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A B S T R A C T

Camelina sativa (L. Crantz) is an annual oilseed crop cultivated for industrial and food purposes. To expand 
camelina’s cultivation area, improve yields, and reduce weed pressure, the crop can be grown in intercropping 
system. The aim of this study was to evaluate the impact of camelina cultivation in an intercropping system with 
spelt wheat under organic farming with utilisation of life cycle assessment (LCA). A life cycle assessment for sole 
cultivation of camelina and spelt was also performed. The system boundary included crop production up to the 
farm gate, taking into account field emissions and soil organic carbon changes. Due to nearly identical pro
duction inputs across all three cropping systems, the environmental impact was similar across all impact cate
gories, with a more noticeable contribution from electricity usage in the intercropping system. Sole camelina 
cultivation showed a higher impact in 13 impact categories (per 1 Mg functional unit). However, when calcu
lated per 1 GJ, the intercropping system exhibited the highest environmental impact across all categories. 
Moreover, intercropping resulted in the highest emissions per hectare in the following categories: global 
warming (860 kg CO₂ eq.), freshwater eutrophication (0.34 kg P eq.), and terrestrial ecotoxicity (2936 kg 1,4- 
DCB eq.). Our results indicates that intercropping did not reduce the environmental impact compared with 
sole cropping systems, primarily due to low seed and energy yields per hectare. Nevertheless, the findings 
demonstrate that both organic intercropping and sole cropping systems have a lower environmental impact than 
conventional farming systems.

1. Introduction

Camelina sativa (L. Crantz) is an annual oilseed crop that has been 
cultivated in Europe since ancient times. In the last decade, it has gained 
significant attention due to its unique properties, including its ability to 
grow on low-fertility soils, low input requirements (e.g. fertilizers), 
resistance to diseases and pests, tolerance to frost and drought, and the 
versatile applications of its oil (Berti et al., 2016; Zanetti et al., 2024). 
Camelina oil is rich in polyunsaturated fatty acids, which are valuable in 
food applications (e.g., the health benefits of linolenic acid (n-3)) and in 
gondoic acid, which is not found in significant amounts in other typical 
oilseed crops (Krzyżaniak et al., 2019). In addition to its use in food, 
camelina oil has applications in lubricants, elastomers, polyols, 

composites, and resins (Kim et al., 2015; Nadim et al., 2024). Camelina 
straw can also be used in pyrolysis processes (Gómez-Monedero et al., 
2015) as well as a green filler in polyurethane foams (Bartczak et al., 
2024) or in biodegradable composites (Durado et al., 2024). Further
more, camelina is cultivated for biofuels, including jet fuel, where it 
exhibits improved ignition at cold temperatures and lower fuel con
sumption (Raji et al., 2025).

Despite its numerous advantages, one of camelina’s major draw
backs is its low yield on a commercial scale, compared with other oil 
crops cultivated in Europe. While promising high yields have been re
ported in strict small-scale trials (up to three tonnes per hectare), its 
commercial production yields in Poland typically reach only 1.5 Mg 
ha− 1. (Stolarski et al., 2018). Another challenge is the lack of registered 
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plant protection products, especially herbicides, and its cultivation is 
mostly limited to poorer soils and small areas.

To increase camelina’s cultivation area, improve yields, and reduce 
weed pressure, research has explored its cultivation not only as a sole 
crop but also in relay cropping and intercropping systems with various 
species such as soy (Glycine max (L.) Merr.), pea (Pisum sativum L.), and 
lentil (Lens culinaris Medik.) (Cecchin et al., 2021; Hoerning et al., 2020; 
Marcheva et al., 2024; Pagani et al., 2024). The advantages of an 
intercropping system include increased yields per unit area, better uti
lization of micro- and macronutrients (Wang et al., 2014), and the 
reduction of pests and diseases (Brooker et al., 2015). Moreover, inter
cropping, thanks to better soil coverage, enhances the competitiveness 
of cultivated plants over weeds (Leclère et al., 2019; Saucke and 
Ackermann, 2006). Intercropping camelina with other companion crops 
can also improve the quality of camelina seeds and enhance the land 
equivalent ratio (Pagani et al., 2024).

In the SCOOP project (Developing Intercropping Systems with 
Camelina to Increase the Yield and Quality Parameters of Local 
Underutilized Crops) (SCOOP, 2025), focused on innovative and diver
sified organic intercropping systems, we aimed to test new intercropping 
systems based on camelina combined with locally selected underutilized 
crops (e.g., pulses, pseudocereals, ancient cereals, etc.) in Poland, 
Bulgaria and Türkiye. The goal was to develop high-performing inter
cropping systems for organic farming while simultaneously providing 
multiple environmental services (e.g., reduced nitrogen leaching, 
reduced soil erosion, and decreased pest and weed pressure). One of the 
research directions involved assessing the environmental impact of 
camelina cultivation in intercropping systems using life cycle assess
ment (LCA). While LCA studies on camelina have been conducted, they 
have primarily focused on its sole cultivation Stolarski, (2019).

In Poland, based on analyses and discussions with stakeholders, 
locally bred spring spelt wheat (Triticum spelta L.) was selected as the 
companion crop. Therefore, within the SCOOP project, we aimed to 
answer the question: How does the intercropping system with camelina 
and spelt, cultivated in organic farming, influence the environment 
compared with the sole cultivation of each crop?

2. Materials and methods

2.1. Aim and scope of the LCA

A life cycle assessment methodology of cropping systems was con
ducted according to ISO 14040 “Environmental management – Life cycle 

assessment – Principles and framework” and ISO 14044 “Environmental 
management – Life cycle assessment – Requirements and guidelines” 
(European Committee for Standardization 2006a; European Committee 
for Standardization 2006b).

The aim of this simplified life cycle assessment was to evaluate the 
impact of camelina cultivation in an intercropping system with spelt 
wheat under organic farming practices. For comparison, a life cycle 
assessment of the sole cultivation of camelina and spelt wheat was also 
performed. An attributional approach was used for the analysis, with 
system boundaries defined as "from cradle to farm gate" (Fig. 1).

The main purpose of cultivating camelina and spelt in the inter
cropping system was to produce seeds for high-quality oil and flour, 
respectively. Since the functions of these two crops may vary, not only 1 
Mg of seeds was used as a functional unit but and the energy content of 
seeds (1 GJ as higher heating value (HHV)) as well. Additionally, 1 
hectare of sole crop and intercropping systems was used as a base 
functional unit. This unit provides stable values regarding crop pro
duction compared with product functional units.

The crop production and logistics chain until the farm gate was 
adopted as the system boundary. The following steps are within the 
system boundaries: soil tillage, fertilisation with cow manure, liming, 
sowing, mechanical weed control, single stage harvesting, transport to 
the farmstead, and seed separation in the intercropping system. No co- 
products were considered within the farm gate boundary system, as 
the straw was not collected but instead left in the field and ploughed in. 
The boundary included field emissions resulting from the application of 
fertilise and soil organic carbon (SOC) changes from soil management. It 
also considers the environmental impact of the production of agricul
tural machines, the buildings in which they are kept.

2.2. System description and inventory

2.2.1. Study area and trials
The data regarding the yields of camelina and spelt wheat, both in 

sole and intercropping systems, came from small-scale field trials con
ducted between 2022 and 2024 in northeastern Poland on an organic 
farm located in the village of Mierki (N:53◦59’31” E:20◦32’84”). The 
trials involved spring camelina (variety Oliwia, breeded at the Univer
sity of Life Sciences in Poznań) and spring spelt wheat (variety Wirtas, 
breeded at the University of Warmia and Mazury in Olsztyn). Each 
cropping system (sole and intercropping) was conducted in four repli
cates. The experiment was established on Eutric Cambisol formed from 
loamy sand lying on sandy loam. Seed and energy yields obtained for the 

Fig. 1. System boundary.
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individual species and years are presented in Table 1.

2.2.2. Inventory data for crop cultivation
The crops were cultivated under an organic farming system. Every 

four years, cattle manure was applied at a rate of 40 Mg ha⁻¹ and lime at 
a rate of 7 Mg ha⁻¹ . Each year, ploughing was carried out to a depth of 
approximately 20 cm. The soil was then prepared using a cultivation 
unit and the seeds were sown. During the growing season, mechanical 
weeding was carried out twice. No plant protection products were used. 
The crops were harvested in a single pass using a Claas Mercator 75 
combine harvester. The harvested seeds were transported to the farm, 
then cleaned using a PETKUS seed separation line. The inventory data 
collected for the three cropping systems are presented in Table 2. Most of 
the data regarding machinery were collected from large-scale trials 
conducted in the village of Bałdy, located approximately 20 km from the 
village of Mierki, where the small-scale trials were conducted. Subse
quently, the data were used to modify existing or similar processes 
available in the EcoInvent database included in the SimaPro software. 
Data that could not be obtained from the large-scale trials were sup
plemented from other literature sources.

2.2.3. Modelling of field emissions
The field emission model included greenhouse gases (GHG) emis

sions and atmospheric pollutants, as well as the leakage of nitrates and 
phosphates into groundwater. The greenhouse gases balance accounted 
for CO2 and N2O emissions. Methane emissions were not included due to 
cultivation on mineral, non-waterlogged soils where anaerobic methane 
fermentation processes do not occur. Loss of SOC (soil organic carbon) 
was considered a positive CO2 emission, while SOC sequestration was 
considered a negative CO2 emission. N2O was produced as a byproduct 
of nitrification and denitrification processes occurring in the soil of the 
field trials (direct emissions) as well as outside the cultivated area (in
direct emissions). The field emission of CO2 equivalent (EGHG) was 
calculated using the formula: 

EGHG = –3.664 × Cnet + GWPN × (EN_direct + EN_indirect)                        

where: –3.664, molar ratio of CO2 to C; Cnet, the net organic carbon 
(OC) input (kg ha− 1 C); GWPN, global warming potential of nitrous oxide 
(N2O); EN_direct and EN_indirect, direct and indirect N2O emissions (kg ha− 1 

N2O).
Net OC input was defined as the difference between the OC from crop 

residues supplied to the soil by the analysed crop (Crop) and the refer
ence crop (Ref). The reference crop was spring barley, cultivated in an 
organic farming system, assuming straw incorporation into the soil after 
grain harvest (Krzyżaniak et al., 2018; Parajuli et al., 2017a, 2017b).

Organic carbon from crop residues was calculated using the C-TOOL 
model, which accounts for the deposition of aboveground crop residues, 
including straw (CA), as well as underground organic matter (CB), 
originating from roots and root exudates (Taghizadeh-Toosi et al., 
2014). The balance also included applied organic fertilizer as an addi
tional carbon source (COF). The calculations were performed using the 
following formulas: 

Cnet = CA_Crop + CB_Crop + COF_Crop – CA_Ref – CB_Ref                                

CA = (1/α – 1) × ε × Y                                                                       

CB = {β/[(1 – β)× α]} × ε × Y                                                             

where: Y, yield of main crop product (Mg ha− 1 d.m.); α, harvest index 
of main crop product (seed, grain) relative to total aboveground 
biomass; β, root residue and exudate carbon (belowground C) as pro
portion of total net carbon assimilation; ε, carbon concentration in 
biomass (kg C Mg− 1 d.m.).

The parameter α was calculated based on the seed/grain yield and 
straw yield. The carbon content in plant biomass (ε) was determined 
using the ELTRA CHS 500 analyser (ELTRA GmbH, Germany) (Table 3). 
Only a portion of SOC is sequestered within a 100-year time horizon. In 
this study, it was assumed that 9.7 % of the net OC input was seques
tered (Petersen et al., 2013).

The analysis of greenhouse gas emissions also included EN_direct and 
EN_indirect. Direct emissions were associated with the transformation of 
nitrogen compounds delivered through crop residues and applied 
organic fertilizers. In contrast, EN_indirect were related to the nitrification 
and denitrification of nitrates leached into groundwater, as well as gases 
(NH3 and NOx) emitted and later deposited outside the cultivated field. 
It is estimated that in natural environments, up to 1 % of NH3 and NOx is 
converted into N2O. Nitrous oxide emissions were calculated using the 
method recommended by the Intergovernmental Panel on Climate 
Change (IPCC) (Eggleston et al., 2006).

Nitrate leaching was calculated using the nitrogen balance method, 
based on the nitrogen input from manure application, atmospheric ni
trogen deposition, annual net nitrogen mineralization in the soil, ni
trogen content in harvested biomass, and nitrogen gas emissions from 
the soil (NH₃, NOx, N2O, N2) (Alaphilippe et al., 2016; Krzyżaniak et al., 
2018; Parajuli et al., 2017a, 2017b). Emissions of NH3, NOx, Particulate 
Matter (as PM10, PM2.5) and Non-Methane Volatile Organic Compounds 
(NMVOC) were estimated using the indicator method recommended by 
the European Environment Agency (2023), while phosphate leaching 
from fertilizers was calculated based on the study by Iriarte et al. (2010)
(Table 4).

2.2.4. Life Cycle Impact Assessment
A life cycle assessment was performed with SimaPro 9.6 software. 

The environmental impact of the analysed production system (LCIA) 
was assessed with the ReCiPe 2016 v1.08 method. Impact categories 
were defined using the ReCiPe midpoint (H) method, and damage cat
egories were defined using the ReCiPe endpoint (H) method. In the 
midpoint method, environmental impacts were represented by 18 cat
egories: global warming, stratospheric ozone depletion, ionising radia
tion, ozone formation (human health), fine particulate matter 
formation, ozone formation (terrestrial ecosystems), terrestrial acidifi
cation, freshwater eutrophication, marine eutrophication, terrestrial 
ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human carci
nogenic toxicity, human non-carcinogenic toxicity, land use, mineral 
resource scarcity, fossil resource scarcity, and water consumption. 
Environmental damage was assessed in three categories: human health, 
ecosystems, and resources. To establish an uncertainty range in the 
calculated results, an uncertainty analysis was performed using Monte 
Carlo simulation with the number of runs fixed at 2000 as the stopping 
criterion.

3. Results

Life Cycle Impact Assessment (LCIA), based on the collected data and 
conducted using the SimaPro software, revealed that, due to nearly 
identical production inputs across all three cropping systems, the con
tributions of production processes were very similar (Fig. 2). In all 
cropping systems, field emissions had a significant environmental 
impact in eight impact categories, ranging from 18 % to 100 % of the 
contribution, in the global warming and marine eutrophication cate
gories, respectively. In the latter, phosphorus leakage from the fields 
accounted for the entire emission. In the other impact categories, the 

Table 1 
Seed yields from camelina and spelt cultivation systems in years 2022–2024.

Cultivation system Seed Yield (Mg ha¡1) Energy Yield (GJ ha¡1)

camelina sole (C) 1.46 ± 0.67 41.0 ± 16.9
spelt sole (S) 2.28 ± 1.39 42.6 ± 25.9
camelina intercropping (CI) 0.58 ± 0.28 16.1 ± 7.70
spelt intercropping (SI) 1.18 ± 0.83 21.9 ± 15.5
Total intercropping (CSI) 1.76 ± 0.36 38.0 ± 21.55

±standard deviation
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primary contributors were production processes related to soil and 
plantation management, primarily involving fuel use.

In sole cropping systems, the most notable impacts came from pro
cesses such as sowing, mechanical weeding, tillage with a cultivation 
unit, ploughing, and seed harvest (Figs. 2a and 2b). In contrast, in the 
intercropping system, the separation of camelina seeds from spelt after 
harvest also had a significant environmental impact. This process 
contributed more than 20 % in five impact categories and as much as 
64 % in the water consumption category. The seed separation process 
involved the use of electricity, which distinguished the intercropping 
system from the sole cropping systems.

In Fig. 3, the environmental impact of the cultivated crops was 
compared using three functional units. When calculated per 1 hectare, in 
16 out of 18 impact categories, the intercropping system had the highest 
environmental impact, compared with the sole cropping systems. Sig
nificant differences in environmental impact between sole cropping and 
intercropping were observed in five impact categories, where the impact 
was 20–65 % lower for sole cropping for marine ecotoxicity and water 
consumption, respectively (Fig. 3a). When calculated per 1 Mg of har
vested seeds, the sole camelina cultivation showed a higher impact in as 
many as 13 impact categories (Fig. 3b). The main difference, when using 
this functional unit, resulted from the lower camelina yield observed in 
the experiments compared with the other two cultivation systems 
(Table 1).

Given that camelina seeds and spelt grain serve different purposes, it 
was decided to compare the environmental impact of the cropping 
systems based on the energy value of the harvested crops. In this case, 

the highest environmental impact in all impact categories was observed 
for camelina and spelt intercropping (Fig. 3c). Interestingly, this impact 
was 6–68 % higher, and in eight categories over 20 % higher, despite 
similar production inputs for seed cultivation in both the sole cropping 
and intercropping systems. The supplementary material provides values 
for comparing cropping systems across MidPoint impact categories (Tab. 
S1-S3).

When calculated per hectare, camelina and spelt intercropping had 
the highest impact across all three damage categories of the ReCiPe 
EndPoint method: human health (0.0032 DALY), ecosystems 
(8.27 ×10− 6), and resources (66.3 USD2013) (Fig. 4a, Tab. S4). Sole 
cropping systems had slightly lower damage, by 6–9 percentage points 
in the human health category, 4–8 percentage points in ecosystems, and 
4 percentage points in resources. However, when calculated per 1 Mg of 
seeds, camelina sole cropping had the highest environmental damage 
(Fig. 4b, Tab. S5). Intercropping resulted 12–14 percentage points lower 
damage, while spelt cropping resulted 36–38 percentage points lower 
damage. If 1 GJ was used as the functional unit, intercropping, as in case 
of the MidPoint method, again displayed the highest environmental 
damage (Fig. 4c, Tab. S6). Sole spelt cropping had 11–13 percentage 
points lower damage, and sole camelina cropping had 14–19 percentage 
points lower damage.

The midpoint environmental impact assessment method consists of 
18 categories. Due to the complexity of presenting all of them, we 
decided to include only four in the results as part of the uncertainty 
analysis: global warming, freshwater eutrophication, terrestrial acidifi
cation, and terrestrial ecotoxicity. The results are presented for the 
functional unit of 1 hectare. The remaining impact categories and the 
results for three applied functional units are shown in Tables S1-S3.

Monte Carlo simulation showed that spelt and camelina intercrop
ping resulted in emissions of 860 kg ha− 1 CO2 eq. These values were 
97.6 and 128 kg ha− 1 CO2 eq. lower for sole camelina and sole spelt 
cropping, respectively (Fig. 5a). The use uncertainty analysis enabled 
the estimation of potential variability based on input data. The results 
showed that the coefficient of variation (CV) for global warming was 
57–61 %, and data for confidence interval (CI) at 0.95 ranged from 122 
to 155 kg ha− 1 CO2 eq. to 1622–1806 kg ha− 1 CO2 eq.

Table 2 
Data from field operations for sole camelina, sole spelt and camelina and spelt intercropping systems.

Operation Cropping 
system

Amount of 
processes

Machinery Machinery 
power (kW)

Machinery 
mass (kg)

Means of 
productions

Diesel use 
(kg)

Comments

Ploughing C/S/CSI 1 Case Maxum 140 + plough 
4 furrows Maschio 
Gaspardo

140 5845 + 1270 diesel 19.9 ​

Manure 
application

C/S/CSI 0.25 * Tractor Case Maxum 
140 + spreader Pichon 
M945

140 5845 + 5300 cow manure 40 
Mg, diesel

7.57 *Applied every 4 
years (means of 
production divided 
per 4 years)Limestone 

application
C/S/CSI 0.25 * Tractor Case Maxum 

140 + spreader Pichon 
M945

140 5845 + 5300 lacustrine lime 7 
Mg, diesel

3.60

Tillage, 
cultivation 
unit

C/S/CSI 1 Tractor Case Maxum 
140 + cultivation unit 
Batyra

140 5845 + 1500 diesel 13.2 ​

Sole sowing C/S 1 Tractor Case Maxum 
140 + combi drill unit 
Kverneland Amazone

140 5845 + 900 seeds: 8.3 kg (C), 
200 kg (S), diesel

17.9 ​

Camelina & 
spelt sowing

CS 1 Tractor Case Maxum 
140 + combi drill unit 
Kverneland Amazone

140 5845 + 900 seeds: 6.2 kg (C), 
140 kg (S), diesel

37,9 ​

Mechanical 
weeding

C/S/CSI 2 Tractor Case Maxum 
140 + weeding harrow 
Pressius

140 5845 + 1450 diesel 18.9 ​

Harvest C/S/CSI 1 Class Mercator 75 105 6000 diesel 19.3 ​
Transport C/S/CSI 1 Tractor Case Maxum 

140 + trailer Gromar
140 5845 + 1870 diesel 7.3 (C),11.4 

(S), 8,8 (CS) 
tkm*

*units tkm (tonnes 
transported per 
amount of kilometres)

Separation of 
seeds

CSI 1 Petkus cleaning and 
separation line

40 8530 unprocessed 
seeds, electric 
energy

2.5 ​

Table 3 
Empirically determined parameters of the C-TOOL model.

Cultivation 
system

Harvest 
index, α

Carbon concentration in biomass, ε (kg C 
Mg¡1 d.m.)

camelina sole (C) 0.34 ± 0.08 507.7 ± 25.4
spelt sole (S) 0.42 ± 0.09 502.3 ± 35.2
intercropping 

(CSI)
0.37 ± 0.06 507.5 ± 30.8
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In the freshwater eutrophication category, the intercropping system 
again had the highest impact (0.34 kg ha− 1 P eq.). For both sole crop
ping systems, these values were 0.10 kg ha− 1 P eq. lower (Fig. 5b). The 
CV was approx. 34 %, and results ranged from 0.08-0.18 to 
0.40–0.64 kg ha− 1 P eq.

In the terrestrial acidification category, the average values ranged 
from 23.2 to 24.1 kg ha− 1 SO2 eq. (Fig. 5d), for sole spelt and sole 
camelina cropping, respectively (CV 33–34 %). Variability of results 
within the CI ranged from 7.63-7.94 to 38.6–39.6 kg ha− 1 SO2 eq.

In the terrestrial ecotoxicity category, the intercropping system had 
the highest environmental impact (2936 kg 1,4-DCB ha− 1). In sole 
cropping systems, these values were lower by 283–308 kg ha− 1 1,4-DCB 
(Fig. 5d). The CV was 31–32 %, and the data range for the CI interval 

was from 1584-1748 to 4730–5340 kg ha− 1 1,4-DCB.
Table 5 presents the full results of the uncertainty analysis using 

Monte Carlo simulation, with outcomes obtained through the EndPoint 
method. The highest variability was observed in the human health 
category (CV 60.0–65.1 %), followed by ecosystems (CV 35.3–36.8 %), 
while the lowest variability was noted in the resources category (CV 
12.2–13.6 %).

Table 5. Results of uncertainty analysis for sole cultivation of cam
elina, sole cultivation of spelt and camelina and spelt intercropping 
(results per 1 hectare; ReCiPe 2016 EndPoint (H) V 1.08)

4. Discussion

When considering 1 hectare as the functional unit, the impact of the 
studied cropping systems did not differ significantly. One of the main 
reasons for this was the use of an organic farming system and its asso
ciated limitations (e.g., fertilizers, plant protection products, untreated 
seed material), as well as identical agricultural operations, differing 
slightly only in terms of sowing and transport. The most significant and 
noticeable difference between the sole cropping systems and the inter
cropping system was the seed separation process. In this case, its high 
contribution was related to the use of electricity. Apart from the high 
impact of electricity use on freshwater eutrophication and water con
sumption, it also contributed to an increase in greenhouse gas emissions. 
Electricity in the Polish energy mix is based on coal (60.3 % share in 
2023). By comparison, coal accounts for only 17.1 % of the energy mix 
in the EU (International Energy Agency, 2025). In all cropping systems, 
field emissions had a very high share: stratospheric ozone depletion 
(N2O emissions), terrestrial acidification (NOx and NH3), freshwater 
eutrophication (phosphates), and as much as 100 % in marine eutro
phication (nitrates). It can therefore be stated that the emission calcu
lations used in this study significantly supplemented the typical 
production process data in life cycle assessment and should be included, 
especially in low-input systems typical of organic agricultural means of 
production.

It should be noted that 1 hectare does not provide a comprehensive 
view of the environmental impact of a given crop or the products 
derived from it. However, in the case of agriculture, this unit is partic
ularly useful for drafting agricultural policies and for greenhouse gas 
(GHG) mitigation at regional and national scales. It is also crucial for 
estimating local and regional environmental emissions (e.g., local 
emissions to air, leakages into rivers or local water reservoirs). More
over, this unit provides stable values regarding crop management 
compared with seed yield and its energy content, which can vary 
depending on factors such as yield, variety, weather, soil, and growing 
conditions. However, the use of product-based functional units (e.g., 1 
Mg of seeds) allows for global comparison of similar products (Haas 
et al., 2000).

In our research, changing the functional unit to 1 Mg of seeds and 1 
GJ of energy contained in the seeds completely alters the results. Due to 
the lowest seed yield in sole camelina cultivation, the environmental 
impact of 1 Mg of camelina seeds is higher compared with other crop
ping systems. However, when calculated per 1 GJ, the intercropping 
system again shows the most unfavourable environmental impact. These 
results were surprising, as we assumed that despite the relatively low 
yield, though higher than in sole camelina cropping, only slightly higher 
inputs would yield a better outcome. This is related to the energy value 
of the spelt grain yield in the intercropping system, whose higher 
heating value (HHV) is lower than that of camelina seed. Caffrey and 
Veal (2013), in their review paper, noted that a number of studies found 
the choice of the functional unit to influence the results obtained. Due to 
the complexity of agricultural systems and the occurrence of multiple 
products, modelling these systems is challenging. This is confirmed by 
our findings, where the use of product-based FUs (1 Mg, 1 GJ) returned 
different results.

In our previous studies on camelina production in a conventional 

Table 4 
Additional parameters of the field emission model.

Crop Parameters Value Unit Source data and 
notes

Spring barley 
(reference 
crop)

Grain yield (Y) 
from organic 
farming

2.73 
3.23

Mg•ha− 1 d. 
m. 
Mg•ha− 1

(Feledyn-Szewczyk 
et al., 2020)

​ α 0.45 ​ Taghizadeh-Toosi 
et al. (2014)

​ β 0.17 ​ Taghizadeh-Toosi 
et al. (2014)

​ ε 460 kg C Mg− 1 

d.m.
Parajuli et al. 
(2017b)

C, S, CSI Biomass yield 
(Y)

see 
Table 1

​ This study

​ α see 
Table 3

​ This study

​ β 0.17 ​ Taghizadeh-Toosi 
et al. (2014)

​ ε see 
Table 3

kg C Mg− 1 

d.m.
This study

​ RAG 1.73 ​ This study
​ RBG 0.55 ​ This study
​ EFdefault for N2O 

from N 
leaching/runoff

0.0075 kg N2O-N 
kg− 1 N

Eggleston et al. 
(2006)

​ EFdefault for N2O 
from the other 
sources of 
nitrogen

0.01 kg N2O-N 
kg− 1 N

Eggleston et al. 
(2006)

​ NAD 5.34 kg ha− 1 N Liana (2023)
​ C:N ratio in soil 16.5 ​ This study
​ EFdefault for NH3 0.08 kg 

NH3•kg− 1 

Ninput

European 
Environment 
Agency (2023)

​ EFdefault for NOx 

(as NO2)
0.04 kg 

NO2•kg− 1 

Ninput

European 
Environment 
Agency (2023)

​ EFdefault for 
NMVOC

0.86 kg ha− 1 European 
Environment 
Agency (2023)

​ EFdefault for 
PM10 from soil 
cultivation

1.56 kg ha− 1 European 
Environment 
Agency (2023)

​ EFdefault for 
PM2.5 from soil 
cultivation

0.06 kg ha− 1 European 
Environment 
Agency. (2023)

​ EFdefault for 
phosphates 
leached 
following use of 
mineral 
fertilizers

0.01 kg PO4
3- 

kg− 1 

Papplied

Iriarte et al. (2010)

α: harvest index of main crop product relative to aboveground biomass; β: root 
biomass carbon as proportion of yield of main crop product; ε: concentration of C 
in biomass; RAG: ratio of above-ground residues dry matter to harvested yield d. 
m. for crop; RAG calculated from the formula: RAG = [(1/α) – 1]; RBG: ratio of 
below-ground residues dry matter to harvested yield d.m. for crop (root:shoot 
ratio); RBG calculated from the formula: RBG = {β/[(1- β)× α]}; EFdefault: default 
emission factor; NAD: nitrogen deposition with atmospheric precipitation.
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Fig. 2. The contribution of processes in sole cultivation of camelina (a), sole cultivation of spelt (b) and camelina and spelt intercropping (c) according to the ReCiPe 
2016 Midpoint (H) V 1.08 method.
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Fig. 3. Comparison of environmental impact of sole cultivation of camelina, sole cultivation of spelt and camelina and spelt intercropping per 1 hectare (a), 1 Mg of 
seeds (b) and 1 GJ (c) (ReCiPe 2016 MidPoint (H) V 1.08).
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Fig. 4. Comparison of environmental damage of sole cultivation of camelina, sole cultivation of spelt and camelina and spelt intercropping per 1 hectare (a) 1 Mg of 
seeds (b) and per 1 GJ of energy (c) (ReCiPe 2016 EndPoint (H) V 1.08).
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farming system, CO2 emissions amounted to 1468–1528 kg Mg− 1 CO2 
eq. or 25.1–26.9 kg GJ− 1 CO2 eq. for camelina cultivated in typical and 
reduced tillage system, respectively (Krzyzaniak & Stolarski, 2019).

Bacanetti et al. (2017a) determined the global warming impact of 
camelina seed production to be 1701 kg Mg− 1 CO2 eq. However, these 
studies did not include SOC changes. Tabatabaie et al. (2018) found that 
GHG emissions from camelina cultivation ranged − 16.7–1720 kg ha− 1 

CO2 eq. This study considered the effect of soil organic carbon changes, 
which resulted in either emissions or sequestration of SOC, depending 
on the field trial location. Similar values to our results were obtained by 
Krohn and Fripp (2012), approximately 650–950 kg ha− 1 CO2 eq., for 
low-input camelina cultivation (fewer fertilizers) and a typical scenario 
cultivation in the Midwestern United States, respectively.

Moeller et al. (2017) conducted an environmental assessment of 
oilseed production, including camelina, from seven different locations in 
the Northern Great Plains (USA). Camelina seed yields in their study 
ranged from 0.391 to 1.48 Mg ha− 1, while greenhouse gas emissions 
varied accordingly from 375.6 to 1330 kg CO₂ eq. Mg− 1, with an average 
value of 452 kg CO₂ eq. Mg− 1.

Another interesting study on the use of camelina was carried out by 
Berti et al. (2017), who investigated the environmental impact of 
monocultured maize (Zea mays L.) and soybean (Glycine max (L.) Merr.) 
cropping systems in comparison with double- and relay-cropping sys
tems involving camelina. The global warming potential (GWP) showed 
that winter camelina as a monocrop had a GWP of 579–922 kg CO₂ eq. 
per ha, or 530–840 kg CO₂ eq. per Mg of seeds, depending on the impact 

(a)
(b)

(c)
(d)

Fig. 5. Results of uncertainty analysis for sole cultivation of camelina, sole cultivation of spelt and camelina and spelt intercropping (results per 1 hectare; ReCiPe 
2016 MidPoint (H) V 1.08): a) global warming, b) freshwater eutrophication, c) terrestrial acidification, d) terrestrial ecotoxicity; whiskers represent confidence 
interval equal to 0.95: positive value 97.5 %, negative value 2.5 %.

Table 5 
Results of uncertainty analysis for sole cultivation of camelina, sole cultivation of spelt and camelina and spelt intercropping.

Damage category Unit Mean Median SD CV 2,5 % 97,5 %

Camelina
Ecosystems species.yr 7.95E− 06 7.89E− 06 2.80E− 06 35.26 2.04E− 06 1.33E− 05
Human health DALY 3.07E− 03 3.08E− 03 1.96E− 03 63.76 − 7.62E− 04 6.88E− 03
Resources USD2013 63.78 62.86 9.03 14.15 48.84 84.79
Spelt
Ecosystems species.yr 7.75E− 06 7.79E− 06 2.85E− 06 36.82 1.88E− 06 1.34E− 05
Human health DALY 2.97E− 03 2.96E− 03 1.94E− 03 65.13 − 9.95E− 04 6.63E− 03
Resources USD2013 63.75 63.13 8.70 13.64 48.69 82.81
Camelina & spelt intercropping
Ecosystems species.yr 8.32E− 06 8.48E− 06 2.95E− 06 35.47 2.35E− 06 1.38E− 05
Human health DALY 3.33E− 03 3.35E− 03 2.00E− 03 60.04 − 5.86E− 04 7.42E− 03
Resources USD2013 66.24 65.41 9.42 14.22 49.34 86.25
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assessment method used.
However, similarly to our study, the authors observed that inter

cropping increased greenhouse gas emissions compared to sole cropping 
of camelina, due to higher fuel consumption during agricultural opera
tions and increased nitrogen application rates. This also resulted in 
higher N2O emissions from applied fertilisers.

In another study (Li & Mupondwa, 2014) estimated that camelina 
production in the Canadian Prairies caused emissions ranging from 200 
to 390 kg CO₂ eq. Mg− 1 of camelina seed, with a yield obtained of 1.48 
Mg ha− 1. In that case, however, a lower nitrogen application rate of 
35 kg N ha− 1 was used. The above data indicate that in conventional 
agriculture, where synthetic fertilisers and crop protection products are 
used, crop production results in high emissions from both input pro
duction and field emissions during crop cultivation.

Global warming, reflected in CO2-equivalent emissions, is often 
highlighted as an environmental impact category for industrial oil or 
energy crops. However, in agricultural production, other environmental 
impact categories are also crucial. In this study, we additionally focused 
on categories such as freshwater eutrophication, terrestrial acidification, 
and terrestrial ecotoxicity, which we consider particularly relevant in 
agriculture, especially organic farming.

Bacenetti et al. (2017a) used a different impact assessment method 
(ILCD), but our results can be compared in terms of freshwater eutro
phication and marine eutrophication, as they are expressed in the same 
units as the ReCiPe MidPoint method used in our study. In the cited 
work, the environmental impact of camelina seed production in the 
freshwater eutrophication category amounted to 0.504 kg Mg− 1 P eq. In 
contrast, in our study, this value was 2.6–4.8 times lower for the inter
cropping system and sole spelt cultivation, respectively. For marine 
eutrophication, Bacenetti et al. (2017a) reported 50.37 kg Mg− 1 N eq., 
whereas our study found values that were 15–27 times lower. These 
differences may stem from the use of different LCIA methods but are 
more likely due to variations in field emission modelling and higher 
production inputs in the conventional system studied in the Italian 
research.

In the previously cited study by Moeller et al. (2017), freshwater and 
marine eutrophication potential for camelina cultivation were also 
assessed. The average values were 0.34 kg P eq. and 6.14 kg N eq. per 1 
Mg of camelina seed, respectively. It should be noted that a very low rate 
of nitrogen and phosphorus fertilisation was applied in this case: 5 kg N 
and 16 kg P2O5, respectively.

In the study by Berti et al. (2017), the cultivation of winter camelina 
resulted in a eutrophication potential of approximately 1.2 kg PO4 eq. 
ha− 1. In our study, this value was considerably lower—0.24 kg P eq. 
ha⁻¹ , equivalent to around 0.74 kg PO4 eq. ha− 1; roughly half the 
amount reported by Berti et al. A similar trend was observed for acidi
fication potential: in our study, it was 24.1 kg SO2 eq. ha− 1 for camelina, 
whereas in the above-mentioned study it was 48 kg SO2 eq. ha⁻¹ . For 
comparison, the acidification potential in maize and in double- and 
relay-cropping systems with camelina reached 100 kg SO2 eq. ha− 1, and 
eutrophication was 2.3–2.7 kg PO4 eq. ha− 1. However, the authors 
concluded that although double and relay cropping with camelina 
resulted in higher emissions than sole cropping systems, it increased net 
productivity, provided soil cover, and enhanced biodiversity.

A certain drawback of agricultural LCA is its reliance on data limited 
to a few replicates per factor and, most often, 3–5 years of field research. 
Furthermore, data on the means of production for agricultural opera
tions are available in even smaller quantities. This results in uncertainty 
in the LCA outcomes. SimaPro and the Ecoinvent database enable the 
use of Monte Carlo simulation, which allows for determining a probable 
range of results even when scarce data are available. In our study, the 
simulation showed very high variability in eight impact categories of the 
MidPoint method and moderate to very high variability in the ecosys
tems and human health categories of the EndPoint method. Having more 
specific data from own agricultural experiments could help reduce this 
variability. It should be noted that the life cycle assessment results for 

camelina intercropping presented here are only part of a broader study 
on intercropping systems with camelina conducted in Poland, Italy, 
Bulgaria, and Turkey. These studies addressed various aspects, including 
yield performance, seed quality, environmental and economic impacts, 
but primarily focused on developing an intercropping system tailored to 
the specific conditions of each location. The selection process considered 
the crops commonly grown in each country and their respective climate 
zones.

The effectiveness of these systems was studied over a three-year 
period, and the results can be considered preliminary, as there is still 
a need to refine intercropping techniques to improve yields and to 
further explore the selection of suitable species for intercropping with 
camelina. Undoubtedly, in organic farming, intercropping offers addi
tional ecosystem services, such as enhanced biodiversity, improved soil 
cover, and the potential to achieve higher overall productivity per unit 
area.

5. Conclusions

The life Cycle Assessment indicated that camelina and spelt culti
vation in the intercropping system did not show environmental benefits 
compared with the sole cropping systems, due to low seed and energy 
yields per hectare. However, the results demonstrate that, compared 
with conventional farming systems, organic camelina and spelt inter
cropping (and also sole cropping system) have a lower environmental 
impact. Moreover, the LCA of the studied cropping systems revealed that 
field emissions and electricity use are among the factors significantly 
affecting the environment. While the potential to reduce field emissions 
is limited, in the case of electricity, it is important that the energy mix is 
supplemented with as much renewable energy as possible. One draw
back that could be improved is the limited amount of data collected in 
these systems for LCA purposes. Therefore, it is worth continuing similar 
studies on camelina intercropping to enable more accurate analyses and 
reduce uncertainty in the results.
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M. Krzyżaniak et al.                                                                                                                                                                                                                           Industrial Crops & Products 231 (2025) 121198 

10 



Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.indcrop.2025.121198.

Data availability

Data will be made available on request.

References

Alaphilippe, A., Boissy, J., Simon, S., Godard, C., 2016. Environmental impact of 
intensive versus semi-extensive apple orchards: use of a specific methodological 
framework for Life Cycle Assessments (LCA) in perennial crops. J Clea. Prod 127, 
555–561.

Bacenetti, J., Restuccia, A., Schillaci, G., Failla, S., 2017a. Biodiesel production from 
unconventional oilseed crops (Linum usitatissimum L. and Camelina sativa L.) in 
Mediterranean conditions: Environmental sustainability assessment. Renew. Energy 
112, 444–456.

Bacenetti, J., Restuccia, A., Schillaci, G., Fiala, M., Failla, S., 2017b. Life cycle assessment 
of flax and camelina for biodiesel production in Sicily (southern Italy). Chem. Eng. 
Trans. 58, 481–486.

Bartczak, P., Ejm, W., Bacik, O., Przybylska-Balcerek, A., Borysiak, S., 2024. Camelina 
sativa (L.) Crantz straw and pomace as a green filler for integral skin polyurethane 
foam. Ind Crop. Prod 222, 119931. https://doi.org/10.1016/j.indcrop.2024.119931.

Berti, M., Gesch, R., Eynck, C., Anderson, J., Cermak, S., 2016. Camelina uses, genetics, 
genomics, production, and management. Ind Crop. Prod 94, 690–710.

Berti, M., Johnson, B., Ripplinger, D., Gesch, R., Aponte, A., 2017. Environmental impact 
assessment of double- and relay-cropping with winter camelina in the northern Great 
Plains, USA. Agric. Syst. 156, 1–12.

Brooker, R.W., Bennett, A.E., Cong, W.-F., Daniell, T.J., George, T.S., Hallett, P.D., 
Hawes, C., Iannetta, P.P.M., Jones, H.G., Karley, A.J., Li, L., McKenzie, B.M., 
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Krzyżaniak, M., Stolarski, M.J., Warmiński, K., 2018. Life cycle assessment of Virginia 
mallow production with different fertilisation options. J Clea. Prod 177, 824–836.
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