
appliances has lagged behind the wood pellet-based commer-
cial market. The primary technical stumbling block for a bio-
mass combustion industry based on feedstocks from marginal
lands is the lack of appliances specifically designed to burn
high ash, low melting point pellet fuels. Although it is worth

attempting to breed feedstocks to reduce ash contents, a more
robust solution is to modify appliances to be able to burn a
diversity of feedstocks. Industrial-sized ceramic-lined boilers
are currently capable of burning grasses, and residential-scale
hydronic boilers with ceramic-lined combustion chambers,
moving grates, and automatic de-ashing are capable of burning
grass pellets up to ash contents of 10%. Avariety of indoor and
outdoor pellet boilers becoming available in the USA are
capable of burning a range of biomass pellets, although their
durability is relatively unknown. Research and development is
therefore required for appropriate combustion technologies. For
instance, some of these issues can potentially be resolved by
blending grass with lower ash content fuels such as corn grain
[116] and by ensuring consistent physical and chemical quality
of grass pellets. Because grass feedstocks from heterogeneous
marginal lands are likely variable in composition and thus in
physical pellet quality, pellet quality standards (akin to those in
place for wood pellets) are essential for small-scale combustion
and advisable for large-scale combustion. The European stan-
dard EN 14961-6 defines fuel specifications for a few specific
non-woody fuels for non-industrial use [117]. Standards vary
among these feedstocks, however, and parameter values are not
based on their overall impact on the combustion process.
Recently, a quality index was therefore developed for grass
pellets that sum qualitatively different parameters into one
index value for relative evaluation of residential combustion
potential [118]. Such a quality labeling system for grass pellets
encourages production of a more consistent fuel and helps win
the trust of industry and small combustion appliance owners.

Air Quality

Air quality is a major concern for grass bioenergy develop-
ment in the region, as the utilization of bioheat at larger scales
is only possible when health-based emissions criteria are met.
Inefficient combustion of grasses can cause considerable
emissions of particulate matter, chlorinated compounds, and
NOx. These emissions are mainly influenced by (1) the com-
position of the feedstock, (2) type of appliance, and (3) mode
of operation (such as start-up, partial load, and full load
settings). A limited number of non-woody fuels have been
tested in a few combustion appliances, with variable results to
date for particulates and gas-phase emissions. In some cases,
non-woody fuels have performed better than wood pellets
[119–123]. For example, Verma et al. [121] found lower
carbon monoxide and particulate emissions for grass than
wood pellets when evaluating a multi-fuel boiler under con-
ditions optimized for each fuel. They concluded that combus-
tion process optimization is essential, not only for each type of
fuel but also at each operational load. Attempting to burn grass
in a boiler optimized for wood will most likely result in very
inefficient combustion and high emissions of particulates and
undesirable chemical compounds [116, 124].
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Willow

Suitability and Feedstock Management

Willow biomass, like grass, is suitable for multiple energy
conversion pathways, including pyrolysis, fermentation,
and combustion. Conversion of willow biomass is less
complex than for grass, but the main issues of feedstock
management, appliance design, and air quality are similar.
The suitability of willow biomass for energy production is
often compared to that of other hardwoods [e.g., 125], but
there are a few misconceptions in this discussion, includ-
ing that willow makes a poor choice for energy produc-
tion due to lower energy content and higher ash and
moisture content than other woody biomass. Because
willow has lower specific gravity than other hardwoods
[compare 97, 126, 127], its energy content on a volume
basis is lower, but on a weight basis, willow has similar
energy content [128, 129]. A ton of willow will therefore
provide the same energy as a ton of other hardwoods, but
4 to 36 % more space is needed to store the feedstock.
The misconception that willow biomass has higher ash
content than other hardwoods likely originates from the
fact that willow has a higher proportion of bark due to
multiple stems per plant. Nevertheless, the ash content of
willow is relatively low—ranging from 1.1 to 2.7 %
across multiple cultivars at three sites [89, 97, 126], and
around 2.2 % for over 150 samples collected during large-
scale harvesting operations [130]. These values are similar
to values reported for whole tree chips or forest residuals
[129]. Due to their similarity, willow biomass can be
mixed with other hardwood chips as part of an integrated
feedstock supply.

In terms of feedstock management, wood chip and pellet
quality are important factors. Wood chip quality is in part
determined by moisture content, which is affected by harvest
timing. Eisenbies et al. [130] found that subfreezing air
temperatures at harvest resulted in slightly drier wood chips,
which was significant in that moisture content was determi-
nant whether chips were classified as class B instead of class
A under ISO standard 17225-5 [131] for graded wood chips.
Willow biomass can make good quality pellets, but ash
contents typically above 1 % [132, 133] disqualify them as
premium pellets according to the Pellet Fuel Institute stan-
dards [134] and these pellets may be best suited for indus-
trial energy applications that can better deal with slightly
higher ash content. Mixing of willow and other hardwoods
may be a solution for this, as trials mixing willow with
debarked maple chips resulted in <1 % pellet ash content
when ≥1/3 of the biomass in the mix was debarked maple
(Volk, unpublished data). Blending with miscanthus had no
such effects, but had other benefits such as increased pellet
durability [132].

Air Quality

Using current boiler appliances, particulate matter emissions
(PM-2.5) can be high [135], and higher than from oil and
especially natural gas. According to the New York State
Department of Health, wood smoke is the largest source of
carbonaceous PM-2.5 in rural New York [135]. This is
because residential wood-fueled hydronic heaters often op-
erate at relatively low temperatures under oxygen-starved
conditions, resulting in high particulate emissions as well
as harmful unoxidized gaseous compounds. Several steps
are being taken to reduce these emissions and improve air
quality. For example, the US Environmental Protection
Agency (EPA) has developed programs aimed at greatly
reducing the emissions of hydronic heaters; the current
program makes these appliances 90 % cleaner than unqual-
ified models [136]. Further improvements are being made in
these units both in North America and in Europe. In addition
to improving the combustion technology, the use of feed-
stocks with a consistent defined set of characteristics is
important. The EPA is therefore developing New Source
Performance Standards for residential wood heaters that
would be phased in for several years and vary somewhat
between types of heating units [137]. Heterogeneous bio-
mass fuels from marginal lands will require state-of-the-art
combustion technology and practices to minimize emissions
and consequent health risks [138].

Socioeconomic Challenges

As discussed in the “Introduction” section, large-scale pro-
duction of bioenergy in the Northeast USA has various
socioeconomic benefits, but also comes with challenges.
The potential land resource base is not only parcelized
(Box 3) but also has competing uses. Marginal land is
frequently used for hay or pasture, and it remains to be seen
whether land owners will continue forage production or
begin active production of perennial bioenergy crops (either
themselves or via land rental to biomass management com-
panies or cooperatives). Landowners may also elect to main-
tain lands via occasional mowing or may abandon agricul-
ture altogether (e.g., sell land for development or let it revert
to successional growth). Considerations of NIMBY (not in
my backyard—including objections to farming operations or
transportation of truckloads of biomass) may also adversely
affect decisions to begin production. There are similar com-
peting uses for the feedstocks, as perennial grasses and
woody material suitable for bioenergy production are also
suitable for bedding, mulch, and bioproducts. As feedstock
production depends both on landowner willingness to pro-
duce and users to consume, there is furthermore a need to
overcome the current lack of knowledge by landowners and
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energy consumers about bioenergy opportunities, as well as
the lack of trained and knowledgeable designers and in-
stallers of biomass systems. Addressing these issues may
overcome inertia among producers, consumers, and the en-
ergy sector, and allow full utilization of the socioeconomic
potential that exists around production of bioenergy in the
region. Recent shale gas development continues to radically
altered energy and bioenergy economics for the region. For
example, some power plants that were slated to co-fire
biomass with coal have instead been converted to natural
gas. Increased production of bioenergy in the region will
continue to be affected not only by these regional factors but
also by national and global geopolitical trends and
uncertainty.

Policy

A growing bioenergy market requires supportive policies at
local, State, and federal levels. Early national assessments of
bioenergy potential tended to underestimate or discount the
production potential of the Northeast USA, for example by
focusing only on the availability of recently abandoned agri-
cultural lands as opposed to the longer term abandonment
experienced in the region. This left the initiative for the
development in the region in the hands of states, localities,
and individuals. In contrast to development in accord with
top-down policy directives, there have been numerous diverse
and creative entrepreneurial bottom-up initiatives in the region
addressing renewable bioenergy (Box 4). These bottom-up
approaches now can inform and catalyze more recent Federal
initiatives in the region, which include Biomass Crop
Assistance Program feedstock promotion programs funded
by the US Department of Agriculture (USDA) (Box 5) and
the previously mentioned NEWBio Northeast regional
bioenergy consortium.

Funding for research and development has been available
from many state entities, with at least seven different bodies
being involved in the promotion and regulation of renewable
energy in for example New York (Box 4), whether tasked
officially or voluntarily as a means to serve the public good.
Bioenergy has also been supported for some time by the
Public Service Commission through the Renewable
Portfolio Standard with varying degrees of success [139].
Because a robust bioenergy industry can potentially create
new markets for products of farmland and forestland and
thereby increase economic security for rural land owners,
bioenergy has also been supported by the NY State
Department of Agriculture & Markets and Department of
Environmental Conservation. Like in New York, financial
stimuli are also available in other Northeastern States, with
state funding and/or rebate programs in place to support
bioheat projects in for instance Vermont, New Hampshire,

Maine, and Massachusetts [14]. The same States as well as
New York furthermore waive States sales tax on residential
biomass fuel and in some cases also on commercial or indus-
trial biomass fuel and biomass boilers [14].

As the opportunities at the State level are increasingly
being developed and utilized, there is a need for new support-
ive policies that can facilitate and stimulate further develop-
ment of sustainable bioenergy production in the region.
Expansion of bioenergy production is limited on multiple
policy fronts, including regional greenhouse gas initiatives,
federal land conservation programs, research funding struc-
tures, and federal biofuels policies:

& The regional greenhouse gas initiative (RGGI, www.rggi.
org) is a regulatory program signed by nine Northeastern
States that aims at reducing CO2 emissions from the
power sector. Even though full life cycle analyses
indicate that emissions from bioenergy are lower than
from burning fossil fuels, RGGI rules can be so
restrictive that they do not promote bioenergy from
existing mixed-species forests.

& Several federal land conservation programs either direct-
ly or indirectly support the production of second-
generation bioenergy feedstocks (see Box 5). Yet, even
though production is supported, harvest and use is not
allowed on land in Conservation Reserve Programs
[140, paragraph 626].

& The use of long-abandoned (prior to 2007, depending on
management) farmland for bioenergy is not allowed under
Renewable Fuel Standard Program regulations [141], de-
spite the fact that abandoned farmland is the main land
base available for bioenergy feedstock production in the
region.

& Understanding and development of perennial energy
crop systems requires funding that allows these sys-
tems to be monitored over several years. Switchgrass
does not reach full production until its third year, when
soil conditions are clearly not near equilibrium. Willow
biomass crops are only first harvested 4 years after
planting, and important changes occur between the first
and second rotation (7 years after planting) that impact
both economics and the greenhouse gas balance [93].
Typical short (e.g., 2–3 years) project funding cycles
make it difficult to capture and understand the dynam-
ics of these perennial systems and impossible to fund
long-term breeding programs.

& Current federal policy promotes biofuels for transportation
fuels but not for heat or combined heat and power, which
is the most optimal use of the cellulosic second-generation
bioenergy feedstocks that can be produced on marginal
lands in the region.

& Finally, and perhaps most importantly, current policies
limit innovation by specifying favored biomass sources
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(species) or technologies instead of rewarding desired
outcomes. Despite the fact that federal [142] and for
example New York State [143] definitions of “renewable
energy sources” include all-inclusive terms like “biomass”
and “plant and forest products,” respectively, without
specifying desired energy conversion pathways or tech-
nologies, programs and incentives such as those offered
by the USDA, US Department of Energy (DOE), and the
NY State Energy Research and Development Authority
(NYSERDA) are nearly always technology- or source-
specific. Current policies thereby directly limit innovation
that involves new species and production processes,
which is essential for the new bioenergy opportunities in
the Northeast.

Without new supportive policies for second-generation
bioenergy feedstock production and conversion, research,
development , and adopt ion wil l be very slow.
Competition and innovation will result in a more robust
clean energy economy in the Northeast USA if state and
federal policy makers avoided picking “winner” fuels and
technologies, but rather set targets based on technologies
that (for instance) achieve (1) the lowest cost per unit
replacement of fossil fuels with renewable sources of
energy, (2) the lowest cost per ton of carbon reduction,
and (3) the greatest local job creation potential. This
approach, along with equitable legislation and state pro-
curement policies for all local sources of renewable ener-
gy, will help spur expansion of renewable bioenergy pro-
duction and use.

Box 4. Clarifying examples and notes

1. Bottom-up approaches addressing renewable bioenergy in the region

Examples given simply to show the range of bottom-up initiatives include
the New York Bioenergy Association (www.newyorkbiomass.org),
which promotes the support, understanding, and use of biomass for
energy production; the Northeast Biomass Thermal Working Group
(www.nebioheat.org), which promotes the use of biomass for heating
and combined heat and power; the Danby Land Bank, a cooperative of
local landowners that allows energy consumers to pool idled lands and
become bioenergy producers; EnviroEnergy LLC (www.
enviroenergyny.com), which pioneered pelletization of a range of
feedstocks; and switchgrass pelletization and utilization at Ernst
Conservation Seeds (www.ernstseed.com).

2. Example of state bodies involved in promotion and regulation of
renewable energy in New York

• New York State Legislature,

• New York State Assembly,

• New York State Energy Research and Development Authority
(NYSERDA),

• Department of Agriculture and Markets,

• Department of Environmental Conservation,

• Public Service Commission and the Governor's office,

• and others.

Box 5. Federal land conservation programs

The US Department of Agriculture (USDA) has several Farm Bill
conservation programs in place to support farmers and private land-
owners by offering technical and financial assistance. These voluntary
programs are administered through the Natural Resources Conserva-
tion Service (NRCS), in some cases in collaboration with the Farm
Service Agency (FSA), and are aimed at the enhancement and pro-
tection of natural resources like soil, water, air, flora, and fauna.

The 2008 FarmBill has several conservation programs in place that are of
interest to farmers and landowners interested in producing second-
generation bioenergy feedstocks.1 These programs either directly tar-
get production of these feedstocks, or indirectly provide potential
opportunities for bioenergy feedstock production, particularly through
programs promoting wildlife habitat:

• The Biomass Crop Assistance Program (BCAP) directly promotes
bioenergy feedstock production. It offers financial incentives to private
landowners to establish and produce biomass crops for heat, power,
biobased products, or advanced fuels [144, 145]. In select New York
counties, BCAP supports shrub willow as the target feedstock [146].
Landowners enter into 11-year contracts with the USDA during which
they are tied to a nearby biomass conversion facility. For this, they
receive annual rental payments for lands enrolled in the program, cost
share assistance for shrub willow plantings and land preparation ac-
tivities, and harvest payments.

• The Environmental Quality Incentives Program (EQIP) includes a
wildlife component that may allow conservation practices favoring
grass- and shrubland nesting birds. Native warm-season grass estab-
lishment and management is one of the practices that could be sup-
ported by these programs, with occasional late-season mowing
allowing for harvesting without interfering with promoted species
habitat. Removal of dense thickets is another example of a mainte-
nance practice required to maintain early successional habitat. With
many stems per hectare this presents a secondary opportunity for
woody biomass harvest. In either case, potential biomass harvesting
and utilization must not interfere with the primary overall conservation
objectives of the program, which are the protection and enhancement
of soil, water, air, plant, and animal resources in general.

The Conservation Reserve Program (CRP) helps agricultural producers
safeguard environmentally-sensitive lands [140]. CRP participants can
plant long term resource conserving covers to improve water quality,
control soil erosion, and enhance wildlife habitat. Even though native
warm season grass establishment is one of many eligible practices
allowed under this program, CRP explicitly prohibits harvest or com-
mercial use of ‘any kind of crop’ [141, paragraph 626]. Despite there
being interesting opportunities for second-generation bioenergy feed-
stock production from CRP land, this is currently not allowed

Conclusions

There are exciting opportunities for second-generation
bioenergy production in the Northeast USA (Table 5). The
region’s favorable climate, abundant water, and the suitability
and potential availability of a large base of idle marginal lands
are resources that could support a large new bio-economy
without inducing the food vs. fuel competition that is an

1 At the time of writing, there are no details yet on the upcoming
conservation programs under the 2014 Farm Bill—for up to date infor-
mation please refer to www.fsa.usda.gov and www.nrcs.usda.gov.
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unfortunate characteristic of first-generation bioenergy crop
production [2] on prime agricultural lands.

Regionally adapted perennial grass and woody feedstocks
are being improved by plant breeding and agronomic re-
search. Recent and current research initiatives explicitly target
the challenges and impacts of production on marginal lands

that constitute the region’s primary available land base. While
bioenergy production can provide both (socio)economic and
environmental benefits (Table 5), there are significant factors
that need to be resolved in order to accelerate bioenergy
production in the region, including improved insight into
producer and consumer willingness to adopt new energy

Table 5 Summary of opportunities and challenges for bioenergy production in the Northeast USA

Category Opportunities Challenges

Climate Water abundant, temperate climate

Land availability Lot of marginal land, not in forest not in row crops This is marginal land (see soil and hydrology)

Socioeconomic Replacement of imported and expensive heating oil
Stimulation of local economies
Opportunity for entrepreneurs to develop local bioenergy
supply chains

Close proximity between production and use

Resistance to change from producers, consumers, and the
energy sector

Land parcelization and competing uses
Lack of knowledge by landowners and energy consumers about

bioenergy opportunities
Inconsistent markets for perennial crops

Land quality Though little of the land is suitable for annuals, most of this
land is suitable for perennials

Most available land has some or more restrictions for farming
because of excess wetness, shallow or acidic soil, sloped land

Poor drainage limits root growth, trafficability

Environmental impact,
greenhouse gas
mitigation

On most soils, appropriate bioenergy systems will reduce
GHG emissions compared to fossil fuels

Positive effects of going from annuals to perennials include
increased soil health, carbon sequestration, reduced
erosion and water quality impacts

On wet soils with low yield potential there may be high N2O
emissions that reduce or cancel out the benefit

Environmental impact of converting abandoned land to
perennial crops is unclear; even very low impacts on an area
basis can still be considerable impacts on a regional basis

Production

Perennial grasses Good yields are attainable on suitable lands
Equipment and expertise widely available
Some species tolerate wet soils

Time to establishment 2–3 years
10-year stand life could be adequate for profitability
New species such as switchgrass require research and
development

Short-rotation willow Good yields and economic viability of this crop may be
attained even on marginal lands

Tolerates wet soil

Time to full production ~13 years
Break even at 3rd to 4th rotation
Equipment and expertise not (yet) widely available
Research and development needed regarding breeding, fertilizer

requirements and long-term production

Energy conversion

Perennial grasses Suitable for pyrolysis, conversion to cellulosic ethanol,
potentially suitable for combustion in specialized units

Achieving consistent feedstock quality
Research and development required for appropriate combustion

technologies
With combustion, air quality challenges include particulate
matter, chlorinated compounds and NOx

Densification, transport, storage

Short-rotation willow Can be readily combined with other sources of woody
biomass

Suitable for existing furnaces and boilers, mostly at
commercial scales

Competitive with other hardwoods

Research and development required for appropriate combustion
technologies and consistent feedstock quality

Even with appropriate combustion technology, particulate
matter emissions can be higher than from oil

Densification, transport, storage

Policy Funding for research and development has been available
from many state entities

Without new supportive policies, research, development and
adoption will be very slow

RGGI rules can be so restrictive that they don’t promote
bioenergy

Federal land conservation programs: harvest not allowed on
CRP land, use of long-abandoned farmland for bioenergy not
allowed

Current federal policy promotes biofuels for transportation fuels
but not for heat or combined heat and power

Current federal policy limits innovation by only stimulating pre-
ordained species and technologies
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sources, and improved engineering of biomass combustion
applications. The region’s existing momentum toward
bioenergy production is the result of diverse and creative
initiatives at multiple levels. Development of the regional
bio-economy to its full potential will require not only the
research and development cited above but also a more favor-
able regulatory and policy incentive framework that rewards
desired outcomes (Table 5), which will not only benefit rural
livelihoods and environmental quality but also the regional
and national economies.
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