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Abstract: The oilseed crop winter camelina (Camelina sativa) is attracting increasing interest for
biofuel production. This study assessed the climate impacts of growing camelina as an intermediate
crop in northern Europe (Sweden) for the production of vegetable oil and biofuel. Climate impacts
were analyzed using life cycle assessment (LCA), while impacts on biodiversity and eutrophication
were discussed. Three functional units were considered: 1 ha of land use, 1 kg of oil, and 1 M]
biofuel (hydrogenated vegetable oil, HVO). The results showed that dry matter yield over the whole
crop rotation was higher in the camelina crop rotation, despite the lower yield of peas due to relay
cropping with camelina. In the whole camelina crop rotation, fat production more than doubled,
protein and fiber production marginally increased, and the production of carbohydrates decreased.
Higher climate impacts related to field operations and fertilizer use in the camelina crop rotation,
with associated N, O emissions, were compensated for by increased soil carbon accumulation due
to the increased return of organic matter from the additional crop in the rotation. The total climate
impact was around 0.5 kg CO, eq/kg camelina oil when macronutrient allocation was used. The
global warming potential was 15 g CO, eq/M] HVO, or 27 g CO, eq/M] HVO when soil organic
carbon effects were not included, representing an 84% and 71% reduction, respectively, compared
with fossil fuels.
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1. Introduction

The European Union (EU) Renewable Energy Directive (RED) (EU 2018/2001: REDII)
established a framework for promoting renewable energy sources in the EU and set a bind-
ing target of 32% renewable energy in overall EU energy consumption by 2030. Demand
for biofuel is now increasing—by, on average, 4% annually—and is predicted to reach
186 billion L by 2026, with ethanol and biodiesel making up 87% of all biofuel demand [1].
Recent forecasts by the International Energy Agency (IEA) state that “The United States and
Europe account for 90% of renewable diesel demand growth and nearly all biojet demand”
and that Europe’s biofuel demand will expand by 11 billion L due to increasing use in the
transportation sector, especially in aviation and shipping [1]. With this increasing demand
for renewable energy and materials, the demand for fatty acids is expected to increase [2].
In addition, dietary fat is consumed below recommended levels in many regions of the
world and an estimated additional amount of around 45 Mt annually is needed to supply
dietary needs [3]. The combined effect of increased demand for renewable energy and
materials and increased demand for dietary fats means that fat/oil production needs to
increase. Swedish biofuel use is an example of the growing demand for fatty acids, with the
use of petrol and diesel in Sweden having decreased by more than 25% in the past 15 years.
In 2021, biofuel consumption in the Swedish transportation sector reached 22 TWh, or
around 24% of that sector’s energy use [4]. Today, the Swedish biofuel market is dominated
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by hydrogenated vegetable oil (HVO) and fatty acid methyl esters (FAME), both produced
from fatty acids using mainly raw materials imported into Sweden. In 2021, only 11% of
the sixteen TWh HVO and 4% of the three TWh FAME sold in Sweden were produced from
domestic raw materials [4]. Current HVO production is restricted, as resources are limited
and there are environmental challenges [5].

Oilseed crops that can be grown as intermediate crops are attracting attention as
potential biofuel feedstock, mainly because they can be cultivated with low competition
with food and feed crops [6—8]. One such crop is Camelina sativa L. Crantz (camelina), an
oilseed crop of the Brassicaceae family. It was originally domesticated in Western Asia
and later cultivated in other parts of Europe, including Scandinavia [9,10]. It is now being
more widely tested as a raw material for biodiesel production, with pilot-scale production
established in Europe and North America [11].

Several aspects of camelina make it an interesting oilseed crop, e.g., it is a low-
input crop [12], it has high resistance to common and wide-spread Brassicaceae diseases
and pests [13], and it is suitable as a spring crop in drier regions of Europe and can be
grown on land that is not suitable for food production [14]. In well-designed rotations,
camelina can increase fatty acid production without significantly affecting the production
of other nutrients. The potential seed yield of camelina when grown as a main crop is
2.5 metric tons/ha, and the seed contains around 42% oil, so it can be used for FAME and
HVO production (saturated fatty content 8%, C18:1 17%, C20:1 16%, C18:2 17%, C18:3
38%). Camelina requires low nitrogen (N) inputs per unit of oil produced, so it can make
a greater contribution to meeting the RED target on net CO, emissions reduction than,
e.g., rapeseed [11]. Camelina-derived biofuels are thus considered a sustainable jet fuel or
diesel alternative, reducing greenhouse gas (GHG) emissions by 75-80% compared with
petroleum-based products based on life cycle assessment (LCA) [15]. Camelina seed meal
is considered a valuable feed for poultry and pigs, while the seed hull can be used for
electricity production [11].

Several field trials have shown that the production of winter camelina in cold countries
with a relatively short growing period is feasible. For example, Gesch and Archer [16]
found that winter camelina grown in the northern USA (Minnesota) could be harvested
early enough to allow a second crop to be grown in the same year. Gesch and Archer [16]
found that such double cropping with winter camelina increased total oil yield in rotations
where sunflower or soybean followed winter camelina, despite the yield of the main crop
being lower, as sowing had to be postponed for some weeks. In trials in Minnesota and
North Dakota, relay cropping (where the main crop is sown in the growing camelina crop)
has been shown to give higher energy efficiency in terms of the overall yield of the two
crops and upstream inputs [17]. Other cold climate trials have been conducted in Modern,
Canada [18].

Growing winter camelina has several potential benefits: (i) increased soil organic
carbon (SOC) sequestration, due to higher crop residue inputs compared with crop rotations
without an intermediate crop; (ii) decreased soil erosion and nitrate leaching, due to
the presence of soil cover in winter [19]; (iii) greater early spring food availability for
pollinators [6]; and easier planting of the following crop in wet conditions, through the
camelina crop taking up water in late fall and early spring [6].

A few LCA studies have been conducted on winter camelina, especially in North Ameri-
can conditions, mainly using field trial data (e.g., Cecchin, Pourhashem [20], Berti, et al. [21]).
Those studies assessed and compared the environmental performance of maize and soybean
cropping systems with different winter cover crops, including camelina. Cecchin et al. [20]
used an area-based functional unit and considered four impact categories (global warming
potential (GWP), eutrophication, soil erosion, and SOC changes). They found that SOC
levels were greatly affected by crop residue handling. They also found that camelina had
similar eutrophication potential to other crops. Accordingly, they recommended camelina
as a winter-hardy intermediate crop to reduce the environmental impacts of maize-soybean
crop rotations, while pointing out that field management needs to be optimized for sustain-
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able cropping [20]. The LCA study by Berti et al. [21] examined the environmental impact
of double and relay cropping systems, with winter camelina compared with monoculture
maize and soybean. They assessed several environmental aspects (GWP, abiotic depletion,
acidification, eutrophication, ecotoxicity and human toxicity) and found that monoculture
winter camelina gave the lowest values in all impact categories.

Other LCA studies have investigated the potential environmental impacts of camelina-
based biofuel compared with fossil fuel. Shonnard et al. [15] found that life cycle GHG emis-
sions of an isoparaffin-rich jet fuel derived from camelina amounted to 22.4 g CO, eq/M]
fuel, which was a 75% reduction compared with petroleum jet fuel. In an LCA of the
environmental impacts of camelina oil-derived biodiesel and hydroprocessed renewable
jet fuel produced on the Canadian prairies, Li and Mupondwa [22] considered four im-
pact categories (GWP, human health, ecosystem quality, energy resource consumption).
Dangol et al. [23] conducted an LCA and also assessed the potential for the production of
camelina biodiesel in the Pacific Northwest (PNW), USA. They concluded that camelina
biodiesel qualifies as an advanced biofuel under the US Energy Independence and Security
Act [24] and that camelina could potentially yield 1.6 billion kg seeds per year when grown
as a rotational crop in wheat fields in PNW [23]. A recent LCA study by Masella and
Galasso [25] compared the environmental impacts of using camelina oil as a raw material
for biodiesel production and pure vegetable oil extraction, both in northern Italy.

The aim of the present study was to assess the climate impacts of growing winter
camelina as an intermediate crop in northern Europe (Sweden) for the production of veg-
etable oil for biofuel production (HVO). As camelina is a new crop to modern Swedish
agriculture, data collection was based on input requirements (fertilizers, etc.) and agro-
nomic performance reported in previous field trials in climates similar to Sweden. Three
functional units were chosen to assess the climate effects from different perspectives: crop
rotation effects, vegetable oil production, and biofuel production.

2. Materials and Methods
2.1. LCA Goal, Scope, System Boundaries, and Functional Units

LCA was performed following the ISO guidelines for LCA (14040/44) and comprised
four phases: (1) goal and scope definition, (2) life cycle inventory, (3) life cycle impact
assessment, and (4) interpretation [26].

The functional unit of agricultural systems is often connected to crop yield, i.e.,
1 kg product, 100 g protein, or similar, and LCA studies often focus on one crop [27].
This approach generally favors maximizing the yield of the target crop. However, con-
sidering the whole crop rotation and the combination of products obtained could give
new insights into the multifunctionality of land use and crop rotations and possible trade-
offs. The three functional units (FU) considered in the present study were the following:
1 hectare of land (in a six-year crop rotation including camelina as an intermediate crop),
1 kg camelina oil, and 1 MJ HVO. The 1 ha of land FU was chosen to show the crop rotation
effects of introducing camelina as an intermediate crop, with climate impact expressed per
ha of land and per kg macronutrients over the whole crop rotation. Crop rotation effects
on biodiversity and eutrophication were also discussed. The system boundary was the
cradle (crop production) to the field gate (Figure 1). The 1 kg oil FU was used to allow
comparison with other vegetable oils. The system boundary, in that case, was the cradle
(crop production) to the factory gate (oil after pressing) (Figure 1). The FU of 1 M] HVO was
used to represent a liquid biofuel product, with the results compared with other diesel-like
biofuels and fossil diesel. The system boundary was the cradle (crop production) to the tap
station (Figure 1).

The following were included in the analysis: farm inputs (production of seeds, fer-
tilizers, pesticides), field operations, crop outputs (grain yield and biomass), direct farm
emissions (e.g., N-related emission), energy and other inputs required for oilseed pressing,
energy, hydrogen, other inputs to the HVO production process, and distribution to a tap
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station. The geographical location for crop cultivation was assumed to be Sweden. For
more details, see Section 2.3.1.

FUNCTIONALUNIT BY-PRODUCTS
WHOLE CROP
1 hectare CROPPING ROTATION
TRANSPORT
v
1kg | _ PROTEIN
ol < PRESSING FEED
T
TRANSPORT
v
1Mm) < HVO N ENERGY
HVO PRODUCTION PRODUCTS

Figure 1. System boundaries for the three different functional units applied. HVO = hydrogenated
vegetable oil.

2.2. Allocation

When using 1 kg oil and 1 MH HVO as FU, the allocation was needed for the by-
products (protein feed and the energy products from HVO production) and also within the
crop rotation, between camelina and the other crops in the rotation. Impacts allocated to
camelina were calculated as follows:

IMPACTS ALLOCATED TO CAMELINA = NEW CROP ROTATION — REFERENCE CROP ROTATION @D

Thus, the impact on SOC from the introduction of the intermediate crop (camelina)
was fully allocated to the camelina. Apart from increased soil carbon accumulation, the
introduction of camelina was assumed to lower the yield of the following crop (peas in this
case). However, due to higher production over the whole crop rotation, any indirect effects
from a lower yield of the pea crop were not considered (see Section 3).

Allocation between camelina oil and the by-product protein feed was made based on
energy, mass, and economic allocation as well as on the method for nutrient index-weighted
macronutrients presented by Bajzelj et al. [3]. For the functional unit 1 MJ] HVO, energy
allocation was applied to all upstream processes, in accordance with RED requirements [28].

2.3. Life Cycle Inventory Analysis
2.3.1. Camelina Cultivation in Sweden

There is currently very limited information available on the field production of
camelina in Sweden. A few field trials have been conducted, but mainly with spring
camelina. Camelina has a long history in Swedish agriculture, e.g., it was grown in the Iron
Age [10], but today it is scarcely grown at all, and the main oilseed crop is rapeseed [29].
Most field trials with winter camelina in climates similar to Sweden have been conducted
in North America [16,17,30-33]. One way to assess the agronomic conditions for crops in a
particular geographical region is to calculate growing degree days (GDDs) for the period
from sowing to harvest. Walia et al. [18] report GDD values and precipitation data for
several locations in which field trials on winter camelina have been conducted. Among
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Reference

New crop rotation

these locations, Morris (USA) and Morden (Canada) are most similar to Sweden with
regard to mean yearly temperature and have GDDs of 1261-1473 °C and mean annual
precipitation of 500-663 mm [18]. Equivalent values for three sites in southern-central
Sweden, calculated for the growing period of 1 September-1 July in the cropping seasons of
2018-2019 and 2019-2020, are GDDs of 1031-1366 °C and precipitation of 370-807 mm [18].
This indicates that there is a potential that camelina could be grown as an intermediate
crop in southern-central Sweden.

Relay cropping was assumed in this study, meaning that the crop following camelina
was sown into the growing camelina, and the camelina was harvested in early July. Relay
cropping systems with camelina have been shown to perform better over the whole crop
rotation than double cropping, i.e., when the following crop is planted after the camelina
is harvested [33]. This is because the sowing of the following crop is delayed until the
camelina is harvested in the double cropping system. However, with relay cropping, the
establishment of the following crop is affected, and its yield can be reduced [17,31,33].
Thus, we assumed a yield decrease in the following pea crop of 25% (75% of the yield
without camelina) in the base case. Figure 2 shows the reference six-year crop rotation
compared with a new crop rotation with winter camelina as a relay crop between spring
barley and peas. A six-year crop rotation was selected to allow for five years between the
occurrence of camelina in the crop rotation, as this is the current recommendation for the
related crop rapeseed. The crop rotation was selected to include common crops in the
agricultural region 3 in Sweden (Gotalands norra slattbygder); more research is needed to
identify suitable crop rotations where camelina could be grown.

D e
Spring
barley

Winter camelina

oz

v

—l < > <
Peas Spring Winter Spring Winter
barley wheat barley wheat

o
» «

-
v

—
— — < > < > > < >
Spring Peas Spring Winter Spring Winter
barley barley wheat barley wheat
. L ® L o L L
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6

Figure 2. Reference six-year crop rotation (green background) compared with a new crop rotation
with winter camelina as a relay crop between spring barley and peas (yellow background).

Camelina was assumed to yield 1560 kg per ha and to receive 80 kg N fertilizer per
ha, based on data from field trials in North Dakota, Minnesota [17,33], and Denmark [34].
Phosphorus (P) and potassium (K) fertilizer doses were assumed to be 15 and 35 kg/ha,
respectively, based on average Swedish application rates for all crops. The pesticide dose
was assumed to be 0.76 kg active ingredient per ha, based on Swedish averages [35]. Fuel
consumption was assumed to be around 2261 MJ/ha (64 L/ha) and year [36]. Direct
and indirect soil N20 emissions were calculated using the IPCC Tier 1 guidelines with
site-generic emission factors [37]. Further details on the inventory analysis of camelina
cultivation can be found in Karlsson Potter et al. [38].

2.3.2. Whole Crop Rotation

The climate impact was calculated up to the farm gate for the two crop rotations
(Table 1). Energy use for field operations was based on Moberg et al. [39]. Nitrogen
leaching from barley and wheat was assumed to be 24% of applied N, while N leaching
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from the pea crop was assumed to be 24 kg/ha [40]. Yield values used for the different
crops were based on official statistics on average yield between 2010 and 2019 [29].

Table 1. Composition of the two crop rotations, crop yield (dry matter, DM), and NPK fertilization rate.

Yield (kg/ha) (%DM) NP 2 K (kg/ha)
Reference crop rotation
Spring barley 4277 (86%) 70-20-10
Pea 2851 (85%) 0-10-20
Spring barley 4277 (86%) 70-20-10
Winter wheat 5617 (86%) 130-25-10
Spring barley 4277 (86%) 70-20-10
Winter wheat 5617 (86%) 130-25-10
Camelina crop rotation
Spring barley 4277 (86%) 70-20-10
Camelina P 1560 (91%) 80-15-35
Pea b 2138 (85%) 0-10-20
Spring barley 4277 (86%) 70-20-10
Winter wheat 5617 (86%) 130-25-10
Spring barley 4277 (86%) 70-20-10
Winter wheat 5617 (86%) 130-25-10

@ Assuming P-AL class III. ® Base case assumptions (varied in sensitivity analysis); pea yield in the camelina crop
rotation assumed to be 75% of that in the reference crop rotation.

2.3.3. Soil Organic Carbon Modeling

The Introductory Carbon Balance Model (ICBM) [41,42] was used to assess SOC
changes in the top 25 cm of soil when camelina was introduced into the crop rotation.
Parameter values for ky, ko, and h were taken from Andrén and Kitterer [42] and for re (site-
specific) from Andrén et al. [43]. Crop residue amounts for spring barley, winter wheat, and
camelina were calculated based on yield (Table 2), according to Andrén et al. [44]. For peas,
a value from Hergoualc’h et al. [37] was used. All crop residues were assumed to contain
0.45 kg C/kg dry matter (DM), and all were assumed to be left in the field. Initial SOC con-
tent as set by running the ICBM for the reference crop rotation until approximate SOC equi-
librium (difference in mean SOC content between two cropping cycles < 0.000001 kg C/ha).

Table 2. Range of yield (kg/ha) of winter camelina and the following crop (values from previous studies).

Min Max Mean Present Study
Yield of camelina 214 2095 1008 (n = 28) 1560
Yield of following crop # 3% 105% 51% (n = 32) 75%

2 Percentage of that in a crop rotation without winter camelina.

2.3.4. Camelina Transport and Oilseed Pressing

It was assumed that the camelina seeds were transported from the field to the pressing
facility (100 km). In the scenarios where HVO was produced, an additional 200 km transport
of the oil from the pressing facility to the HVO conversion plant was assumed.

Oil extraction using hexane was assumed, with values for electricity, heat, and hexane
use in the process taken from Li and Mupondwa [45].

2.3.5. Conversion to HVO

The percentage conversion of camelina oil to HVO was assumed to be 86.4% w/w
(Katarina Persson, Preem, personal communication 2021). The hydrogen (H) input require-
ment was assumed to be 37 g/kg of unprocessed oil, with the H assumed to be generated
using natural gas. Electricity use (natural gas electricity was assumed) was 0.09 M] kg/oil.
All heat required in the process was assumed to be generated within the production plant,
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and was therefore not considered. Two byproducts were assumed to be generated: 25 g
naphtha and 35 g propane per kg camelina oil converted to HVO. For more details, see
Karlsson Potter et al. [38].

2.4. Climate Impact Assessment

Climate impact was assessed as GWPjqg, with the characterization factors including
feedback loops from IPCC AR5 [46]. Climate impact was also assessed as Absolute Global
Temperature Change Potential (AGTP), here referred to as the time-dependent temperature
response (expressed in degrees K), over a 100-year perspective. Both metrics are based on
the radiative forcing of GHG (CO,, CHy, and NoO were considered in the present study),
but AGTP better illustrates the climate impact of processes where emissions (or uptake)
of GHG vary from year to year. This is common in agricultural systems, especially when
there are impacts on SOC.

2.5. Sensitivity Analysis

Since camelina is, in general, a relatively new crop in modern agriculture, and in
Swedish conditions in particular, no field data for critical parameters were available. In
sensitivity analysis, max and min values for yield of winter camelina in climates relevant
for Sweden were taken from the literature and other parameters were varied accordingly
(Table 2).

The following studies were identified as relevant for Swedish climate conditions
and included yield data for winter camelina and in many cases for the following crop:
Zanetti et al. [30]; Ott et al. [31]; Johnson et al. [32]; Berti et al. [17]; Gesch et al. [33]; Gesch
and Archer [16]; and Walia et al. [18] (selected locations). Average yield was influenced
by lower yields in the study by Berti et al. [17], especially in Morris, Minnesota, where
the authors attributed poor crop establishment to low autumn precipitation in the area.
The yield of camelina and of the following crop were based on data from double cropping
and relay cropping systems. Camelina yield in the present study was set higher than the
average value calculated from earlier studies using different experimental designs, based
on the assumption that cropping practices will improve and more stable yields of both
the camelina and the following crop can be achieved when camelina becomes a more
common crop.

3. Results and Discussion
3.1. Crop Rotation Effects
3.1.1. Overall Production from Whole Crop Rotation

Several studies have found that the crop following camelina has a lower yield than
when grown as a stand-alone crop due to competition with camelina in early spring, when
the crops are grown together, for resources such as water and light [20]. Therefore, the
overall gain from using a relay/intermediate crop such as camelina needs to be thoroughly
investigated [20]. Further, there is a need to apply a broad perspective, considering the
overall yield of the crop rotation as a whole and the functions it can provide. In the present
study, DM yield over the whole crop rotation was higher in the camelina crop rotation
than in the reference rotation, despite the lower yield of pea crop due to relay cropping
with camelina (Figure 3). For the crop rotation as a whole, the production of fat more than
doubled and the production of protein and fiber marginally increased when camelina was
included, this was because the fat and protein-rich camelina crop was introduced, resulting
in a lower yield of the carbohydrate-rich pea crop. This presents a trade-off situation
with increased production of fat and protein at the expense of carbohydrates, and care
has to be taken to the effects on farmers as well as the indirect environmental effects of
this change in production. Macronutrient-weighted results present one way of looking at
the results (where fat and protein were weighted higher than carbohydrates based on the
allocation method in BajZelj et al. [3]) showing that the introduction of camelina increased
the production of valuable micronutrients (Figure 3, Macronutrients®).
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Figure 3. Total production over six years in the reference and camelina crop rotations, presented as
dry matter (DM) yield and fat, carbohydrate, protein, and fiber yield. Macronutrients* were weighted
using a nutrition index (BajZelj et al. [3]), so the pairs of bars cannot be compared with other pairs in
the diagram, i.e., macronutrient production can only be compared between the two crop rotations.

3.1.2. Climate Impact on the Whole Crop Rotation

The overall climate impact over 100 years was similar for the reference and camelina
crop rotations. Figure 4 shows the time-dependent temperature response over 100 years,
assessed per hectare, where “Total new crop rotation” represents the climate impact of the
intermediate camelina crop, including SOC effects. The crop rotation with winter camelina
had higher climate impacts related to field operations and fertilizer use, with associated
N,O emissions, but this was compensated for by increased SOC accumulation due to
increased return of organic matter when an additional crop was included in the rotation.
Soil organic carbon content increased despite the 25% decrease in the yield of the pea crop
after winter camelina.

The climate impact per kg macronutrients produced (macronutrients weighted ac-
cording to BajZelj et al. [3]) was higher for the reference crop rotation, due to overall lower
production in that rotation (Figure 3). However, the difference between the two rota-
tions was small, and the yield of both camelina and the following crop was important for
the outcome.

3.2. Climate Impact of Camelina Oil Production

The total climate impact of oil production was around 0.5 kg CO, eq/kg camelina oil
when macronutrient allocation was used, which is low compared with the climate impact
of other oilseed crops (range 2.5-7 kg CO, eq/kg fat, based on Bajzelj et al. [3]). Without
considering SOC effects, the climate impact was assessed to be around 1 kg CO, eq/kg fat.
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Figure 4. Time-dependent temperature response over 100 years assessed per hectare for the reference
crop and new crop rotation including winter camelina. “Total new crop rotation” represents the
climate impact including soil organic carbon (SOC) effects.

Depending on the allocation method (energy, mass, or economic allocation), the total
climate impact, including SOC effects of camelina oil production, varied between around
0.5and 1 kg CO, eq/g camelina oil (Figure 5). The cropping system had the highest impact
in the different allocations, which indicates the importance of good crop management to
maintain yield in the following crop and optimization of cropping systems with respect to,
for example, nitrogen use efficiency and yield to achieve sustainable crop production in
practice [20]. In the case of camelina grown in Sweden, field trials are needed to establish
agronomic practices. Further, in the cropping phase, nitrogen fertilizer-related emissions
are dominating. It is important to highlight that the nitrogen fertilization rates for camelina
grown in Swedish crop rotations are unknown, and the rate in the present study was based
on earlier studies. To lower climate impact from cropping, it would be beneficial to, for
example, grow camelina after a crop that tends to leave available nitrogen in the soil; in
that way, camelina could utilize that nitrogen and potentially decrease nitrogen leaching
while fertilization rates could be kept lower.

3.3. Climate Impact of HVO Production

The climate impact (as GWP) of HVO production was 15 g CO, eq/M] HVO with SOC
effects included, or 27 g CO; eq/M] with SOC effects excluded, representing an 84% and
71% reduction, respectively, compared with fossil fuel [28]. This indicates that camelina
HVO meets the current reduction targets in the EU Renewable Energy Directive [28]. The
reduction values can also be compared with, for example, rapeseed HVO, which has a
typical reduction of 51% in the Directive [28]. Similar results to the current study were
found by Shonnard et al. [15] and Dangol et al. [23] in previous studies of GHG emissions
from fuel-based camelina. Shonnard et al. (2010) reported estimated GHG emissions
of 22.4 g CO; eq/M], representing a 75% reduction compared with fossil fuel, while
Dangol et al. [23] reported a 69% reduction compared with fossil fuel. Li and Mupondwa [22]
reported GHG emissions of 7.6-24.7 g CO, eq/M]J for camelina-derived biodiesel and
3.06-31.0 kg CO, eq/M]J for camelina-derived jet fuel. Masella and Galasso [25] compared
the environmental impacts of using camelina oil as a raw material for biodiesel production
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and pure vegetable oil extraction and found that both scenarios gave markedly lower GWP
values than fossil fuel (67% lower for PVO and >50% lower for biodiesel).

kg CO,eq per kg Camelina oil

1.5

0.5

En

ion Macr tion

B CROPPING ®SOC Changes ® TRANSPORT PRESSING ¢ Total

Figure 5. Climate impact (as GWP, kg CO, eq per kg camelina oil) when using energy, mass, economic
allocation, and allocation based on macronutrient content (macronutrient weighting using a nutrition
index from Bajzelj et al. [3]).

The time-dependent temperature response for camelina HVO compared with a fossil
fuel reference was strongly affected by the SOC accumulation rate (Figure 6). Accumulation
of SOC over time is uncertain and likely to decline once the soil reaches a new equilibrium
(Figure 6). However, the temperature response over 100 years from producing camelina
HVO (emissions from cropping, transport, pressing, and HVO conversion; dotted line in
Figure 6) was about one-third of that from the reference fossil fuel.

3.4. Sensitivity Analysis
3.4.1. Crop Rotation Overall Production

Climate impacts from the production of 1 kg camelina oil at different yield levels and
allocation methods tested in sensitivity analysis are presented in Table 3. The effects on
winter camelina and the following pea crop compared with the reference crop rotation
are shown in Figure 7. Dry matter yield and production of all macronutrients except
carbohydrates were higher in the camelina crop rotation than in the reference rotation,
except when minimum yield values for camelina and pea were applied.

3.4.2. Climate Impact of Oil and HVO

In general, the climate impact of camelina oil with different allocation methods ap-
plied and at different yield levels was lower than literature values (2.5-7 kg CO; eq;
Bajzelj et al. [3]) (Table 3). However, at the lowest yield reported in the literature, the
climate impact was relatively high (>4 kg CO, eq/kg oil).
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Figure 6. Time-dependent temperature response from production and use of 1 MJ hydrogenated
vegetable oil (HVO) from camelina oil compared with fossil diesel. “Total per M] HVO” represents
the climate impact of HVO including soil organic carbon (SOC effects).
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Figure 7. Sensitivity analysis where yield of winter camelina (WC) and the following pea crop
were varied separately based on literature values. Only combined yield of camelina and peas is
shown, since these were the only crops affected by introduction of camelina in the crop rotation.
Macronutrients* were weighted using a nutrition index (Bajzelj et al. [3]), so the results cannot be
compared with other results in the diagram, i.e., macronutrient production can only be compared
between the two crop rotations.
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Table 3. Climate impact (GWPjqg in kg CO, e) of production of 1 kg camelina oil at different yield
levels and with different allocation methods, with and without soil organic carbon (SOC) effects.

Allocation Method
Energy Mass Economic Macronutrient
With SOC effects
Present study 0.49 0.60 0.87 0.47
Min yield 5.62 4.63 10.03 5.38
Average yield 0.92 0.94 1.64 0.88
Max yield 0.28 0.44 0.51 0.27
Without SOC effects
Present study 1.00 0.76 1.78 0.95
Min yield 6.16 481 10.99 5.90
Average yield 1.43 1.10 2.56 1.37
Max yield 0.79 0.60 1.41 0.76

The time-dependent temperature response of camelina HVO was strongly affected
by camelina yield (Figure 8), and also the yield of the following pea crop (Figure 9). Pea
yield had an effect through SOC accumulation, which varied with yield due to differences
in the amount of crop residues. No indirect effects due to lower production of the pea crop
were considered. On varying camelina crop yield over the range reported in field trials, the
climate impact over time was well below that of fossil diesel (Figure 8). When the yield
of the following crop (pea) remained at a similar level as in the reference crop rotation or
slightly higher (the highest following crop yield in the literature was 5% higher than in
the reference without winter camelina), the climate impact of camelina HVO was below
zero for the first 60 years, indicating slightly avoided warming. This was due to increased
SOC accumulation through the introduction of camelina as a relay crop, combined with the
maintained yield of the pea crop, compensating for GHG emissions from cultivation and
HVO production. However, the rate of SOC accumulation decreased over time (Figure 9).

3.5. Other Environmental Impacts

Apart from climate impacts, several other environmental impact categories were of
interest in this study, especially biodiversity impacts and eutrophication. Due to a lack
of data on camelina cultivation under Swedish conditions as regards, e.g., fertilizer use,
leaching, and water use, we were only able to assess these two environmental impact
categories briefly based on earlier studies on camelina as an intermediate crop in cold-
climate regions.

3.5.1. Biodiversity Impacts

Introducing a new crop into a crop rotation can have several effects on biodiversity,
e.g., increasing crop biodiversity and implementing a more varied crop rotation are known
to increase yield in the following crop and decrease disease pressure [47]. Early flowering
crops such as camelina can provide forage for pollinating insects early in the season, when
floral resources are scarce [48]. Pollinating insects are an important part of the ecosystem,
not least for pollinating agricultural crops [49]. Introducing an early flowering intermediate
crop could therefore potentially improve pollination and increase yield in crops requiring
cross-pollination. Adding more biological material to the soil as crop residues and roots
from the camelina crop can benefit soil organism growth and diversity [50]. Soil organisms
are essential for organic matter turnover and for creating good soil structure [50]. Fur-
ther, increased soil organic matter content is associated with enhanced soil productivity,
thereby increasing crop yields, at least under certain conditions [51,52]. The indirect effects
of increased production due to the introduction of the intermediate crop and possible
consequences for land use elsewhere, and thereby biodiversity, were not considered here.
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Figure 8. Time-dependent temperature response from production and use of 1 MJ hydrogenated
vegetable oil (HVO) from camelina oil compared with fossil diesel in sensitivity analysis where yield
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Figure 9. Time-dependent temperature response from production and use of 1 MJ hydrogenated
vegetable oil (HVO) from camelina oil compared with fossil diesel in sensitivity analysis where yield
of the following crop (pea) was varied based on field trial data from earlier studies.
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3.5.2. Eutrophication

A previous study on the eutrophication impact of camelina biodiesel found that it
was dominated by emissions from fertilizer production and nutrient leaching from the
field [53]. The eutrophication potential per MJ camelina biodiesel can therefore be expected
to heavily depend on the amount of fertilizer required per unit of camelina seed produced.
Under some conditions, intermediate crops can reduce nutrient losses at the field level [54].
However, this applies mainly to cover crops grown with very low or no additional fertilizer
input and instead relying on residual nutrients from the preceding crop, which was not
the case for the camelina in this study. In unfertilized field trials with winter camelina,
Johnson et al. [32] found a lower risk of N leaching compared with the reference with no
winter camelina.

In this study, camelina yield per kg N fertilizer was similar to that of Swedish rape-
seed [55], indicating that N losses, and thereby the eutrophication impact from N leaching,
may also be similar. However, fertilizer rate and camelina yield vary significantly between
field experiments reported in the literature [21,30,34,56], and it is uncertain how the crop
would perform in northern European conditions. Further, it is important to note that
camelina is in a relatively early stage of plant breeding, so yield and nutrient use could
improve substantially in the future [57].

4. Conclusions

The study showed that introducing winter camelina in a cereal-based crop rotation
can increase the overall yield of fat, fiber, and protein, while the yield of carbohydrates may
decrease. From a whole crop rotation perspective, the climate impact of rotations with and
without camelina was similar. Emissions were higher when camelina was introduced, but
this was compensated for by greater SOC accumulation in the rotation with winter camelina.
Climate impact per kg oil, including SOC effects, was estimated to range between 0.5 and
1.0 kg CO; eq, depending on the allocation method applied. Camelina HVO was estimated
to give a 71% reduction in climate impact compared with fossil fuel when SOC effects were
not included, and an 84% reduction when SOC effects were included, although the impact
of SOC effects decreased over time. Even when SOC effects were excluded, however, the
temperature response from camelina HVO was still only around one-third of that from the
reference fossil fuel. The yield was important for the climate impact assessment, including
the yield of the following crop, as this affected SOC accumulation. However, the way
in which environmental performance was measured affected the outcomes and results.
Using multiple functional units provided a more comprehensive assessment of cropping
system performance.

The results obtained show that, from an environmental perspective, winter camelina
could be an interesting intermediate crop for food, feed, or biofuel production in Sweden.
However, further field studies are needed to determine, e.g., the crop rotation effects in
a northern European climate (Sweden) and the economic effects of changes in overall
production in crop rotation.
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