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to perform well in southeastern South Dakota, canola per-
formed well in northeastern North Dakota, and camelina and 
carinata remained strong alternatives comparatively across 
the region.
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Introduction

Biofuel production across the United States (US) has 
increased exponentially over the last decade. From 2007 
to 2016, the production of biodiesel has increased by an 
average of one billion liters (GL) annually EIA (2017). The 
US Renewable Fuel Standards (RFS) program established 
domestic biomass-based diesel annual production require-
ments for 2017 at 7.5 GL (EPA 2016), a 28% increase from 
2016 biodiesel production levels (EIA 2017). Projections 
estimate a steady world-wide growth of 25% from cur-
rent global biodiesel production levels to over 41 GL by 
2025 (OECD-FAO 2017). As inputs to the production of 
biodiesel, vegetable oil feedstocks have remained relatively 
static over time, with soybean (Glycine max L. Merr) and 
canola (Brassica napus L.) oils accounting for 71 and 15% 
of US production inputs (EIA 2017). The bulk (71%) of 
this biofuel capacity is concentrated within five traditionally 
agriculturally centric states (Illinois, Indiana, Iowa, Kansas, 
and Missouri). However, given the environmental concerns 
of feedstock production and potential displacement of food 
and feed production (Ajanovic 2011; Escobar et al. 2009; 
Pimentel and Patzek 2005; Tilman et al. 2009; Youngs and 
Somerville 2014), the development of alternative feedstock 
resources throughout the US could support the near-term 
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ina sativa L. Crantz) offer unique advantages over traditional 
bioenergy alternatives, such as canola (Brassica napus L.) 
or soybean (Glycine max L. Merr). As the global demand 
for food and livestock feed continues grow, the utility of 
canola and soybeans as a bioenergy resource is uncertain. 
This work focused on two oilseed alternatives for use as bio-
fuel feedstocks across the semi-arid region of the Northern 
Great Plains. This analysis compared the geographic distri-
bution of current yields, assessed the environmental impacts, 
and evaluated the energetic benefit of oilseed production at 
aggregated crop management zone levels through a life cycle 
assessment (LCA) methodology. The average regional LCA 
results for environmental and energetic impacts for carinata 
and camelina compared favorably to canola and soybeans 
and were found to represent sustainable biofuel feedstock 
alternatives for the study region. The estimated climate 
change impact of carinata and camelina offered a substantial 
benefit over that of canola and soybeans. The regional results 
for freshwater and marine eutrophication potential and the 
net energy results of carinata and camelina also compared 
favorably to canola and soybeans. The most environmen-
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RFS growth requirements. As biodiesel production increases 
in response to energy security concerns (Jacobson 2009), 
environmental issues (Hill et al. 2006; Joly et al. 2015; Kim 
and Dale 2003, 2005), and domestic initiatives incorporat-
ing economic development programs (Dale et al. 2014; Hull 
et al. 2014), the evaluation of viable feedstock alternatives 
is necessary to ensure production sustainability. However, 
due to natural geographic and climatic variability, there is 
unlikely to be a ‘one-size-fits-all’ solution to sustainable 
feedstock production. Regionally diversifying biofuel feed-
stock production to leverage agro-ecological strengths will 
improve energy security and reduce environmental impacts.

Various oilseed varieties and cultivars bred for biofuel 
production, such as carinata (Brassica carinata L. Braun) 
and camelina (Camelina sativa L. Crantz), can be produced 
in marginal, semi-arid agricultural zones and offer benefits 
over traditional feedstocks. Carinata, camelina, and canola 
are in the Brassicaceae (mustard and cabbage) family but 
have varying oil acidic profiles, agricultural production 
traits, and intended uses; while soybeans are legumes which 
fix atmospheric nitrogen (N) and exhibit lower seed oil con-
tent. However, soybeans do not begin to actively fix atmos-
pheric N until root rhizomes have developed. As a result, 
N fertilizer is often applied to soybeans to support initial 
plant growth.

Carinata, commonly referred to as Ethiopian mustard, is 
particularly well suited to production in semi-arid regions 
and produces a larger seed size relative to other Brassicas, 
with high oil content and beneficial oil and harvestability 
characteristics (AAFC 2014; Agrisoma 2015; Seepaul et al. 
2015). The acidic profile of carinata oil has a high erucic 
acid (C22:1) content which provides desirable biofuel char-
acteristics (Bouaid et al. 2009; De Domenico et al. 2016). 
Carinata is currently under consideration as a pathway for 
renewable fuel under the US RFS program 40 CFR Part 80: 
Regulation of Fuels and Fuel Additives, Subpart K and M.

Camelina, known commonly as false flax, grows opti-
mally in temperate climate zones. Camelina has an oil con-
tent ranging from 30 to 40% of the seed grain and is notable 
for its high rate of omega-3 fatty acids, omega-9 fatty (gon-
doic) acid, and anti-oxidizing agents (Vitamin E) (El Bassam 
2010; Moser 2010). Camelina, however, has a very small 
grain size and is susceptible to shatter and yield loss dur-
ing harvest. Camelina is an approved renewable pathway for 
biodiesel, renewable diesel, biojet fuel, heating oil, naphtha, 
and propane (LPG) production under the US RFS program.

Canola is a rapeseed cultivar with a low erucic acid con-
tent developed to address Canadian dependence on imported 
edible oils (MacWilliam et al. 2016). Canola production in 
western Canada has evolved to include various food and 
industrial uses; as an oilseed biofuel feedstock it globally 
ranks second, behind soybeans (EIA 2016). The yield, 
environmental performance, and energy profile of canola 

has improved over time, however, the demand for canola 
cooking oils and global prices have also acutely increased 
(Bentivoglio et al. 2014; Gui et al. 2008; Rulli et al. 2016). 
Soybean production, as a biofuel feedstock, began com-
mercially in the 1990s and has become the benchmark by 
which other biodiesel feedstocks are measured (Sieverding 
et al. 2015). Soybean yields are the highest within the US 
corn-belt (NASS 2017) and have global price linkages to 
protein demand and biofuel production (Ajanovic 2011). In 
the northern Great Plains (NGP), soybean production often 
occurs in prime agricultural areas to support corn produc-
tion and maximize rotational economics. The food demand 
for soybeans is high; as a result, the long-term viability of 
soybean as biofuel feedstock is questionable unless robust 
non-food cultivars are developed.

Recent biofuel production life cycle assessment (LCA) 
literature (Li and Mupondwa 2014; Shonnard et al. 2010; 
Sieverding et al. 2016b) points to carinata and camelina as 
promising dryland oilseed feedstocks for biodiesel produc-
tion, resulting in lower emission values and reduced energy 
demand over their oilseed peers. The efficiency of feedstock 
production is critical to the sustainability of biofuel and bio-
product production. However, agricultural production effi-
ciency varies considerably both spatially and temporally. For 
example, within the semi-arid NGP, the energy demand of 
camelina production has been estimated to be between 6 
and 31 GJ/ha (Keshavarz-Afshar and Chen 2015; Keshavarz-
Afshar et al. 2015b; Petre et al. 2012). This variability is 
also reflected in the estimated energy return on investment 
(EROI) across smaller regions such as central Montana 
where the EROI of a winter wheat and Camelina rotation 
ranged from 2 to 5.5 (Keshavarz-Afshar et al. 2015a). The 
agricultural production process is estimated to account for 
27–44% of the total energy consumed in bio-based products 
(Kim and Dale 2003), and as a major contributor to biofuel 
and bioproduct life cycle impact, the variability of feedstock 
production and associated impacts needs to be understood.

Spatial LCAs are a relatively recent coupling of geo-
graphic information systems (GIS) and LCA models, pio-
neered by research such as Geyer et al. (2010) on regional 
differences in biofuel production sustainability. This type 
of analysis was developed to address spatial variances in 
ecological systems, climate, productivity, infrastructure, and 
transport which can affect LCA results. Spatial LCAs enable 
the inherent geographic differences in agricultural produc-
tivity (Nitschelm et al. 2016) to be accommodated. Agricul-
tural production differences have been found to affect the 
climate change impact of biofuels by up to 34% (Tabatabaie 
and Murthy 2017). This type of sustainability analysis is a 
necessary step towards accounting for irregularities, distri-
butions, shortcomings, and resiliencies within global food 
and fuel production systems. To explore the regional vari-
ability of feedstock production due to geographic differences 
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in the NGP, this study used seven United States Depart-
ment of Agriculture (USDA)-defined crop management 
zones (CMZs) across the NGP (Fig. 1) (NRCS 2017). The 
dominant ecoregions (EPA 2011) underlying these zones 
are the Northwestern Great Plains, Northwestern Glaciated 
Plains, and Northern Glaciated Plains. The Northwestern 
Great Plains is a largely unglaciated, semi-arid, rolling plain 
with high summer evapotranspiration rates where agricul-
tural productivity is affected by variable precipitation and 
limited opportunities for irrigation (EPA 2003). The North-
western Glaciated Plains is the transition region between 
rangeland and cropland and contains remarkable terrain and 
climatic variability (EPA 2003). The Northern Glaciated 
Plains is characterized by flat and gently rolling glacially-
derived landscapes, where shortgrass prairie and temporary 
seasonal wetlands are supported by sub-humid conditions. 
Despite the fertile regional soil, agricultural productivity is 
not consistent (EPA 2003). Yields and the climatic appro-
priateness of crops vary throughout the NGP due to agro-
ecoregional differences. Overall, NGP agricultural produc-
tion is affected by inconsistent moisture within the growing 
season. For most of the NGP, dryland production is the norm 
because surface and ground water resources for irrigation 
are not economically available. As a result, producers must 
select agricultural management practices and crops that are 
agro-ecologically appropriate to sustain production. This 
research built upon existing literature to conduct a regional 
LCA incorporating agricultural output (yields) and input 

(seeding rate, fertilizer, and agro-chemical) level to identify 
feedstock impact variability. This comparative assessment 
evaluated the life cycle environmental impacts and cumu-
lative energy demand of no-till carinata, camelina, canola, 
and soybean production variability within the NGP states of 
North Dakota (ND), Montana (MT), and South Dakota (SD).

Materials and Methods

Goal and Scope Definition

The analytical goal was to develop a spatial LCA that incor-
porated NGP yield variability, agricultural input ranges, and 
the resulting environmental and energetic impacts of pro-
duction. This study assessed four oilseed feedstocks across 
seven contiguous USDA CMZs within the crop producing 
regions of three states (ND, MT, and SD) (Fig. 1).

The comparative assessment evaluated the production 
of oilseeds carinata and camelina as alternatives to tradi-
tional biofuel feedstocks, canola and soybean. Utilizing mass 
allocation, this assessment encompassed both the environ-
mental and energy aspects of feedstock production. First, it 
examined three environmental factors commonly affected by 
agricultural production practices: (1) climate change poten-
tial (g CO2 eq per kg oilseed), (2) freshwater eutrophication 
potential (g P eq per kg oilseed), and (3) marine eutrophica-
tion potential (g N eq per kg oilseed). Second, the energy 

Fig. 1   USDA Crop Management Zones and Level III EPA ecoregions within the Northern Great Plains
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balance of each production system was evaluated utilizing 
a net energy analysis (NEA) framework (Hall et al. 2011; 
Murphy et al. 2011a, b, 2016, ) to estimate the net energy 
(NE) and EROI for each oilseed feedstock. The NEA applied 
in this context evaluated the net energy balance of each feed-
stock (Eq. 1) and the energy efficiency (Eq. 2), where the 
inputs and the farm-level production processes are compared 
via a common energy unit, in gigajoules (GJ). 

The system boundary included oilseed production at the 
farm-level (cradle-to-farm-gate) (Fig. 2). The assessment 

(1)
Net Energy (NE)[GJ] = Energy Output [GJ] − Energy Input [GJ]

(2)
Energy Return on Investment (EROI)[unitless]

=
Energy Output [MJ]

Energy Input [MJ]

Fig. 2   Cradle-to-Farm-Gate system boundary

Fig. 3   Process flow chart for 
oilseed production
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included the manufacture of fertilizer, pesticides, and seeds 
as inputs to the farming process and a generalized pro-
duction system that excluded crop rotations, indirect and 
direct land use, labor, and transportation to elevator storage 
(Fig. 3). Because crop rotations are highly variable within 
the study region and difficult to track, they were omitted 
from the analysis to better enable selective comparison of 
feedstock production impacts. Labor was assumed to be 
similar between the oilseed feedstock types and was not a 
variable within the metrics calculated. Elevator storage and 
associated transport was defined as beyond the farm-gate 
system boundary. The potential land use changes due to 
evolving versus established crops are fundamentally differ-
ent. Land use impacts were excluded because the goal was 
to compare feedstock farm-gate production, not the impacts 
of crop introduction or expansion. The two dedicated oilseed 
feedstocks (camelina and carinata) evaluated in this study 
are proposed as alternatives to the wheat-fallow rotation, 
therefore it is assumed that the oilseed crops do not displace 
any other alternative crop rotation system (Keshavarz-Afshar 
and Chen 2015). In contrast, canola and soybeans have 
established production areas, inputs, and uses (Kim et al. 
2009; Kim and Dale 2003, 2005; Sieverding et al. 2016a). 
Regional production areas were assumed to be constant for 
the purposes of this analysis. To enable comparison of oil-
seed traits, a no-till farm management practice was assumed 
throughout the study region for all feedstocks.

Life Cycle Inventory

The cradle-to-farm-gate LCA evaluated no-till production 
of four oilseed feedstocks (canola, soybean, carinata, and 
camelina) within each of the selected NGP CMZs. SimaPro 
(v8.0) (PRéConsultants 2016) and ReCiPe midpoint (E) 
characterization methodology (Goedkoop et al. 2009) was 
used to estimate the environmental impact. The ReCiPe 
method was selected to represent a global perspective on 
feedstock production. Due to similarities between CMZs 
with respect to characteristics such as population densities 
and temperate climate, the environmental impact categories 

can be applied to the feedstock production processes without 
affecting the validity of results (Goedkoop et al. 2009; Ows-
ianiak et al. 2014). EcoInvent (v3.0) was employed as the 
default database library for materials and processes included 
in the analysis. Within the LCA boundary, inputs from 
the technosphere included in the production process were 
assigned to four broad categories: (1) field activities, (2) 
fertilizers, (2) pesticides, and (4) seed production (Fig. 3).

The general field activities in the assessment were the 
application of plant protection products, planting, broadcast 
fertilizing, and direct combine harvesting (SI Fig. 1). The 
assignment of field activities was allocated per hectare. The 
production of fertilizer in the analysis covered the manu-
facture of urea (N), diammonium phosphate, and potassium 
chloride (K2O) and transport to the farm. These fertilizer 
compounds were selected because they are representative of 
US domestic use and fertilizer products (ERS 2016; Zgola 
et al. 2016). Nitrogen was assumed to constitute approxi-
mately 46% of urea compounds. Glyphosate was assumed 
to be used in pre-planting burn down and pre-harvest desic-
cation. Post-emergence weed, insect, and fungal control is 
highly variable; therefore, a general pesticide manufacturing 
impact and process within EcoInvent was used to simulate 
the impact of post-emergence pest control. The application 
rates of both fertilizers and pesticides were measured in 
terms of kilograms per hectare. In addition to general pes-
ticide use, seed coatings containing pyrethroid compounds 
were included for canola, soybean, and carinata because 
patented commercial varieties with insecticidal coatings are 
predominant for these oilseeds. Seed production included the 
manufacture and transportation of each oilseed variety to the 
farm. Due to the lack of specific information available in the 
EcoInvent on oilseed variety manufacturing, production data 
was generalized for the Brassicaceae family, where rapeseed 
manufacturing was used as a proxy for carinata, camelina, 
and canola.

Table 1   Weighted average of fertilizer inputs and resulting yield data within the Northern Great Plains

The average values were weighted by available crop land within each crop management zone (Grady and Nleya 2010; MAES 2017; NASS 2017; 
NDSU 2017)

Feedstock Fertilizer (kg/ha) Yield (kg/ha) LHV (MJ/kg) Energy content of 
biomass (GJ/ha)

Nitrogen (N) Phosphorous (P2O5) Potassium (K2O)

Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max

Canola 110 118 130 20 23 30 25 28 35 875 1527 2375 24 21 37 57
Soybean 19 27 52 41 44 48 24 25 27 397 1909 2535 18 7 34 46
Carinata 29 51 60 6 7 10 1 1 2 1000 2056 2891 18 18 37 52
Camelina 3 5 8 5 16 25 4 14 15 391 1259 1480 23 9 29 34
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Biomass Production

Regional fertilization and yield data were based on aggre-
gated CMZ statistics, field trials, and available literature 
(Table 1; Fig. 4). To assess the impacts of oilseed type, 
no-till agricultural management practices were general-
ized and applied throughout the region assuming a stand-
ardized management practice. The field activities process 
included: a pre-planting burn down, planting, broadcast 
fertilizer application, post-emergence pesticide applica-
tion, and a pre-harvest desiccation followed by a direct 
combine harvest. The process input levels were modified 
to reflect the geographic distribution of seeding rates, pes-
ticide application, yield, and fertilization rates (Table 2, 
SI Fig. 2). Seeding rates for soybeans and canola were 

estimated from existing literature (Kim and Dale 2003, 
2005; Mousavi-Avval et al. 2011; Sieverding et al. 2015) 
and regionally adjusted to each CMZ based on regional 
trial recommendations (Grady and Nleya 2010; MAES 
2017; NDSU 2017). The seeding rates for carinata and 
camelina were obtained from the regional field trial 
data (Grady and Nleya 2010; MAES 2017; NDSU 2017; 
Sieverding et al. 2016a) and industry best management 
practice literature (AAFC 2014; Agrisoma 2015). The 
resulting average NGP seeding rates for canola, soy-
beans, carinata, and camelina were 8, 65, 14, and 6 kg/ha, 
respectively. Seeding rates were reflective of both seed 
size and optimal plant density differences. The applica-
tion of pre-emergence and post-emergence pesticides was 
generalized using active ingredients and application rates 

Fig. 4   Crop management zone 
boundaries with each oilseed 
variety yield and equivalent 
oil content. (Grady and Nleya 
2010; MAES 2017; NASS 
2017; NDSU 2017). Oil seed 
content was applied from 
Sieverding et al. (2016a)

Table 2   SimaPro system 
inputs and process stages 
(PRéConsultants 2016)

The average input value represents the average oilseed system input per hectare across the NGP region. 
Field activity inputs were held fixed across each oilseed type, while seeding rate, fertilizer and pesticide 
production were varied by oilseed and crop management zone across the study area

System inputs & process stages Unit Average input

Field activities
 Application of plant protection products, by field sprayer/CH U ha 3.0
 Planting/CH U ha 1.0
 Fertilizing, by broadcaster/CH U ha 1.0
 Combine harvesting/CH U ha 1.0

Seed production (seeding rate) kg/ha 27.1
Fertilizer production
 Urea, as N, at regional storehouse/RER U kg/ha 50.3
 Diammonium phosphate, as P2O5, at regional storehouse/RER U kg/ha 22.5
 Potassium chloride, as K2O, at regional storehouse/RER U kg/ha 17.0

Pesticide production
 Pyrethroid compounds, at regional storehouse/CH U kg/ha 0.8
 Pesticide unspecified, at regional storehouse/RER U kg/ha 3.0
 Glyphosate, at regional storehouse/RER U kg/ha 2.4
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from the North Dakota Herbicide Compendium (Zollinger 
et al. 2016) recommendations (SI Fig. 2). It was assumed 
that pesticide application rates for canola, soybeans, and 
carinata were 6.2 kg/ha, while camelina was 5.4 kg/ha to 
account for the lack of seed coating. Canola and soybean 
yields were estimated based on historical values from the 
USDA National Agricultural Statistics Service (NASS 
2017) and supplemented with regional trial data (Grady 
and Nleya 2010; MAES 2017; NDSU 2017). Camelina 
and carinata yields were determined based upon CMZ 
aggregated field trial data and assigned a 15% yield pen-
alty based on the assumed decline associated with trial 
production versus commercial production result (AAFC 
2014; Agrisoma 2015; Sieverding et al. 2016a). The ferti-
lizer base application rates for soybeans were derived from 
the historical state-level NASS survey data sets for South 
Dakota and North Dakota (NASS 2017) for N-P-K levels. 
However, intrastate application rates across CMZs were 
geographically adjusted based on field test management 
recommendations across the region (Grady and Nleya 
2010; MAES 2017; NDSU 2017). The regional applica-
tion rates of fertilizer for canola, carinata, and camelina 
were estimated from field trial data and existing litera-
ture (Fore et al. 2011; Grady and Nleya 2010; Keshavarz-
Afshar and Chen 2015; Keshavarz-Afshar et al. 2015b; 
MAES 2017; NDSU 2017; Shonnard et al. 2010; Sieverd-
ing et al. 2016a).

Uncertainty Analysis

Because of the inherent level of uncertainty associated 
with the assumptions made at each geographic location, 
and given the variability of material inputs and energy 
requirements in the farm production process, an uncer-
tainty analysis was conducted across the various CMZs 
for each oilseed type evaluated. Complying with ISO 
14044 suggested guidelines, a Monte Carlo simulation 
and probability distribution was used to address model 
variability. A log-normal distribution was assumed for 
all model parameters based on a SimaPro data pedigree 
and simulation analysis was conducted for each feedstock 
type in across the seven CMZs. The impact results were 
expressed at a 95% confidence interval. The floor for the 
number of runs for each simulation was set at 1000 with a 
stop factor set to minimize the standard error of the mean 
at 0.005. The results for mean, median, standard devia-
tion, and the coefficient of variation are presented in the 
supplementary information. The results include each CMZ 
and corresponding feedstock individually and a weighted 
average across the NGP region (SI Fig. 10–17).

Results and Discussion

The driving factor behind NGP environmental and energy 
impacts was yield which varied regionally. Oilseed yield 
performance was most strongly controlled by climatic dif-
ferences across the region, not management practices. This 
created agro-ecological ‘niches’ where different oilseeds 
were agronomically best suited, thereby improving energy 
production while reducing environmental burden.

Climate Change Impact

Overwhelmingly, the largest drivers of climate change for 
NGP oilseed production were field activities and fertilizer 
use which contributed on average 69% of the total impact. 
Average NGP results indicated that canola production had 
the highest climate change impact across the region (648 g 
CO2 eq per kg oilseed produced), 8% greater than that of 
soybean (602 g CO2 eq per kg soybean) and considerably 
(81 and 43%) greater than carinata and camelina (359 and 
452 g CO2 per kg oilseed, respectively) (Figs. 5, 6). The 
contribution of field activities toward total climate change 
impact ranged from one-third of the total impact (soybean) 
to 57% for camelina production. Fertilizer contributed 46% 
of the climate change impact from canola production across 

Fig. 5   Summary of weighted NGP environmental impacts results 
based on specific activities for canola, soybean, carinata and camel-
ina. The results are based on 1 kg of product and include the percent 
contribution from each activity
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the NGP, nearly double that of soybeans and carinata (24 
and 25%), and over a five-fold increase from camelina pro-
duction (9%). Model input values for field activities were 
fixed for 1 ha across the study region. For example, the LCA 
modeling estimated that 79 kg of diesel fuel was directly 
consumed during the application of plant protection prod-
ucts, planting, fertilizing, and harvesting. As diesel fuel 
combustion was a substantial factor toward climate change 
impact, the contribution was proportional to the yield. Given 
the average canola yield across the NGP of 1.5 t/ha, the level 
of diesel fuel consumed per unit of production was 20 and 
26% lower than that of soybeans and carinata, respectively. 
Alternatively, while camelina exhibited similar characteris-
tics to that of canola, in terms of fuel consumed per unit of 
production, the field activity impact toward climate change 
was magnified (as a percentage of the total) due to the 
low fertilizer and pesticide input across the NGP. Climate 
change pesticide contributions were similar across the region 
(7–10%). If additional cultivation practices (other than no-
till) were simulated, then pesticide application rates and 
associated impacts would be more variable. Seed produc-
tion, as a function of seeding rate, for canola, carinata, and 
camelina contributed relatively little toward climate change 
impact (1–3%) in comparison to soybean seed production 
(14%) due predominantly to larger seed size and lower 
energy content of soybean (Table 2). Field emissions from 
oilseed production ranged from 13 to 23% across the region. 
The contribution of camelina field emissions was different 

than its oilseed peers due to low fertilizer use for produc-
tion across the region and the disproportional contribution 
of diesel fuel consumption during farm activities relative to 
unit production output.

There was intraregional variability in the climate change 
impact among oilseed type (Fig. 6, SI Figs. 3–9). Canola 
performed appreciably better in the north and east in terms 
of a reduction in total climate change impact. In CMZ01 
the canola impact remained relatively flat (655 g CO2 eq 
per kg oilseed), while in CMZ02 and CMZ04 the impact 
to climate change (585 and 382 g CO2 eq per kg oilseed) 
was reduced by 8 and 41%, respectively. The estimated 
results fall within the range found by Ukaew et al. (2016) 
of 242 to 713 g CO2 eq per kg for canola production in 
North Dakota. Conversely, the impact of canola production 
in central Montana (CMZ18) was 57% greater than the NGP 
climate change impact average. These canola results were 
not surprising because this oilseed was originally developed 
for Canadian production; as a result areas agro-ecologically 
similar were most successful in producing canola. Advance-
ments in crop management practices over time and the adop-
tion of herbicide tolerant cultivars have led to an improved 
environmental profile. A recent study estimated the climate 
change impact of canola production at 525 g CO2 eq per kg 
oilseed across various soil zones in western Canada, a 5% 
reduction in emissions from 1990 to 2010 has been reported 
(MacWilliam et al. 2016). Considering the comparatively 
large N fertilizer inputs required for canola production 

Fig. 6   Summary of weighted 
NGP and crop management 
zone for climate change impacts 
results based on specific activity 
and organized by feedstock type 
and crop management zone. The 
results are indicated by g CO2 
eq per 1 kg of product
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(Table 2), further climate change impact reductions would 
be dependent upon the development of hybrid varieties more 
effectively minimizing inputs while increasing yields.

The climate change impact of soybean production across 
the NGP was minimized in eastern North and South Dakota 
(CMZ01, CMZ02, and CMZ04), where the average impact 
was 313 g CO2 eq per kg production, representing a 37% 
reduction from the aggregated soybean NGP average. This 
was because the semi-arid climate of the western portion of 
the NGP study area was not agro-ecologically suitable for 
soybean production. This regional climatic variability was 
typified by northern Montana (CMZ06), where the climate 
change impact of soybean production was 3.5 times greater 
(2110 g CO2 eq per kg oilseed) than the NGP average. As 
a basis of comparison, Norris et al. (2016) estimated that 
average soybean production across the US resulted in 421 g 
CO2 eq per kg soybean and Kim and Dale (2003) estimated 
US production in the heartland to produce between 159 and 
163 g CO2 eq per kg of soybean produced. Domestic com-
parisons illustrate the weighted impact for the majority of 
soybean production in the US is located where inputs are 
minimized while the resulting yields are substantially higher 
given the agro-ecological benefits of geography. Globally, 
recent assessments of soybean production estimated green-
house gas emissions in the State of Mato Grosso in cen-
tral Brazil at 186 g CO2 eq per kg soybean (Raucci et al. 
2015), in Jilin province of China at 263 g CO2 eq per kg 
soybean (Knudsen et al. 2010), and in the Golestan prov-
ince in northern Iran at an average of 957 g CO2 eq per kg 
of irrigated soybean (Mohammadi et al. 2013). The average 
yield among the international studies was 66% greater than 
that of the NGP, but with varying production inputs and 
methods relative to the NGP region. In Brazil, the applica-
tion rate of N fertilizer and the diesel fuel consumed in the 
production process was less than one-third that of the NGP 
average. Soybean production in the Jilin province was most 
impacted by residue burned in field and had a 57% greater 
application rate of N fertilizer relative to the NGP. Irriga-
tion substantially increased the impact of Iranian soybean 
production, creating a climate change impact three-times 
larger than the NGP.

Carinata tended to exhibit similar climate change impact 
characteristics across the NGP due to its tolerance to mois-
ture variability and drought. Carinata and camelina often 
performed well where canola and soybeans performed 
poorly, and vice versa. Particularly, in the high soybean 
production area of the southeastern NGP (CMZ04), cari-
nata and camelina underperformed their regional average 
by 6 and 24%, respectively. Much like canola, in general, 
carinata performed better in the northern areas of the NGP 
than in the southeastern region (261 versus 419 g CO2 eq 
per kg carinata). This was likely due to the development of 
carinata cultivars for Canadian production, as a result they 

are agro-ecologically adapted to cool, short-season northern 
climates. Northern North Dakota (CMZ02) exhibited the 
zone of lowest climate change influence for both carinata 
(234 g CO2 eq per kg carinata) and canola (380 g CO2 eq 
per kg canola), representing a 35 and 16% improvement 
relative to NGP averages. The northern trend continued 
for carinata across the region, where production in north-
ern Montana (CMZ06) was reduced by 10%, and central 
Montana (CMZ18) showed a reduction of 4%, compared to 
the average across the region. The Canadian-sourced cari-
nata cultivars included in this analysis performed better on 
average in the NGP (359 g CO2 eq per kg carinata) than 
European documented varieties (430 to 890 g CO2 eq per kg 
carinata) produced under conventional tillage (D’Avino et al. 
2015). As new carinata cultivars are developed for different 
climates, these trends may change.

Camelina however, showed more inconsistent results 
than carinata despite similar overall NGP climate change 
impact trends. The current cultivars of camelina are prone 
to shatter, which can be exacerbated by the high winds and 
dry conditions common in the NGP during harvest (Sintim 
et al. 2016). In addition, the small seed size of camelina 
increases harvest loss. Camelina climate change impacts 
were 7% higher than the regional average (452 g CO2 eq 
per kg camelina) in northern Montana (CMZ06, 485 g CO2 
eq per kg camelina) and 17% lower in central Montana 
(CMZ18, 376 g CO2 eq per kg camelina). These results 
were within the range of Keshavarz-Afshar et al. (2015b) 
and Shonnard et al. (2010) findings for central Montana pro-
duction of approximately 350 and 300–360 g CO2 eq per kg 
camelina, respectively. The impact to climate change across 
the region was driven by camelina production yields which 
were geographically varied and often resulted in higher per 
kg impacts due to fertilizer application and field activities. 
These results were supported in existing literature, where 
climate change impacts was driven by nitrous oxide emis-
sions to air from farm field activities, through the application 
of fertilizers, and to a lesser extent by emissions of carbon 
dioxide from the fuel combustion in farm equipment (Fazio 
and Monti 2011; Norris et al. 2016). These impacts were 
further magnified by low yield results in the drought-prone 
northwestern portion of the NGP relative to the higher mois-
ture corn-belt region. The climate change impacts for the 
NGP were overall lower than production impacts for other 
areas of the US, such as the Pacific Northwest where Dangol 
et al. (2015) estimated camelina production impacts as 517 g 
CO2 eq per kg camelina. Development of more shatter-
resistant and/or larger seeded cultivars would improve har-
vestability and reduce climate change impacts of camelina 
production.
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Eutrophication Impact

Nutrient runoff from agricultural activities contributes to 
eutrophication of regional freshwater resources and coastal 
marine waters (Smith 2003). The single largest contributor 

to eutrophication, both freshwater (g P eq per kg oilseed) 
and marine (g N eq per kg oilseed), was fertilizer runoff as 
measured by field emissions (Figs. 7, 8). Among the feed-
stocks considered, the average NGP freshwater eutrophica-
tion impact was 0.31 g P eq per kg of oilseed produced; 

Fig. 7   Summary of weighted 
NGP and crop management 
zone for freshwater eutrophica-
tion impact results based on 
specific activity and organized 
by feedstock type and crop 
management zone. The results 
are indicated by g P eq per 1 kg 
of product

Fig. 8   Summary of weighted 
NGP and crop management 
zone for marine eutrophica-
tion impact results based on 
specific activity and organized 
by feedstock type and crop 
management zone. The results 
are indicated by g N eq per 1 kg 
of product
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farm-level field emissions contributed 61% towards the total 
impact. Average marine eutrophication levels across the 
region were 5.38 g N eq per kg oilseed, with field emissions 
from production representing 92% of the total. Regional soy-
bean production accounts for the highest freshwater eutroph-
ication levels (0.36 g P eq per kg) which were between 6 and 
7% higher than that of camelina and canola, and 59% greater 
than carinata. Within the NGP, the soybean application rate 
of phosphate fertilizer was nearly double that of canola, 
three-times greater than camelina, and six-times higher than 
carinata. Correspondingly, average marine eutrophication 
levels for soybean production across the NGP were 6.22 g 
N eq per kg soybean, nearly identical to camelina (6.14 g N 
eq per kg camelina) but 20 and 58% greater than canola and 
carinata, respectively. However, the proportional contribu-
tion of field emissions toward N eutrophication was consist-
ently 10% lower for soybeans across the region due to lower 
average N application rates (27 kg/ha) and atmospheric 
nitrogen fixation (Ribeiro et al. 2015; Zimmer et al. 2016).

Oilseed production in northern North Dakota and north-
eastern Montana (CMZ02) showed a eutrophication impact 
reduction of approximately 27% in both P and N equivalent 
levels in comparison to the NGP average. The results were 
less impacted by the typical application of fertilizer within 
each CMZ, but more importantly related to the relatively 
tight distribution of application rates across the NGP specific 
to each crop type within the given geographies. For example, 
the average application rate of N for canola across the NGP 
was 118 kg/ha with a minimum application rate of 110 kg/
ha in central Montana (CMZ018) and a maximum applica-
tion rate of 130 kg/ha in northeastern Montana (CMZ06) 
(Table 2; Figs. 7, 8). The low resulting yields for canola 
within these regions suggested fertilizer use inefficiency 
relative to carinata and camelina. As a result, eutrophica-
tion benefits across the NGP were often greater for emerg-
ing oilseed feedstocks. Previous research estimated lower 
canola eutrophication impacts for North Dakota of 2.4 g N 
eq per kg using data from high-yielding (3000 + kg/ha), N 
efficient GMO canola varieties (Strange et al. 2008). Within 
higher canola yield areas (CMZ04; ~ 2400 kg/ha) of North 
Dakota, calculated eutrophication impacts (3.11 g N eq per 
kg canola) were within reasonable range of past estimates.

Among the oilseeds investigated, carinata exhibited the 
lowest eutrophication levels (0.15 g P eq per kg carinata 
and 2.56 g N eq per kg carinata); this was a 35% reduc-
tion relative to NGP averages and a benefit of approximately 
42% compared to the zonal averages of other oilseeds. Soy-
bean and camelina production showed a net benefit within 
CMZ01 of approximately 41 and 11% in comparison to 
regional averages, while carinata production eutrophication 
impacts increased by 17% relative to its NGP average. Soy-
bean production in southeastern South Dakota (CMZ04), 
where historically the production of soybeans is highest 

throughout the region, resulted in the lowest eutrophication 
impact (0.19 g P eq per kg soybean and 3.31 g N eq per kg 
soybean) and unsurprisingly the highest comparative benefit 
(47% reduction of impact levels) to NGP average. Similarly, 
canola production (0.20 g P eq per kg canola and 3.11 g 
N eq per kg canola) eutrophication levels within the zone 
(CMZ04) were better (40% reduction) than NGP average. As 
seen with climate change impacts, northwesterly eutrophica-
tion impact improvements were observed for carinata pro-
duction across the region. While the irregular canola, soy-
bean, and camelina yields and comparatively high fertilizer 
inputs for canola and soybeans penalized production across 
north central Montana (CMZ06 and CMZ18). Irrespective 
of CMZ02 production, the average carinata eutrophication 
impact levels (0.20 g P eq per kg carinata and 3.46 g N eq 
per kg carinata) were minimized within these two zones. 
And, in comparison to their NGP average, resulted in a 
10 and 11% reduction in P and N eutrophication levels, 
respectively.

Unlike climate change, there is not a de facto standard-
ized unit for estimating eutrophication potential and impact 
levels can be directly tied to two fertilizer elements (N and 
P), and not just one. As a result, LCA literature values must 
be carefully interpreted. Among the feedstock included in 
this study, soybeans have the potential to have the lowest 
eutrophication levels because of the crop’s leguminous 
nature. Many studies have assumed that for soybeans no N 
and minimal P were applied to fields (Ng et al. 2013). If no 
N and minimal P (~ 3 kg/ha) fertilizers were applied and 
if ‘test’ yields of over 3000 kg/ha (~ 45 bushels per acre) 
could be consistently achieved across the NGP, then the 
freshwater eutrophication impact would be similar to those 
reported in Brazil and in the range of 0.14 g P eq per kg soy-
bean (Matsuura et al. 2016). However, according to NASS 
statistics this not the reality within the NGP (NASS 2017) 
because N fertilizer is used to stimulate soybean growth 
prior to mycorrhizal activity and P is necessary to sustain 
mycorrhizal activities and soybean plant growth (Bethlenfal-
vay et al. 1983). Widespread adoption of soil inoculants to 
stimulate mycorrhizal activity (Hoeksema et al. 2010) could 
potentially reduce soybean N fertilizer use in the future. As 
a result—camelina, carinata, and canola performed more 
sustainably than soybeans across most of the NGP with 
respect to eutrophication impacts. Fazio and Monti (2011) 
investigated the impact of fertilizer toward marine water 
eutrophication; their results indicated that halving ferti-
lizer use would reduce eutrophication impacts by 28–32% 
while maintaining similar yield outputs. This recommenda-
tion may be applicable elsewhere, but based on this study’s 
results, it would be more impactful if the field ‘sweet spot’ 
for fertilizer application was applied. Climate, crop and soil 
type, slope, and many factors affect NGP fertilization rates 
and fertilization needs can vary greatly from field to field. 
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Ultimately, a standardized fertilization recommendation will 
not ensure sustainable crop production within the NGP. The 
rate of fertilization alone did not dictate life cycle impacts. If 
plants use the fertilizer applied to efficiently increase yield, 
then the life cycle nutrient load impacts of the feedstock and 
subsequent bioproducts will be reduced.

Cumulative Energy Demand and Net Energy Analysis

The efficient use of energetic inputs as a ratio of the energy 
produced, and a fundamental understanding of the farm-
level impacts within the production process in relation to 
overall energy consumption is of primary importance for sci-
entists and policy makers in the evaluation of biofuel feed-
stock alternatives. The best method to evaluate the energy 
efficiency of biofuel feedstocks has been hotly debated (Hall 
et al. 2011). The boundary of the farm-gate assessment alle-
viated co-production allocation issues often encountered in 
biofuel assessments. While the mass-balance allocation 
framework and the inclusion of embodied energy in the 
production process, supported through a systems approach, 
provided additional insight and incorporated all associated 
process inputs. Across the NGP, the energy analysis results 
were consistent with the environmental impact assessments. 
Based on average cumulative energy demand results, canola 
production (15.3 GJ/ha) was the most energy intensive feed-
stock alternative across the region; it was 47% greater than 
soybeans, 50% higher than carinata, and 107% more than 
that of camelina production (Fig. 9).

Chemical nitrogen fertilizer production is an energy 
intensive process (64 MG/kg) and phosphorous fertiliz-
ers are often mined from non-renewable resources. Ferti-
lizer production accounted for 57% of the total cumulative 
energy demand for canola. Comparatively, the impact of 

fertilizer production was approximately 23% less for soy-
bean and carinata production, while only representing 15% 
of the total cumulative energy demand for camelina. Con-
versely, farm-level field activities as a percentage of total 
energy demand contributed about half the energy demand 
of soybeans (48%) and carinata (50%) and the majority for 
camelina (69%) production. Corresponding to N fertilizer 
use across the region, the non-renewable fossil demand 
allocation for each feedstock ranged from 86% of the total 
cumulative energy demand for camelina to 93% for canola 
production. Reducing N fertilizer use improved EROIs, as 
shown in camelina results. Based on LHV, the average ener-
getic content of feedstock biomass from production across 
the region was greatest for carinata (37.0 GJ/ha), followed 
by canola at 36.7 GJ/ha, soybeans at 34.4 GJ/ha, and finally 
camelina at 29.0 GJ/ha. The average net energy benefit was 
highest across the NGP for carinata production (26.8 GJ/
ha), approximately 26% higher than canola and camelina, 
and 14% greater than the net energy returned for soybean 
production. Comparatively, the average EROIs for soybeans 
and canola were appreciably lower across the NGP (Fig. 9).

Intraregional energy statistics were dissimilar (SI 
Fig. 12). Intraregional cumulative energy demands var-
ied geographically by CMZ, but were clustered by oilseed 
feedstock type. The production of canola and soybeans 
were most energy intensive across north central Mon-
tana (CMZ06). The corresponding net energy derived 
from canola (13 GJ/ha) and soybean (− 5.13 GJ/ha) pro-
duction, and resulting EROIs (1.82 and 0.58 for canola 
and soybeans, respectively) within CMZ06, illustrated 
the disparate values and impact of the spatial distribu-
tion of the average NGP yield values. From an energy 
efficiency perspective, canola performed well relative 
to its average in the southeastern NGP. Canola energy 

Fig. 9   Summary of net energy and energy ratio results for weighted NGP and crop management zone. The summary compares and ranks each 
feedstock type by average across the NGP and for each individual crop management zone
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efficiency performance decreased as production moved 
west and north across the region. The highest energy 
efficiency ratio of 3.80 (MJ/MJ) for canola across the 
region was in southeast South Dakota (CMZ04), a 59% 
improvement from its NGP average. The lowest energy 
efficiency ratio was 1.59 MJ/MJ (33% lower than average 
across the NGP), located in south central South Dakota 
(CMZ05). From an energy efficiency perspective, rela-
tive to its oilseed peers, canola underperformed the stud-
ied alternatives on average across the NGP, and within 
each CMZ. Intraregional soybean energy efficiency was 
34% greater than its regional average in northern North 
Dakota northeastern Montana (CMZ02) (4.26 MJ/MJ) 
and southeastern South Dakota (CMZ04) (4.25 MJ/MJ). 
However, within CMZ02, soybean production ranked sec-
ond to carinata (5.18 MJ/MJ). Comparatively, domestic 
assessments for canola and soybeans served as benchmark 
and pointed to regional results leveraged by geographic 
location. Fore et al. (2011) assessed US domestic produc-
tion of canola and soybeans, and found the net energy 
benefits for canola and soybeans to be 29 GJ/ha and 45 
GJ/ha, respectively. These net energy values correspond 
to energy efficiency ratios (EROIs) of 4 and 11. These 
national values were consistent with NGP values for 
canola but not for soybeans. The canola consistency was 
likely because North Dakota ranks as the largest producer 
of canola within the US (NASS 2017). The national aver-
age inconsistency for soybeans was likely a result of the 
higher NGP fertilizer use and lower yields.

Both carinata and camelina had high cumulative energy 
demands across north central (CMZ06) and central Mon-
tana (CMZ18) (11 and 8 GJ/ha), but the resulting net 
energy values were 9% and 21% higher than the regional 
average of each feedstock. Further, the calculated energy 
efficiency ratio for carinata (3.61 MJ/MJ) was nearly dou-
ble that of canola and more than six-time higher that of 
soybean production in north central Montana (CMZ06). 
Camelina production energy efficiency was 90% higher 
than canola and over five-times that of soybeans within 
the crop management zone. A farm-gate boundary energy 
analysis provides the first step to insight toward the evalu-
ation of sustainability for the biofuel production system. 
Murphy et  al. (2011a) and Mourad and Walter (2011) 
found that feedstock production accounted for between 
11% and 36% of the total energy inputs in biofuel pro-
duction where approximately 12% was variable based on 
geographic location.

Uncertainty Analysis

The uncertainty results indicated that on average across 
the NGP region, the climate change and freshwater 

eutrophication impacts of soybean production was vola-
tile throughout the region with a coefficient variation of 
54% and 103%, respectively (SI Fig. 10). This variation 
reflected the uncertainly associated with producing soy-
beans without irrigation in semi-arid areas and the issues 
with generalizing crop production across broad climates 
and geographies (Kim and Dale 2003). The intraregional 
comparisons of climate change impact uncertainly for 
soybean production across CMZs remained consistent 
(SI Fig.  14–20). Conversely, the more climactically 
acclimated oilseeds exhibited significantly lower varia-
tion across all environmental impact measures.

Regional Variability and its Impacts on Sustainability

Incorporating newer oilseed feedstocks such as camelina and 
carinata into semi-arid NGP agronomic production would 
likely improve system-level sustainability. In this context, 
sustainability was defined as the mitigation of environmental 
impact while maximizing the energy return of production. 
Within North Dakota and South Dakota, the Missouri River 
marks the bifurcation between the moisture-rich glaciated 
plains to the east the semi-arid northwestern Great Plains to 
the west. The results were markedly different across this gra-
dient. The optimal feedstock(s) were the crop(s) most suit-
able to the agro-ecoregion. The energy assessment results 
were often complimentary of the environmental impact 
results and supported intraregional production which lev-
eraged agronomic and ecological efficiencies. Within the 
NGP, despite relatively high fertilizer input values, feed-
stock sustainability improved within zones of higher yields. 
For example, canola on average had the highest climate 
change impact values across the region, mediocre eutrophi-
cation impacts, and provided the smallest net energy and 
energy efficiency ratio benefits. In southeastern South 
Dakota (CMZ04), the environmental impact of canola was 
reduced by 40% while N application within the region was 
3% less than the NGP average (Fig. 6). The resulting large 
yield improvement relative to a modest reduction in N ferti-
lizer lead to a higher net energy benefit and efficiency ratio 
(42 GJ/ha and 3.8 MJ/MJ) of zonal canola production. The 
opposite impact was observed for camelina and carinata, 
where positive average impact results of production was 
observed in the northern and western portions of the NGP, 
or as the production region became less optimal (marginali-
zation increases), these oilseed alternatives outperformed 
their regional average and traditional food oilseeds. The 
results illustrate that a regional perspective is necessary to 
better understand the environmental and energetic trade-offs 
associated with the agro-ecological impacts of oilseed pro-
duction. Planting the right crop in the right area focuses on 
geographic location which leverages the underlying ecore-
gion, leading to increased sustainability of agricultural crops 
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as viable feedstock alternatives for utilization in biofuel and 
bio-based products.

Conclusion

For biofuel production to meet domestic and global 
demands, appropriate feedstock selection is imperative in 
minimizing the environmental impact while maximizing the 
net energy delivery. The presented results underscore the 
strategic role that crop selection farm management practices 
have towards future bioenergy production sustainability and 
viability. The task of minimizing the environmental burden 
while maximizing energy efficiency is of primary import. 
Given the results across the NGP, the ‘one-size-fits-all’ 
model of feedstock selection was proven to be insufficient. 
The study results indicated that on average carinata and 
camelina were beneficial alternatives to canola and soybean 
production in terms of climate change impacts, eutrophica-
tion impacts, and energy efficiency. However, intraregional 
variability indicated that irrespective of the food versus fuel 
debate, the food-based feedstocks of soybean and canola per-
formed well in their traditional and highly productive agro-
ecoregions. Until carinata and camelina are commercially 
introduced, the superior choice for feedstock selection will 
likely remain inconclusive. This research represents a first 
step in understanding the complexities of second generation 
bioenergy production within the NGP.
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