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Abstract We estimated emissions of greenhouse gases
(GHGs) from development of a large bioenergy industry in
New York State, a humid continental region of 12.6 million
hectares of mixed urban, agricultural, and forest land uses. Six
representative feedstocks were considered: maize grain, maize
stover, warm season grass, short rotation willow, and hard-
wood and softwood residues from existing mixed-species for-
ests. We analyzed how variation in land quality and manage-
ment affects feedstock yields and related GHG emissions.
Emissions from existing forest harvest are only due to equip-
ment use and emit 0.01–0.02 Mg CO2e/Mg hardwood and
softwood, respectively. Development of purpose-grown bio-
mass crops will require the use of lower quality lands (the
extensive margin), resulting in higher GHG emissions per
metric ton of biomass harvested. For example, projected grass
yields for 2020 range from 7–16 Mg/ha Wightman et al
(Bioenerg Res doi:10.1007/s12155-015-9618-x) with
emissions ranging from 0.14 to 0.32 Mg CO2e/Mg grass.
Average emissions from willow and grass across available
land are 0.12 and 0.19 Mg CO2e/Mg dry biomass,
respectively. Emissions from biomass crops are primarily
due to nitrogen (61–75 %), lime (14–22 %), and equipment
(6–11 %). Based on our analysis, production of these
feedstocks emits 0.5 % (hardwood) to 37.8 % (maize grain)
of the CO2-equivalents captured by photosynthesis in the

biomass prior to conversion to usable energy. This analysis
indicates that perennial systems (existing forest, woody crops,
and grasses) provide the best yield on the lowest quality
lands with lowest GHG emissions per metric ton of
harvested biomass.
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Introduction

Bioenergy pathways provide an important opportunity to re-
duce greenhouse gas (GHG) emissions from human energy
consumption. However, biomass feedstock production often
requires GHG-emitting inputs (e.g., fossil fuels, synthetic fer-
tilizers) and land-use change. These activities need to be quan-
tified for sustainable and renewable bioenergy production.
Because feedstocks will be produced in particular locations,
and because there is great variability in management systems,
land use, and feedstock choice, a “one size fits all” approach to
estimating average GHG emissions for large countries such as
the USAwill not adequately characterize GHG emissions for
particular regions where bioenergy will be produced. Thus,
there is an urgent need for Bplace-based^ analyses of GHG
emissions from feedstock production before development of
large-scale bioenergy systems. Specifically, there is a need to
analyze GHG emissions from production of multiple feed-
stocks at industrial scales, accounting for variability in soil
and climatic factors and accounting for management practices
appropriate for local conditions. Careful analysis is required of
the type of land available, including land-use changes
projected to occur with industrial-scale bioenergy production.

Demand for bioenergy increases demands from the finite
land base. Demand for bioenergy may result in more intensive
management (pesticides and fertilizers) or extensive manage-
ment (bringing idle or underutilized lands into production).
Both intensive and extensive management affect feedstock
production in important but different ways. Intensive produc-
tion increases both the energy inputs and GHG emissions per
hectare, for example by applying nitrogen (N) fertilizer with
concomitant increases in nitrous oxide (N2O) emission. Inten-
sive production may increase gross energy production but the
higher inputs may either increase or decrease GHG mitigation
depending on the balance of these contrasting effects. Exten-
sive production increases the area in production on lower
quality lands, lowering average feedstock yields and gross
energy production per hectare. However, extensive production
may use lower inputs resulting in a better energy return on
investment and lower GHG emissions per ton of feedstock
produced. In contrast, extensive production can also reduce
soil carbon (C); for example, by converting forest land to
annual crop production. Given the contemporary goals for
renewable energy systems (e.g., mitigate climate change, re-
place scarce fossil fuels), energy use and GHG emission are at
the forefront of analyses of bioenergy systems. Therefore, an
analysis of GHG emission from bioenergy feedstocks grown
on variable quality and underutilized land is critical for de-
signing efficient regional bioenergy systems.

New York (NY) State regulators have committed to the
Northeast Regional Greenhouse Gas Initiative (RGGI) regu-
lation of electricity emissions, a memorandum of understand-
ing to study technical aspects for a New England/Mid-Atlantic

Clean Fuels Standard, a NY renewable portfolio standard
(RPS) of 25 % renewables by 2015, and NY executive order
24 (August 6, 2009) of 80 % reduction of GHGs below 1990
emissions. In response, this study estimated the GHG emis-
sions of different biomass feedstocks grown on lands within
this political jurisdiction and accounted for variation in yields
using management practices applicable throughout the study
region.

In preparation for bioenergy to supply some fraction of NY
energy, we conducted a detailed analysis of the types of land
available for feedstock production, the spatial variation in land
quality for feedstock production throughout NY and the pro-
duction costs and yields of multiple feedstocks that can be
expected by the year 2020 [1]. Choices of bioenergy crop
(annual/perennial), production location (soil quality, climate),
and crop management (liming, fertilization, tillage) must be
considered for each type of land/crop combination because
these factors strongly influence GHG emissions.

Here, we quantify the GHG emissions from the following
bioenergy crops: maize grain, maize stover, warm season
grasses, short rotation willow, and hardwood/softwood har-
vest from existing mixed-species forests. While the grass
and willow perennials are not currently grown commercially
in NY, they were selected because research in NY [2, 3] has
shown that they have the potential for high yields, provide
valuable wildlife habitat and cover throughout many seasons
of the year, are not plowed or planted annually thus retaining
root systems that store carbon and nutrients in the soil, and
greatly reduce erosion and off-site transport of nutrient and
sediments to surface waters compared to annual crops.

This study is unique because it is based on a comprehen-
sive analysis of feedstock harvested across potentially avail-
able land and environmental conditions throughout the study
region, covering both agricultural and forest systems with at-
tention to specific soil conditions and management require-
ments. While the focus is on underutilized and marginal lands
(i.e., lands in perennial vegetation that are not in forest cover
currently and are not being harvested), a portion of crop land is
also analyzed. Lastly, we include effects of land-use change
on GHG emissions from feedstock production.

Methods

System Boundary

This analysis assesses the major GHG emissions associated
with biomass feedstock production from Bcradle^ or source
materials to the farm gate. It does not include storage, subse-
quent transportation to a processing plant, or processing into
an end-use fuel type. While transportation distance to a pro-
cessing plant and conversion method all contribute to end-use
GHG emissions, our analysis is based on the limitations of a

Bioenerg. Res.



finite specific region. Transportation emissions will be similar
among feedstocks for a given distance, but will be highly
dependent on the scale of processing plants (many small local
plants or a few regional plants). Likewise, GHG emissions
will vary greatly among conversion technologies, type of
bioenergy product, and product use efficiency. To make our
results useful for a wide range of conversion technologies and
spatial scales, we provide results to the farm gate or forest
landing site.

Forest feedstocks include chips from mixed hardwood and
softwood species harvested from existing forests. Agricultural
feedstock types included maize grain (maize), maize stover
(stover), warm season grasses such as switchgrass (grass),
and short rotation willow (willow). Estimates included emis-
sions as a result of production of inputs such as herbicides as
well as processes for planting, harvesting, and transport of
harvested biomass to the roadside.

Sustainability standards for production and harvest of these
biomass systems were defined by applying limits on potential
land use for bioenergy feedstocks [1] as summarized in the
following five points. (1) No forest land will be converted to
crop land and vice versa. (2) Protected lands (such as wetlands
or forest preserves) are not considered. (3) Current total pro-
duction of crops and forest products is maintained. (4) The
annual harvest rate of forest will not exceed the growth rate.
(5) Only about half of suitable and potentially available lands
in herbaceous cover will be used for feedstock production,
with the remainder used by owners for other purposes (e.g.,
recreation, hunting).

Emissions of GHGs

For conversion to CO2 equivalents, global warming potentials
(GWP) over a 100-year time span are from IPCC Fifth As-
sessment Report as follows [4]: CO2=1, CH4=34, and N2O=
298.

Emissions were quantified for the energy used in planting
and harvesting of the bioenergy crops. Additionally, the ener-
gy Bembodied^ in the equipment was quantified (where em-
bodied refers to energy used to construct the equipment).
Emissions were also quantified for production or mining of
inputs (e.g., N fertilizer, lime). Direct and indirect field emis-
sions from N released to the environment were also estimated
as described below. Change in the amount of C sequestered in
soil was calculated only for land converted from annual to
perennial crops.

Greenhouse Gas Emissions from Energy Use
(Forestry and Agriculture)

Production of field inputs (N, phosphate, potassium, lime, and
herbicide) and embodied energy in equipment are shown in
Table S-1. Values are derived primarily from the Greenhouse

Gases Regulated Emissions and Energy Use in Transportation
(GREET) model [5]. The emissions from embodied energy in
the machinery was taken either directly from the equipment
specified in the GREET model or extrapolated from GREET
equipment on a weight basis (from the literature or manufac-
turers specifications [6, 7]). Forest fuel use was from the Con-
sortium for Research on Renewable Industrial Materials [8].
Agricultural fuel use was taken from GREETor an average of
similar relevant equipment frommultiple sources [6, 7, 9–11].
Fuel type emission factors were limited to off-road diesel,
propane, and gasoline fuels [5]. Seed production values came
directly from or were extrapolated fromWest andMarland [6].
For newly planted lands, we accounted for 1 year of site prep-
aration activities divided over the stand lifetime (10 years for
grass, 22 years for willow).

Emissions factors for hardwood and softwood biomass har-
vests from forests are shown in Table S-2. We assumed that
biomass harvesting would occur in conjunction with harvests
for higher-value wood products. That is, infrastructure such as
access roads was already established and did not have to be
allocated as a cost of the biomass harvest. As such, we eval-
uated the gasoline and diesel emissions from activities based
on the BNortheast Gentle Manual^ at a harvest rate of 254 and
151 Mg/ha for hardwoods and softwoods, respectively [8]. In
particular, we assessed the following attributes: hand felling,
chainsaw de-limbing, large grapple skidder, large loader, and
whole tree chipper. In addition, we took values of from the
Bandit Corporation website [12] for mechanical specifications
of their 24^ 700HP whole tree chipper.

Emissions from Lime Application

Appropriate use of lime decreases aluminum solubilization
and toxicity and increases N use-efficiency. Using geospatial
analysis, we calculated the lime necessary to bring soil pH up
to 6.2 throughout NY as recommended for maize production
[15]. For maize, lime applied once every 5 years to maintain a
pH of 6.2 would require an average of 1.1 Mg/ha of lime
annually. Grass and willow production would require an av-
erage of 5.6 Mg/ha of lime over the stand lifetime (10 and
22 years, respectively).

The GHG associated with mining/production of lime was
derived from GREET [5]. The emission factors from the field
application of limestone and dolomite are 0.12 and 0.13, re-
spectively [16]. However, as there are multiple impacts for
limed soils, including CO2 uptake and leaching of CaCO3 to
the ocean, we assumed a reduced calcic limestone release of
0.059 Mg C per Mg limestone applied [17].

Nitrogen Application Rates

We assumed that all manure was applied to fields grow-
ing silage or hay crops and would not generally be used
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for bioenergy feedstock production. Synthetic N fertiliz-
er use (Table S-3 [3, 13, 14]) was assumed to be in the
form of urea (CH4N2O) for all feedstocks because it
was the cheapest source of N at the time of this study.
The production and field application of urea fertilizer
absorbs CO2 during production and releases this same
CO2 when applied to agricultural fields. However, we
assigned neither a credit to the production, nor an emis-
sion factor to the farm field because the length of time
that CO2 is sequestered between these activities is too
short to be relevant for life cycle analysis. It should be
noted that synthesis of urea results in significant CH4

and CO2 emissions [5]. For forests, we assumed that
there was no human-induced emission of N2O and we
do not deduct a baseline of emissions from agricultural
lands.

Direct N2O Emissions

Due to the wide variation in soil types in NY, we esti-
mated field microbial nitrification and denitrification
emission of N2O based on a statistical model from the
literature that was developed from an extensive database
of field measurements from many types of crops, soils,
and climatic regions [18, 19]. Based on our geospatial
analysis of NY soils data [1, 20], we assumed that soil
organic matter was greater than 3 % and the pH was
between 5.5 and 7.3 after application of lime as needed.
For each crop, we made a weighted estimate based on
3 % fine, 6 % medium, and 91 % coarse-textured soils,
based on our geospatial analysis of soil texture using the
soil textural classes specified [19]. We used the N appli-
cation rates listed in Table S-3 and calculated emissions
for each soil textural class, then calculated the weighted
mean based on our analysis of the prevalence of each
soil textural class for the area growing each crop.

Indirect N2O Emissions

In addition to direct emission of N2O from fields, there is
also indirect emission due to nitrification/denitrification of
N after it leaves the field by leaching, volatilization, and
re-deposition. It is called indirect because the N2O is not
directly emitted from the field where the synthetic N was
applied. Indirect emission of N2O was estimated based on
the rate of N fertilizer applied [16]. Specifically, 30 % of
N applied will leach and 0.75 % of that N will become
N2O downstream of the site of application. Additionally,
10 % of N applied will volatilize from the field and rede-
posit elsewhere and 1 % of the re-deposited N will be-
come N2O at some remote location.

Carbon Sequestration and Land-Use Change

Forest Carbon

In this analysis, we assumed that harvest of forest-based bio-
mass feedstocks occurred in conjunction with harvest of tim-
ber for higher-value wood products. While there are changes
in carbon stocks and sequestration rates throughout the life of
a forest stand, and there is C sequestration in long-lived wood
products, we attributed any such impacts to the primary (high-
value) wood products rather than to the secondary (lower-
value) biomass feedstocks. Therefore, we did not assign any
GHG credit to biomass feedstocks for improving forest
growth rates due to harvest or for C sequestration in long-
lived products.

Agricultural Land-Use Change

Effect of land-use change (from conversion of a proportion of
annual cropland to perennials) on GHG emissions was also
calculated. No GHG emission/benefit was assumed for land-
use change from pasture, hay, or grassland to a perennial
bioenergy crop such as grass or willow. However, for a land-
use change from annual crops to perennial crops, a gradual
increase in soil carbon stocks back to the value found under
undisturbed (native) conditions was calculated. Native undis-
turbed soil carbon stocks were estimated to be 140Mg C/ha to
a depth of 1 m [21]. Of this total, 35Mg C/ha were assumed to
have been lost due to conversion of native forestland to tilled
agriculture [21]. The time required to regain the original native
soil carbon stocks was assumed to be 33 years, which is ap-
proximately three-fold faster than the rate of sequestration
under reforestation to a maple-beech-birch forest type [21].
Based on these assumptions, carbon sequestration under a
perennial crop following an annual crop was estimated to be
1.1MgC/ha/year, assuming a linear response, which is a close
approximation to the previously published non-linear function
[21]. After 33 years, there will be no further soil carbon se-
questration. This sequestration value was applied only to land
converted from row crops to perennials. This C-value was
converted to CO2 equivalents using a factor of 3.66, for a final
estimate of 4.03 Mg CO2/ha/year.

Results

Variation in GHG Emissions Due to Land Quality
and Crop Type

With the exception of forests (generally growing on the lowest
quality lands from an agricultural perspective), land quality
strongly influences yield, production cost, and GHG emis-
sions for a given feedstock. For example, if we assume grass

Bioenerg. Res.



production systems in NY have the same inputs and manage-
ment but are grown on different quality lands, the relative
GHG emissions per unit of biomass produced will vary (grass
and willow yields [1] ranged from 7–18 Mg/ha) (Fig. 1).
Across different quality lands, emissions from harvesting
grass ranged from 0.14 to 0.32 Mg CO2e/Mg dry grass
(Fig. 1). With an average yield of 11.6 Mg grass/ha, the aver-
age emissions were 0.19 Mg CO2e/Mg dry grass (Fig. 2).
With an average yield of 13.1 Mg willow/ha, the average
emissions were 0.12 Mg CO2e/Mg dry willow (Fig. 2).

In contrast, maize had higher yields on higher quality land
but also had higher inputs. If all maize stover were considered
available, harvest of all maize products would be 14.1 Mg/ha
on higher quality land with current management. However, as
maize is tilled annually, a significant portion of the stover is
recycled to maintain soil health. We separated these products
as they are likely to follow different conversion pathways.
Maize grain sustained most of the input costs and resulted in
0.61Mg CO2e/Mg dried grain (Fig. 2). Stover (12.5 % of total
[1]) considered available as a byproduct emitted 1/10th of the
emissions of the grain (because only the harvest of the stover
was attributed to stover emissions) and totaled 0.06Mg CO2e/
Mg dried stover (Fig. 2).

Our analysis clearly shows that higher quality lands can
have much lower costs and lower emissions per unit of bio-
mass produced within a feedstock type (Fig. 1). This is an
important factor when comparing yields within a feedstock
or across feedstocks. Yield and GHG emissions of annual
crops generally grown on higher quality land cannot be direct-
ly compared to biomass crops generally grown on lower qual-
ity lands (Fig. 2).

Forest Harvest Emissions

Based on our assumption of low-intensive harvest in NY, an
average harvest of 254 Mg/ha of hardwood would emit
0.01 Mg CO2e/Mg dried hardwood and an average harvest
of 151 Mg/ha of softwood would emit 0.015 Mg CO2e/Mg
dried softwood (Fig. 2). GHG emissions from forest harvest
were due to use of fossil fuel. While this harvest system main-
tains net growth in the forest, thus sequestering carbon, we did
not include this benefit to the environment in our analysis
because the forest system was already sequestering carbon
prior to this assessment and because any changes in the rate
of sequestration are attributed to the primary high-value wood
products rather than the secondary low-value biomass
feedstocks.

Agricultural Production Emissions

For agricultural feedstocks that received nitrogen fertilizer,
N2O emissions were the largest source of GHG emissions
(Fig. 2). Nitrogen-related emissions include synthetic N pro-
duction emissions, direct N2O field emissions, and indirect
N2O field emissions and accounted for 61–75 % of the total
feedstock GHG emissions. Maize emitted 4.3 kg N2O-N/ha
(3.3 % of N applied), grasses emitted 2.5 kg N2O-N/ha (3.0 %
of N applied), and willow emitted 2.1 kg N2O-N/ha (2.1 % of
N applied). On average, fine-textured soils have the highest
N2O emissions. Intensive systems like maize have greater
N2O emissions per unit biomass than less intensive perennial
systems like willow.

The next largest category was lime (production and field
CO2 emissions) that accounted for 14–22 % of the total feed-
stock GHG emissions and was more significant for maize than
the less intensive grass and willow requirements. Field equip-
ment (fuel use plus embodied energy of equipment) accounted
for 6–11 % with annual systems requiring more tractor passes
to produce the product. While emissions from inputs like her-
bicides and seed were calculated, they are only minor
contributors.

Land-Use Change—from Annuals to Perennials

We estimated that 289,439 ha of former tilled cropland would
be available in 2020 for perennial biomass production due to
the estimated increase in maize yields that would take place
from 2007 to 2020 [1] while maintaining state-wide maize
production at its current level. Based on this estimate, we
calculated the effect of land-use change from tilled maize land
to perennials on soil carbon and CO2 emissions from the soil.
At a sequestration rate of 1.1 Mg of C/ha/year, conversion of
cropland to perennials would sequester 318,383 Mg of C/year
in NY, equivalent to emissions of 1,166,587Mg of CO2e/year.
This land-use change has the capacity to strongly influence

Fig. 1 Effect of yield on GHG emissions and production costs for
perennial grass feedstocks. Note that yield was predicted based on land
quality [1]; all values are on a dry matter basis and projected for 2020
production and price
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total net GHG emissions, as can be seen by comparing seques-
tration capture to processing emissions (Fig. 3). Given this
estimated rate of C sequestration, conversion of tilled cropland
to perennials over 33 years would more than negate the emis-
sions from producing that biomass. However, after this time,

there would be no further soil C sequestration. Notably, the
carbon in the annually harvested biomass is far greater than
either the emissions from production or the time-limited sink
of carbon-sequestration in soil.

Discussion

To give some perspective for feedstock production emissions,
we compared the carbon captured in the biomass (44–50 % C
per unit biomass) [23–25] relative to the carbon equivalents
emitted during production and harvest (Table 1). This com-
parison is a measure of the GHG return on investment from
feedstock production. Table 1 illustrates a wide range in the
fraction of total C sequestered in the biomass that is emitted as
a GHG from production of different feedstocks. Even though
annual crops such as maize have high yields, they have even
higher GHG emissions, so the efficiency from a GHG per-
spective is much lower than for perennial crops. Compared
to maize grown on prime agricultural land, the perennial
purpose-grown biomass crops on the extensive margin have
a much lower GHG profile per unit of feedstock. Specifically,
GHG emissions from producing maize grain negates 38 % of
its photosynthetically fixed carbon while willow grown on
lower quality lands only loses 6 %. Thus, perennials on the
extensive margin have much lower GHG emissions on both a
mass and area basis.

Our analysis assessed many variables contributing to emis-
sions from the feedstocks presented (Fig. 2). The top three
factors in descending importance were (1) type of crop, (2)
nitrogen use, and (3) land quality. While there is the potential
for substantial C sequestration from conversion of cropland to
perennials, the system lacks meaningful ways of establishing
permanence, the pool is finite, and farms lose some flexibility
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to adapt to fluctuating markets and crop demands. As a result,
it makes it hard for policy and GHG accounting and crediting
systems to ensure mitigation is achieved. To give perspective,
carbon captured in the harvested biomass is more than four
times greater per year and will continue in perpetuity under
sustainable conditions.

The type of crop and its requirements had the greatest im-
pact on emissions. For example, forest products had the lowest
emissions per unit biomass. In effect, this is a function of
harvested yield relative to inputs. The forest system used no
nitrogen, was harvested infrequently, and accompanied the
harvest of high-value wood products with existing infrastruc-
ture (e.g., timber access roads). All perennial biomass feed-
stocks had much lower emissions per unit harvested biomass
compared to maize grain production (Fig. 2) as annuals re-
quire more energy to establish the system while perennial
grass and willow only require one planting every 10 or
22 years. In the case of maize stover where all production
costs and emissions were attributed to the grain, emissions
are low. Emissions ranged from 0.01 MgCO2e/Mg for hard-
wood to 0.61 MgCO2e/Mg for maize grain. Because of the
wide variation in GHG emissions among feedstocks, policies
and regulations intended to reduce GHG emissions using
bioenergy systems should account for these differences in de-
veloping incentives and other strategies.

The second most important factor was nitrogen use. N ap-
plication rate causes substantial differences in GHG emissions
among feedstocks. N emissions are a function of N2O emis-
sion from field application and GHG emissions from
synthetic-N production. As more N fertilizer is applied to
maize than to any other feedstock, N2O emissions are much
higher per unit of biomass feedstock produced. For example,
N-associated emissions accounted for 0.37 of a total emission
value of 0.61 Mg CO2e/Mg grain. Similar results were found
in previously published analyses of GHG emissions from
cropping systems [6, 11, 26–28]. Synthesis of N fertilizer
combined with direct and indirect N2O field emissions ac-
count for at least 61, 70, and 75 % of the total GHG emissions
for NY production of maize grain, grass, and willow feed-
stock, respectively. Because nitrogen fertilizer is such an

important contributor to GHG emissions, policies and regula-
tions intended to reduce GHG emissions using bioenergy sys-
tems should account for direct and indirect GHG emissions
from N fertilizer production and use.

The third most important factor was land quality. Grass and
willow yield across available lands ranged from 7–18 Mg/ha
with an average of 11.6 and 13.1 Mg/ha, respectively [1].
Average emissions from willow and grass across these lands
were 0.12 and 0.19 Mg CO2e/Mg dry biomass, respectively.
Emissions per mass are ~50 % greater on average land quality
than on highest quality land and higher still on the lowest
quality lands. But in the feed versus fuel argument, it seems
that these perennials are a sustainable way of producing bio-
mass for bioenergy on lower quality lands, leaving the higher
quality lands primarily for food and feed. As the area of feed-
stock production increases, it is likely that in general the
higher quality lands will be used first, thus GHG emissions
will increase substantially as the area of feedstock production
increases. Policies and regulations intended to reduce GHG
emissions by means of bioenergy system development should
account for these large effects of land quality and scale of
production on GHG emissions from feedstock production.

As illustrated by existing NY maize-cropping systems, in-
tensive biomass production systems are generally dependent
onN fertilizer to achieve high yields. Nitrogen emissions from
denitrification are difficult to measure and to model accurately
since denitrification is extremely variable both temporally and
spatially in a given field [29]. From the IPCC Good Practice
Guidance and Uncertainty Management [22]: BThe best esti-
mate of the 95 % confidence limit ranges from 1/5 to five
times the default emission factor (EF) of 1.25 %, i.e. from
about 0.25 % to 6 %.^ This was then changed in IPCC 2006
that sets direct N2O EF at 1 % with uncertainty between 0.05
and 2.5 % of N applied. At a rate of 129 kg N/ha, the equation
[18] used here predicts a value slightly higher than the upper
boundary from IPCC [22].

As shown in Fig. 4, N2O emission rates vary greatly from
maize fields at N fertilizer rates ranging from 50 to 200 kg N/
ha/year. While the IPCC range between low and high bounds
is very wide, the New York specific data are considerably

Table 1 GHG return on investment: emissions from harvesting relative to carbon in harvested products

Feedstock Units Maize grain Grass Willow Maize stover Forest hardwood Forest softwood

Yield Dried Mg/ha 7.1 11.6 13.1 1.8 254.0 150.7

Mass Ca sequestered Mg C/ha 3.1 5.3 6.4 0.8 123.8 75.0

Mass CO2e sequestered Mg CO2e/ha 11.3 19.5 23.5 2.9 453.4 274.8

Mass harvest emission Mg CO2/Mg biomass 0.604 0.193 0.116 0.057 0.010 0.015

Area harvest emission Mg CO2e/ha 4.3 2.2 1.5 0.1 2.5 2.2

% carbon equivalents lost
by production

% 37.8 % 11.5 % 6.4 % 3.5 % 0.5 % 0.8 %

aRanges between 43.6 % for corn grain to 49.8 % for softwoods [23–25]

Bioenerg. Res.



higher than the IPCC standard equation. All the New York
data are from long-term experiments with frequent measure-
ment intervals [30]. These experiments are more likely to cap-
ture the peaks in emission over the course of a year due to
variation in rainfall, snow melt, freeze-thaw events, and N
uptake by the crop, etc. According to the textural classification
[19] of soils used in the Stehfest equations [18], NYemissions
are based primarily (91 %) on their coarse-soil equation that is
similar to the high bound of the IPCC range. In the data pre-
sented in Fig. 4, as in the equation [18], there is considerable
emission with zero fertilizer application, likely due to residual
field N, background emission, and possibly from re-deposited
N implying some double accounting with the indirect emis-
sion factor. However, the value of zero for N fertilizer rate in
Fig. 4 should not be interpreted as a background value because
these data are all from high intensity managed cropping
systems and likely had significant human-induced N in-
puts in prior years from fertilizer, manure, and legumes.
While there are many unknowns, some measured data
presented in Fig. 4 far exceed either the Stehfest [18]
coarse equation or the IPCC high equation [22]. In sum-
mary, there is a very wide range of measured N2O emis-
sion from maize fields, and longer-term studies generally
show greater annual rates of emission. Better understand-
ing of the conditions producing very high N2O emission
and improved ability to model such emissions accurately
are critical to improving estimates of N2O emissions. For
our study region, and similar humid regions, the IPCC
values appear to be too low in comparison to longer-term
data sets (Fig. 4).

Further research with grass and willow is required to con-
firm that low N rates are sustainable on such soils over long
time periods and that reasonable yields can be obtained on
poorly drained sites. While yields can be increased with lim-
ited increases in N, the response is not linear. Instead, yield
will plateau with increasing N application, potentially increas-
ing the N2O emission as plant N requirements are met and
increased soil nitrate is now available for denitrification. Best
management practices should be stressed with regard to N.
Any reduction of N is significant in the GHG overall budget
while also reducing impacts from N leached into surface wa-
ters and groundwater. Asmentioned above, bioenergy policies
intended to reduce GHG emissions should account for GHG
emissions from N fertilizer production and use.

While it is outside the scope of our analysis, the type of
bioenergy conversion technology, the transport distance for
feedstocks and bioenergy products, and the efficiency of con-
version will all influence the life cycle GHG emissions of
bioenergy products. Thus, policies and regulations intended
to reduce GHG emissions by means of bioenergy systems
should account for these factors. However, we hypothesized
that effects of variation in GHG emissions due to varying
feedstock type, land quality, N fertilizer use, and management
practices are critically important topics that have not been
adequately addressed in the literature, and our results demon-
strate that these factors do indeed strongly influence GHG
emissions.

To summarize, we found that perennial systems (forest,
woody crops, and grasses) provide the best yields of feed-
stocks on the lowest quality lands with lowest GHG emissions
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Fig. 4 Nitrous oxide emission
from maize fields—data and
equations from the literature.
Maize data from the literature for
non-organic soils are shown as
small diamonds. Selected maize
data for experiments greater than
or equal to 365 days are shown as
larger circles [18]. Data from
New York State are shown as
triangles; note that these were
intensive long-term
measurements [30]. The IPCC
direct N2O equations are shown
as solid lines [16]. The equation
[18] for cereals including maize is
shown as a solid line for coarse
soil textures (as 91 % of NY soils
were considered coarse by soil
classification system [19])
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per Mg feedstock produced. Additionally, simple comparison
of crops grown on different quality lands must be carefully
assessed as GHG emissions are impacted by the resulting
yields. As the total area of feedstock production increases,
the rate of GHG emission is likely to increase substantially.
Finally, improved integrated measures to manage N on farms
with respect to the soil type and pH will increase yields, re-
duce fertilizer costs, and reduce GHG emissions.
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