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A B S T R A C T   

Crambe (Crambe abyssinica Hochst. ex R.E.Fr.) is a drought-tolerant, non-edible annual oil crop with low 
fertilization needs, and there are compelling opportunities for crambe to capitalize on market growth in natural 
cosmetics and the regional sustainability. It is therefore proposed for cleaner biomass production on marginal 
land, and the development of novel value chains and webs in rural areas. Therefore, this study assesses the 
prospects for growing and processing crambe in the Swabian Alb, a rural area in southwestern Germany large 
parts of which are characterized by marginal shallow stony soil. A literature review, stakeholder questionnaires, 
and a SWOT analysis were used to assess crambe’s potential in the region. This informed a locally adapted value 
web, which combines multiple value chains and stakeholders into one interlinked diagram showing present 
potential valorization opportunities for crambe in the region. However, it was found that it is not currently 
possible to implement a value web for crambe in the Swabian Alb. Instead, a single value chain involving 
farmers, cosmetics companies, and biogas plants is possible. To expand this value chain opportunity into a value 
web, more information is needed for all stakeholders. European Innovation Action projects could help by 
providing more information about crambe cultivation and by ensuring ecologic and social sustainability. Eco-
nomic sustainability, however, will require the involvement of other stakeholders in the value web, so that 
supply matches demand. Local institutions and networks can share knowledge to grow the currently possible 
value chain into a broader value web. This approach could also be used in other regions to assess the sustain-
ability of novel biobased value chains across social, economic, and environmental dimensions.   

1. Introduction 

Humanity is unequivocally experiencing disruptions from anthro-
pogenic climate change (Pörtner et al., 2022). Rising temperatures, 
altered precipitation cycles, and extreme events affect agriculture 
(Pörtner et al., 2022). Parallel to these environmental hardships, the 
population is increasing; demographers anticipate the world’s popula-
tion will exceed 9,700,000,000 in 2050 (United Nations Department of 
Economic and Social Affairs). In light of these challenges affecting both 
supply and demand of biomass, it is imperative that global societies 
optimize biomass production and use without limiting the ability of 

future generations to create and consume (Fritsche et al., 2020; Marting 
Vidaurre et al., 2020; Panoutsou et al., 2022). Indeed, sustainability, 
described by the United Nations (UN) as “meeting the needs of the present 
without compromising the ability of future generations to meet their own 
needs”, is critical to solving these interlocking crises (World Commission 
on Environment and Development, 1987). Hence, beyond maximizing 
profits, sustainability works across economic, social, and ecologic di-
mensions (Fritsche et al., 2020; Kleine and von Hauff, 2009) and needs 
careful consideration by policy makers (Clifton-Brown et al., 2023; 
Panoutsou et al., 2021). 

Against this backdrop, the bioeconomy framework (Fritsche et al., 
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2020; Lewandowski, 2018) is helpful for considering sustainable 
biomass flows that not only aim at meeting economic demands but also 
ensuring that social-ecological challenges are dealt with in a positive 
way (Marting Vidaurre et al., 2020; Von Cossel et al., 2019a). The bio-
economy is defined as “the production, utilization, conservation, and 
regeneration of biological resources, including related knowledge, science, 
technology, and innovation, to provide sustainable solutions (information, 
products, processes and services) within and across all economic sectors and 
enable a transformation to a sustainable economy” (Teitelbaum et al., 
2020, p. 9). Thus, sustainability in its broader sense (economic, social 
and ecological) is core to the idea of the bioeconomy; some biobased 
resources are produced and used while others are conserved and re-
generated (Von Cossel et al., 2019b). Furthermore, the bioeconomy, 
combined with circular economic principles (Romero-Perdomo et al., 
2022; Stahel, 2016) and cascading use of sustainably produced bio-
masses (Keegan et al., 2013), can help advance climate change adap-
tation and mitigation (European Commission Directorate-General for 
Research and Innovation, 2019; Pörtner et al., 2022). 

The European bioeconomy is already a growth engine, providing 
about 9% of jobs in the European Union’s 27 (EU-27) member countries 
and about 4.7% of the EU-27’s Gross Domestic Product (Fritsche et al., 
2020). However, further research and innovation are needed to meet the 
ambitious climate targets of the European Union (EU). In this course, 
Horizon Europe, an EU research and innovation funding program, 
dedicates about ten billion euros over six years towards studies on 
bioeconomy, food, and natural resources (European Commission 
Directorate-General for Research and Innovation, 2023). One of the 
projects already funded under Horizon Europe is the MIDAS project 
(‘Utilization of Marginal lands for growing sustainable industrial crops 
and developing innovative bio-based products’; Grant Agreement 
Number: 101082070) (Alexopoulou et al., 2023; MIDAS, 2023), part of 
which laid the groundwork for this study. 

1.1. Biodiversity-friendly and climate-resilient non-edible crop cultivation 
on marginal land 

The McKinsey Global Institute (New York City, New York, United 
Stated of America) estimates that “as much as 60 percent of the physical 
inputs to the global economy could, in principle, be produced biologically” 
(Chui et al., 2020). However, agricultural systems are increasingly 
exposed to the negative effects of biodiversity loss (Altieri, 1999; Gas-
cuel-Odoux et al., 2022; Tscharntke et al., 2005) and climate change 
impacts (Pörtner et al., 2022). Other studies therefore outline the 
importance of additional ecosystem services than providing physical 
input (biomass) such as climate regulation, water purification, flood 
control, and habitat functioning (de Groot et al., 2012; Power, 2010; 
Von Cossel et al., 2020) as well as avoiding land use conflicts with food 
crop cultivation (Von Cossel et al., 2019b). Therefore, MIDAS promotes 
the use of marginal land for the biodiversity-friendly and 
climate-resilient cultivation of non-edible industrial crops and the 
development of innovative bio-based products (Alexopoulou et al., 
2023; European Commission, 2022; MIDAS, 2023) by building on the 
results of both previous and ongoing projects (BECOOL, 2023; Beon-
NAT, 2023; BIKE, 2023; FIBRA, 2015; FIRST2RUN, 2019; FORBIO, 
2018; GOLD, 2023; GRACE, 2023; LIBBIO, 2021; MAGIC, 2021; MUL-
TIHEMP, 2017; OPTIMISC, 2016; PANACEA, 2021; SEEMLA, 2018; 
SUNLIBB, 2014). MIDAS, therefore, seeks to leverage marginal land, 
non-edible industrial crops, novel biodiversity-friendly cropping sys-
tems, and biobased products to support the European bioeconomy to 
build innovative value chain and webs while including social and 
interdisciplinary approaches “to work with farmers and for farmers” 
(Alexopoulou et al., 2023; MIDAS, 2023). 

Dedicated to this purpose, MIDAS conducts large-scale field trials 
(hereafter referred to as “field trials") on marginal land in Central and 
Southern Europe and works closely with regional advisory groups 
composed of farmers and other potential stakeholders. One of these field 

trials is located in the German Swabian Alb region and is being super-
vised by researchers from the University of Hohenheim (UHOH, 2023). 
Here, UHOH is working to (i) increase the technological readiness level 
of different value chain components derived from a novel strip cropping 
system using annual and perennial non-edible crops, and (ii) to 
communicate the results and findings to local stakeholders based on the 
regional advisory groups and beyond (Alexopoulou et al., 2023; MIDAS, 
2023). In addition, UHOH seeks to gain insights into the potential 
social-ecological benefits of this novel cropping system, with a partic-
ular focus on the promotion of biodiversity. 

Vegetable oils are required in particular due to their good usability 
for different applications (Cavalheiro et al., 2023; Pawar et al., 2022), of 
which many, such as cosmetics or special chemicals, are in the 
high-value sectors (Alexopoulou et al., 2023; MIDAS, 2023). However, 
these are scarce and expensive compared to starch, sugar, or lignocel-
lulose. Therefore, this study focuses on the annual oil-delivering crop 
crambe. For crambe, many unanswered questions arose early on 
regarding its suitability for large-scale cultivation in the Swabian Alb 
region (Reinhardt et al., 2022), from which the research questions for 
this study were derived as follows. 

1.2. Research question and relevance of the work 

The goal of this research is to assess the prospects of crambe grown 
and processed in the Swabian Alb region, Southwest Germany (Fig. 1). 
In the MIDAS project, agronomic innovations are combined with in-
dustrial and social goals including value network mapping (in the 
following referred to as ‘value web mapping’). Value web mapping 
should enable (i) strategic pivots and targeted policies that support 
sustainable agricultural development, and (ii) a better utilization of the 
potential of farmers and the industry (Dentoni et al., 2022). Key friction 
and traction points can be uncovered, and resources can be more effi-
ciently used and shared. Therefore, this research aimed at mapping the 
value web of crambe, thereby providing regional and social contexts 
relevant to crambe growth and conversion into economically valuable 
products in the Swabian Alb. 

2. Method 

For the field trial, a randomized block design with 12 m by 30 m plots 
(four replicates) was used. Each block consists of a total of four plots, 
with one plot on the far left or far right (random selection) of the block 
planted with miscanthus (Miscanthus × giganteus Greef et Deuter), while 
the other three plots per block were assigned three non-edible annual 
industrial crops grown in crop rotation (Fig. 1). These annual crops are 
crambe (Crambe abyssinica Hochst. ex R.E.Fr.), fiber hemp (Cannabis 
sativa L. var. FUTURA 83) (Hempoint, 2022), and yellow melilot 
(Melilotus officinalis L.). 

To achieve this study’s main goal, a value web for crambe produced 
and processed was informed by a literature review, an open-ended 
questionnaire for stakeholders, and a strengths, weaknesses, opportu-
nities, and threats (SWOT) analysis. 

Biomass production from crambe, the initial step of the crambe value 
generation process, involves many other stakeholders in using and 
valorizing crambe resources. Generally, complicated relationships exist 
between those providing biomass (primary producers) and those using it 
(intermediate producers and consumers). The idea of a value chain, 
pioneered by Michael Porter in the 1980s, helps conceptualizing the 
interdependencies between actors, processes, and products from culti-
vation to consumption. Kaplinsky and Morris (2001) describe a value 
chain as “the full range of activities which are required to bring a product or 
service from conception, through the different phases of production (…), 
delivery to final consumers, and final disposal after use.” 

In an agricultural context, the value chain development for a crop 
like crambe includes provisioning inputs (seeds, fertilizers, crop pro-
tection products, fuel and machinery); drying, milling, or processing 
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plants; transporting to intermediate producers; marketing to consumers; 
and recycling of waste which are embedded in a local system (Wohlfahrt 
et al., 2019). This complexity inherent to modern value chains has led to 
the conception of a value web or a value net. Value webs have non-linear 
linkages and join several value chains into one network (Ricciotti, 
2020). Instead of focusing on one product and one value chain, value 
webs allow pathways for multiple products to be visualized in one sys-
tem (Scheiterle et al., 2018). Value webs also unveil social and regional 
contexts that affect economic outcomes (Virchow et al., 2016). Actors 
work together in surprising ways to move products along the value web; 
actions taken upstream in the value web may affect downstream actors 
like final producers and consumers. In sustainable agriculture, value 
webs are strategic tools that show whole crop use, via cascading path-
ways which eliminate waste, to maximize value (Lewandowski, 2017). 
Value webs, therefore, are key tools in building a sustainable bio-
economy (Scheiterle et al., 2018). 

A literature review is foundational to the work; it provided agro-
economic data about crambe and socio-economic data about the Swa-
bian Alb and its industries. The main Scopus® search string used for 
compiling data on crambe was: ‘(TITLE-ABS-KEY (crambe)) AND 
(abyssinica)’. The search time interval was May to June 2023, and 
documents found in the reference lists of the identified documents were 
also considered. Further, four major stakeholder groups were identified 
as playing crucial roles in crambe cultivation and valorization within the 
Swabian Alb: (1) regional sustainability officials (regional governance), 
(2) local industries, (3) academia, and (4) farmers. This selection of 
stakeholder is similar to those selected by Boulestreau et al. (2022) who 
investigated coupled innovations induced by a change of farming 
practices in a European country. For each stakeholder group, in-
dividuals, institutions, and/or companies were contacted (Supplemental 
material A). Potential interviewees received up to five questions about 
crambe and their understanding of its prospects in the region; questions 
were tailored to each stakeholder group. Most responded, and a com-
plete list of our contacted stakeholders can be found in Table 1. The 

selected stakeholder received questionnaires with an open set of ques-
tions (maximum five); open questions were chosen to allow free and 
independent answers. The questionnaires, as well as the contact with the 
stakeholders, were conducted in German. Stakeholders were given 
approximately three weeks to respond, with follow-up emails and calls 
to encourage them to answer. The answers were translated into English 
using DeepL (DeepL SE, Cologne, Germany) and discussed as a group. 
During the discussion, the answers were summarized, and the most 
relevant aspects were highlighted to better inform the SWOT analysis. 
This method was applied to gain information about the social and 
regional environment in the Swabian Alb as well as to find out about the 
stakeholder’s attitude towards the development of a regional crambe 
value web. Furthermore, this complemented the research’s sustainabil-
ity focus and added new perspectives to the SWOT analysis, making it 
more realistic and comprehensive. 

Parallel to the questionnaire, a preliminary value web was created 
based upon the findings from literature. To test the preliminary value 
web for reasonability and practicality, a SWOT framework was applied. 
SWOT analysis, a tool primarily used in business to assess competition 
and develop strategy, assesses a project’s status quo as well as potential 
optimization measures. The preliminary value web was evaluated using 
the SWOT framework to elaborate and compare the status quo in the 
Swabian Alb with the potentials of crambe. Strengths, weaknesses, op-
portunities, and threats were identified based on the results of the in-
terviews. Finally, the findings from literature, stakeholders, and analysis 
were combined to adapt the potential value web to fit to the current 
local conditions. The “currently possible” value web includes economic, 
social, and ecologic aspects, thereby providing a view from a sustainable 
perspective on the potential value of crambe for the Swabian Alb. 

3. Results and discussion 

In this section, the research results of crambe and its bioeconomic 
relevance as well as information about the Swabian Alb are presented. 

Fig. 1. Location of the field trial of the University of Hohenheim (UHOH) shown by satellite images from 200 km (A), 20 km (B, highlighting the region ‘Swabian 
Alb’), 100 m altitude (C), and drone image (D, about 40 m altitude). The drone image also shows the crop assignment to the plots in vegetation year 2023 for hemp 
(Cannabis sativa var. FUTURA 83) (D1), crambe (Crambe abyssinica Hochst. ex R.E.Fr.) (D2), yellow melilot (Melilotus officinalis L.) (D3), miscanthus (Miscanthus ×
giganteus Greef et Deuter) (D4), and the reference field cultivated with extensively managed grassland (D5). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Further, the potential value web is described, and the SWOT framework 
is used to assess competitiveness. 

3.1. Characteristics and cultivation practices of crambe 

Crambe is as drought-tolerant (Moura et al., 2018) and low 
fertilizer-demanding (Costa et al., 2019; Jankowski et al., 2022) oilseed 
crop from the Brassicaceae family (FNR, 2001; Pushkarova and Yemets, 
2022). Crambe consists of 20 species (Samarappuli et al., 2020). How-
ever, mainly C. abyssinica is of agricultural interest (FNR, 2001; Push-
karova and Yemets, 2022). It originated in the Ethiopian plateaus and 
spread across the Mediterranean and the globe (Samarappuli et al., 
2020). Nowadays crambe is grown in the Americas, Asia, Europe, and 
tropical and sub-tropical Africa (Zhu, 2016). It is a cool season crop, 
tolerant to temperatures down to − 5 ◦C (Zanetti et al., 2016). Even 
though it originated in high plateaus, the plant grows from 0–2000 m 
above mean sea level (Berzuini et al., 2021). The plant can adapt to 
various precipitation ranges from 350–1200 mm cumulative annual 
precipitation, but usually 100–150 mm of precipitation is sufficient from 
sowing to harvest to fulfill its needs to maximize yield, meaning it can be 
considered a drought-tolerant crop (Berzuini et al., 2021). 

Crambe requires coarse to fine textured soil, with slightly acidic to 
neutral pH, and it is deemed suitable for poor soil conditions (Costa 
et al., 2019; Jankowski et al., 2022). Crambe also tolerates a range of 

salinities (Costa et al., 2019; FNR, 2001). Good soil drainage is impor-
tant, therefore, locations with heavy, waterlogged soils should be 
avoided (Von Cossel et al., 2019b). Crambe farming started in 1933 in 
the Union of Soviet Socialist Republics (USSR) and in the 1940s in the 
United States of America (USA). Today, about 10,000 ha of crambe are 
being cultivated in North Dakota alone (Samarappuli et al., 2020). 

3.1.1. Morphology and physiology 
Crambe is an annual herbaceous species (Fig. 2), with an average 

height of 1.00–1.20 m (Zhu, 2016). The height might vary due to growth 
conditions like soil fertility, soil depth, sowing time, and plant density 
(Samarappuli et al., 2020). Crambe roots reach down up to 1 m into the 
soil under normal conditions (Ionov et al., 2013), and crambe can adapt 
the root architecture via increasing the distribution of roots in the soil to 
withstand dry conditions (Moura et al., 2018). The overall growth is 
erect with numerous branches (Zhu, 2016). The cotyledons are 
heart-shaped, while after maturing the leaves are oval, smooth-surfaced, 
and light green (Samarappuli et al., 2020). The plant produces small 
white to light yellow-colored flowers distributed racemically, which are 
mostly self-pollinated, with a rate of cross-pollination of about 30% 
(Fig. 2-B). The pods change from green to yellow brown during matu-
ration (Fig. 2-C). They are small with a diameter of 0.8–2.6 mm (Fig. 2G 
and H). They are formed in circular siliques, which are indehiscent. The 
thousand grain weight lays between 6 and 10 g, and the dry matter grain 
yield of crambe ranges from 1579 ± 819 (in Southern Europe) to 2990 
± 260 kg ha− 1 (in Northern Europe) (Samarappuli et al., 2020). 

With a base temperature of 5 ◦C, the required growing degree day 
(GDD) lays between 1300 and 1500 ◦C d (Berzuini et al., 2021; Costa 
et al., 2019). It has a rather short growth cycle; the harvest takes place 
around 90–110 days after sowing (Samarappuli et al., 2020). 

3.1.2. Cultivation 
Crambe cultivation cycle begins with sowing. Due to the seeds’ small 

size, the bed needs to be firmly well-packed (FNR, 2001). The soil should 
be kept weed-free since the plant develops slowly in the first four weeks 
after emergence (Samarappuli et al., 2020). To reduce the competition 
with weeds, early sowing in spring is crucial, as well as optimal row 
spacing and sowing rates and dates. Cold and early establishment usu-
ally increases seed yields but slows down the emergence process (FNR, 
2001; Zanetti et al., 2016). In addition, early sowing shortens the time 
between flowering and seed maturity. The seeds can be broadcasted or 
in rows; throughout cultivation inputs need to be considered. Even 
though crambe has low nutrient requirements, the yield can be 
increased with precise fertilizing, with phosphorous for example (FNR, 
2001). Nitrogen fertilization of up to 120 kg N ha− 1 (Klaus and 
Makowski, 1996) increases the plant growth (because of higher sodium 
availability). Some studies reported a decrease of seed oil content and 
changes the fatty acid composition at the expense of the erucic acid 
content with increasing N fertilization (FNR, 2001; Jakob et al., 1999) 
whereas other studies report no effects of N fertilization on oil content 
and fatty acid composition (Klaus and Makowski, 1996). For phytosa-
nitary reasons, however, the amount of nitrogen fertilizer should not 
exceed the site-specific optimum, as this could lead to changes in 
planting density and humidity within the microclimate of the plant 
stands in which Sclerotinia sclerotiorum Lib de Bary infections could 
follow (Samarappuli et al., 2020). 

Regarding plant protection, there are no major pests reported to 
affect crambe mainly due to high contents of glucosinolates (Anderson 
et al., 1992; Zanetti et al., 2016). However, diseases, like turnip yellow 
mosaic virus and black spot, need to be considered (FNR, 2001). The 
latter can be prevented by treating the seeds before sowing. As with 
other Brassicaceae, a long interval in the crop rotation is an important 
measure to protect against soil-borne diseases (FNR, 2001). Crambe has 
a low weed suppression potential so that weed management is necessary 
(Costa et al., 2019). 

The growing cycle ends at harvest, which should begin after the last 

Table 1 
Stakeholders contacted for input about the prospects of crambe in the Swabian 
Alb, Southwest Germany. For those who have not yet responded, the intention is 
to be able to collect their opinions in the further course of the project.  

Stakeholder 
category 

Stakeholder name Description 

Regional Offices 
and 
Institutions 

BIOPRO Baden- 
Württemberg GmbH (http 
s://www.bio-pro.de/) 

State organization, promoting 
the transformation of economy 
and society focusing on 
bioeconomy 

Landratsamt Alb-Donau- 
Kreis (https://www.alb-d 
onau-kreis.de/startseite. 
html) 

Central contact point for the 
bioeconomy at the Alb-Donau 
district administration office 

Industry – Fibers Fiber industry stakeholder 1 
a 

International company 
producing plant fiber products 

Fibers365 GmbH (htt 
ps://fibers365.com/) 

Producing non-wood virgin 
fibers for paper and packaging 
purposes as well as high value 
side streams 

Industry – 
Cosmetics 

Dr. Hauschka by WALA 
Heilmittel GmbH (https:// 
www.drhauschka.de/) 

Well-established natural 
cosmetic company 

Seifenreich Naturkosmetik 
Manufaktur (https://www. 
seifenreich.com/) 

Natural cosmetics company 
producing soaps and other 
body care products 

Duschbrocken GmbH (https 
://duschbrocken.de/) 

Start-up selling shower bars 
and other solid cosmetic 
products 

Academia Hochschule Albstadt 
Sigmaringen (https://www. 
hs-albsig.de/) 

Applied University, with 
strong innovation in 
sustainable engineering 

Hochschule Reutlingen 
(https://www.reutlinge 
n-university.de/) 

Applied University with strong 
innovation in textiles (fibers) 

Farmers Lauteracher Alb-Feld- 
Früchte (https://lauteracher 
.de/) 

Farmers cooperation in the 
Swabian Alb focusing on 
cultivation and marketing of 
organic crops 

Farmers 1–3 a Three individual farmers from 
the Swabian Alb  

a Anonymized at the request of the stakeholder. 
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seed baring branch starts tanning (Samarappuli et al., 2020). Usually, 
the seed moisture level is decreased below 10% (Samarappuli et al., 
2020). A combine harvester used for cereals can be used for crambe 
(FNR, 2001). Due to the heterogeneity of the crambe plants and stands, 
the harvesting costs are the highest costs in crambe cultivation (FNR, 
2001). To avoid post-harvest seed losses, which are due to the small size 
and the low bulk density, transport and storage units must be lockable so 
that no seeds can fall out (Samarappuli et al., 2020). 

3.2. Bioeconomic relevance of crambe 

3.2.1. Historical data on crambe cultivation 
Even though crambe is still not cultivated or used widely now, it is 

not the newest biomass for studying. Research on crambe started around 
the 1930s. Crambe has experienced cyclic interest from the scientific 
community, with peaks of research occurring in the 1960–70s, late 
1990s, and early 2010s (Fig. 3). In the late 20th century, there were 
significant improvements in the oil yield of non-edible rapeseed, so 
called high erucic acid rapeseed (HEAR). HEAR became more econom-
ically competitive than crambe, and crambe research declined (Hebard, 

Fig. 2. Impressions of crambe growing on a shallow stony soil in the Swabian Alb, Southwest Germany. After about a month and a half of development of the rosette 
of leaves on the ground (A) begins flowering (B), which can last for several weeks. The leaves that grow on the stalk (C), which is about 80 cm long (D), fall off 
completely until harvesting (E), so that the grains can be harvested without any problems using conventional technology (comparable to rapeseed harvesting 
technology) (F) with dry matter grain yields ranging from 1579 ± 819 (in Southern Europe) to 2990 ± 260 kg ha− 1 (in Northern Europe) (Samarappuli et al., 2020). 
However, the pods sit loosely on the stalk (G), so that harvesting should not be delayed too long, otherwise there may be increased grain loss before and during 
harvesting. Each crambe seed is enclosed in a spherical pod, about 2 mm in diameter (H). On average, about 2–4 Mg of straw are produced per hectare (I), which can 
either remain in the field or be used for bioenergy production. Crambe rooted about 12 cm deep under shallow soil conditions (J), so only relatively low nitrogen 
replenishment from mineralization processes can be expected. 

Fig. 3. Overview of documents listed in Scopus since 1950 until October 2023, featuring the annual total number of documents (blue bars), annual number of 
documents focused on crambe (black dotted line), and the relation of the annual number of documents focused on crambe to the annual total number of documents 
(multiplied by 106 for a better visualization) (red solid line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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2016). However, the high erucic acid content, the low-input charac-
teristics and the high tolerance against environmental challenges such as 
droughts make crambe a compelling crop for social-ecologically more 
sustainable biobased value chains (Costa et al., 2019; Moura et al., 2018; 
Samarappuli et al., 2020). Nowadays, research on crambe is mainly 
done in the USA, Europe, and Brazil (Berzuini et al., 2021). 

3.2.2. Valorization of crambe and its products 
Crambe biomass can be used by several industries, however, each 

industrial product has different economic value. According to the report 
by Future Market Insights, the market size of crambe oil is 11 billion 
USD in 2022 and will grow to 28.4 billion USD by 2032 (Future Market 
Insights, 2022). 

Fig. 4 depicts a common concept of the bioeconomy (Donner et al., 
2020; Lange et al., 2012). The pyramid shows the different economic 
values of each type of biobased product. It shows the upward increasing 
economic value, which is combined by the pyramid shape with the 
amount of biomass needed for each industry. As shown in Fig. 4, the 
most valuable usage of biomass is for pharmaceutical use. The cosmetics 
industry gives the second highest value to biomass; transforming 
biomass into energy and heat is the lowest valorization. 

Based on this principle, crambe can be valorized by determining 
what kind of products are possible from each crop fraction. The most 
valuable part of the crambe plant is the seed; as an oil crop, crambe seed 
is suitable for oil extraction (Cavalheiro et al., 2023). Crambe oil has a 
unique fatty acid composition, containing up to 65% erucic acid (Righini 
et al., 2016). The concentration of erucic acid in crambe oil is even 
higher than non-edible HEAR (High Erucic Acid Rapeseed), which has 
up to 50–55% erucic acid (Righini et al., 2016). The contents of oleic, 
linoleic, and linolenic acids are therefore much lower, between 5 and 
17%, in crambe oil (Righini et al., 2016). The unsaponifiable matter 
content is about 2%. Having a high content of erucic acid makes crambe 
oil toxic for food or animal feed but useful for many other purposes such 
as cosmetics, lubricants, and biofuels (Alexopoulou et al., 2023; Cav-
alheiro et al., 2023). 

Cosmetics companies use crambe oil in skin or hair care products like 
shampoo and face cream. In these products, pure crambe oil by cold- 
press is often used as an ingredient for anti-aging and skin-repairing 
purposes. These are the highest valued products from crambe, as indi-
cated by the purchase cost of crambe seed oil products of around USD 50 
kg− 1 (Nature in Bottle, 2023). In Germany, most of the existing products 
with crambe oil on the market are natural cosmetics. For example, 
Lavera (Laverana Digital GmbH & Co. KG, Wennigsen, Germany), a 
natural cosmetic company, has several products containing crambe oil 
including moisturizer and serum (Lavera Naturkosmetik, 2023a, 
2023b). 

Crambe oil is thermostable; its chemical structure makes it suitable 
for use as an industrial lubricant, especially for chainsaws (Lazzeri et al., 

1994). Erucic acid, which can be distilled from crambe oil, is used in 
various industries (Glaser, 1996; Leonard, 1992) (Table 2). However, 
since there is not much crambe cultivation on a commercial scale in the 
EU, erucic acid from crambe seeds is not the main resource for most of 
the applications yet. As with other bio-oils, crambe oil can also be used 
as biofuel. 

After oil extraction, producers are left with a press cake, also called 
crambe meal. This meal contains a lot of protein and fiber. But it cannot 
be used as animal feed because single-stomached animals, such as swine 
and poultry, can develop toxicity problems from ingesting press cake 
from crambe seed oil extraction processing (Carlson and Tookey, 1983). 
Against, the protein could be used to produce biobased plastic materials 
(Newson et al., 2013). Following Walker (1996), the toxicity of the 
crambe seed cake could also be used for biobased plant protection 
measures such as nematicide and herbicide purposes. Negative effects 
on crop growth reported by Walker (1996) were not later confirmed 
(Tarini et al., 2020). On the contrary, Tarini et al. (2020) showed a 
positive effect of the application of seed cake extracts on crambe growth. 

The residual parts of crambe, including stems (straw), leaves (part of 
the straw), and roots, are not valorized in the current bioeconomy. 
However, as with other crops, the crambe straw (lignocellulose biomass) 
could be used within the bioeconomy, for example, for bioenergy 
(Krzyżaniak et al., 2020) or left on the field as green mulch. It must be 
noted that these fibrous products have lower value than the oil products 
mentioned above. To sum up, crambe biomass could provide many types 
of valuable products at once, so that further research into practical ap-
plications would be very useful in order to better exploit the potential of 
this non-edible crop. 

3.2.3. Ecosystem services 
Besides economic value, crambe provides social and ecological 

value, too, such as provisioning, habitat, and regulating services to 
ecosystems. Regarding provisioning services, crambe provides oil for 
industry, feed for pollinators and increases the soil water infiltration rate 
(Zanetti et al., 2016). Moreover, it can act simultaneously as habitat for 
pollinators and other (beneficial) insects (Samarappuli et al., 2020). 
Most of crambe ecosystem services are regulating services; these include 
carbon sequestration, soil fertility improvement due to phytosanitary 
properties (FNR, 2001; Zanetti et al., 2016) and phytoextraction of 
heavy metals (e.g. Pb, Cd) from the soil (Gonçalves et al., 2020). 

Nonetheless, there can be negative ecological impacts due to crambe 
cultivation such as erosion, nutrient leaching and greenhouse gas 
emissions from the production (Krzyżaniak and Stolarski, 2019; 
Samarappuli et al., 2020). However, in comparison to other oilseed 
crops, especially rapeseed, the negative environmental impacts are ex-
pected to be lower for crambe cultivation due to its low-demanding 
nature (Berzuini et al., 2021). Furthermore, the application of reduced 
tillage intensity could help reducing the greenhouse gas emissions from 
the soil (Krzyżaniak and Stolarski, 2019). However, to determine the 
overall ecosystem services (also including the nutrient use efficiencies) 
and environmental impacts of crambe in the Swabian Alb a true costs 
and benefits approach (Wagner et al., 2022) is recommended. 

Fig. 4. Value pyramid for biobased products, adapted from Donner et al. 
(2020), and Lange et al. (2012). 

Table 2 
Derivatives of high-erucic-acid oils for industrial applications, adapted from 
Glaser, 1996; Leonard, 1992.  

Derivative Application 

Erucamide Slip agent 
Erucyl alcohol Emollient 
Various fatty nitrogen derivatives Hair care and textile softening 
Behenyl alcohol Pour point depressant 
Esters and others Lubricants 
Glyceryl tribehenate Food emulsifier 
Silver behenate Photography  
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3.3. The Swabian Alb 

In this section, some details about the target region are given in terms 
of general location characteristics, predominant industries, and agri-
cultural land use. 

3.3.1. Site description 
The Swabian Alb is a low mountain range located in the German 

federal state of Baden-Württemberg, stretching approximately 220 km 
in length and up to 40 km in width (Biosphärengebiet Schwäbische Alb, 
2023). It is the largest contiguous karst region in Germany and is 
characterized by a diverse landscape consisting of several natural 
geographic regions (DFG Research Unit, 2017). 

The Swabian Alb is known for its deep karstification, resulting from 
the presence of in-situ unlayered reef limestones and dolomites. The 
land’s soil type varies, with clayey loams and calcareous rendzina being 
found on some land, and shallow calcareous black soils on others. In the 
dry valleys, decalcified loams can also be found. With about 38% of the 
total area covered by trees, a large part of the Swabian Alb is forested 
(DFG Research Unit, 2017). 

The specific implementation site for the strip-intercropping trial 
from the MIDAS project is a marginal (shallow stony soil) area at the 
Upper Lindenhof. It is a central research location for livestock sciences, 
bioenergy, and agronomy associated with the UHOH. Some of the 
research focuses are the improvement of crops and crop-growing sys-
tems as well as sustainability aspects of agriculturally produced biomass. 
The Upper Lindenhof is located next to Reutlingen and lies 720 m above 
sea level (University of Hohenheim, 2020). The average annual tem-
perature of the past 8 years was 8.6 ◦C and the average precipitation 
816.2 mm. There have been an average of 2112 h of sunshine per year in 
this period. This resulted in an average of 241 growing days per year, 
which means that on these days, the average temperature was above 5 
◦C (Agrarmeteorologie Baden-Württemberg). 

3.3.2. Main industries and agricultural land use 
The region of the Swabian Alb is recognized for its diversified and 

strong industrial base, which is dominated by mid-size companies. 
Various clusters of industries, especially within mechanical engineering, 
dot the landscape. Automotive and engineering companies are domi-
nant; the most well-known companies (or their suppliers) within me-
chanical engineering are Bosch, Daimler, Porsche, and Trumpf. In 
addition, aerospace, textile manufacturing, medical, and biotechnology 
companies are based in the Swabian Alb. The textile industry, which has 
been established for many years, is a microcosm of the Swabian Alb’s 
business culture. Textile manufacturing in the Swabian Alb markets to 
both businesses and consumers; their inventive products range from 
protective and functional athletic fabrics to materials for the medical 
and automotive industries. Besides regional fashion labels like Hugo 
Boss, Marc Cain, Sanetta, and Erima, many highly innovative companies 
in the field of technical textiles have established in the Swabian Alb 
(Neckaralb). 

Many development and research institutions network on both 
regional and international scales. Manufacturers in the region often 
partner with local research institutions. Relevant in this context are the 
Natural and Medical Sciences Institute (NMI) at the University of 
Tübingen as well as the University Hospital Tübingen (UKT) and the 
network Medical Valley Hechingen. In biotechnology, the universities of 
Reutlingen and Albstadt-Sigmaringen play an important role. It is 
further worth mentioning that there are four Max-Plank-Institutes and 
the German Institute of Textile and Fiber Research (https://www.ditf. 
de/de/) in the Neckar-Alb region. 

Besides the strong engineering and research clusters, agriculture 
plays a significant role in the Swabian Alb, with 52% of its land being 
used for arable farming, grassland, or orchards. The crops grown in the 
area include spring barley, winter wheat, and winter barley (DFG 
Research Unit, 2017). However old wheat and spelt varieties, malting 

barley, lentils, oil flax, buckwheat, camelina, and caraway have been 
cultivated again in the region for some years. Extensive use of meadows 
and pastures, especially by sheep, also plays a significant role (Bio-
sphärengebiet Schwäbische Alb, 2023). The Swabian Alb has many 
strong businesses with strong ties to research and innovation, but at the 
same time adheres to traditions. 

3.4. Value web for crambe in the Swabian Alb 

With all the information from the previous sections, a potential value 
web for crambe is developed (Fig. 5). The farmer, the primary biomass 
producer, grows crambe and separates the distinct parts of crop. Seeds 
can be sent to an oil mill, while the stem and any leaves remaining on it 
could be processed for industry or biogas. Alternatively, these residues 
can be left on the field as green mulch. The seeds yield two products after 
pressing in an oil mill, the seed oil and the residue (‘seed cake’ or ‘seed 
meal’). Some industries value the whole crambe seed oil, while others 
look for the more refined pure erucic acid. After the valuable oil has 
been removed, the seed meal is left. It is not recommended to use the 
seed meal residue as feed for animals because of the toxic glucosinolates. 
If removed, these compounds have potential in the pharmaceutical 
industry. 

As far as the stems and leaves are concerned, it is not yet clear 
whether these lignocellulosic parts of the crambe can be processed by 
the fiber industry into paper and packaging, biopolymers, and textiles. If 
they are not used in industry, the stalks and leaves could be converted 
into biogas and heat in a biogas plant. Due to the high degree of ripeness, 
it would probably be necessary to pre-treat the biomass so that it can be 
better decomposed in anaerobic digestion (Wang et al., 2023). The 
digestate, a residue of biogas production, can be used as a fertilizer, 
closing the loop back to the farmer. The roots and the seed cake of 
crambe have been shown to have a strong anti-nematode effect and 
therefore could eventually be converted into a bio-pesticide (Coltro-R-
oncato et al., 2016; Tarini et al., 2020; Walker, 1996). But taking out the 
roots from the soil is very work-intense and is assumed to have negative 
effects in terms of soil fertility and biodiversity. 

Farmers and industrial stakeholders play specific roles in creating 
and transforming crambe into valuable products. In contrast to this, 
regional and governmental institutions, as well as research institutions 
and universities, exert more diffuse influence. These stakeholders serve 
as information bridges, advocates, and networkers, adding value in a 
different way. Academic stakeholders are essential, as they develop and 
improve the knowledge base for agricultural and industrial stake-
holders. As mentioned, academia is especially important because of their 
cooperation activities with the industry. Besides this, regional and 
governmental institutions can build a beneficial environment for the 
value web, supporting valuation with large-scale investments and 
legislation, but also with small-scale project management, marketing, 
and networking activities. Farmers, industry, and other stakeholders 
also have social networks that help spread subject matter expertise and 
best practices about agriculture and biobased value chains. Together, 
these stakeholders bolster the value web and lift it to new heights. 

3.5. SWOT analysis of the potential value web 

The designed value web is evaluated using a SWOT framework. 
Analyzing strengths, weaknesses, opportunities, and threats of the po-
tential value web from a system perspective provides insights about 
external and internal forces affecting crambe’s prospects in the Swabian 
Alb. To better integrate the social dimension of value webs, selected 
answers from the interviewed stakeholders are incorporated; the entire 
questionnaire (in German) will be made available on request. 

Table 3 summarizes the major findings of the SWOT analysis; all 
aspects will be elaborated in the following sections, and the complete 
SWOT analysis can be found in Figs. 6–9. 
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3.5.1. Strengths 
Due to the drought-tolerance (Moura et al., 2018) and low demand 

for nutrients (Costa et al., 2019), crambe grows in a variety of rainfed 
conditions and requires little fertilization. These core biophysical char-
acteristics of crambe are a strength because they mean lower risks for 
farmers; less investment on inputs and more tolerance to various cli-
matic conditions reduces farmers’ financial and operational risks 
(Fig. 6). Farmer 2 mentioned “the effort [of growing crambe] is not as 
high as with rapeseed” and “the cultivation of crambe would fit very 
well on the soils of the Swabian Alb.” As a low-input crop, crambe could 
be grown on marginal land in the Swabian Alb. 

Additionally, various parts of the crambe plant can be valorized by 
existing stakeholders in the Swabian Alb. The crambe plant has fractions 
that fit distinct parts of the biomass value pyramid (see Fig. 4). The seeds, 
containing valuable erucic acid, can be used by cosmetics, chemical, and 
engineering companies; they are of high value even at low quantities. The 
stem and remaining leaves (if any), though less valuable, can be used by 
fiber and textile companies. Even crambe roots and the seed cake (from oil 
extraction process) have potential value, as they have natural pesticides. 
Stakeholders from the fiber industry particularly referenced this idea, core 
to the bioeconomy, saying “With a view to the bioeconomy, we are keen on 
any plant that allows a regional cascade use (as in this case, first food/feed 

products such as oils, flour), then processing into cellulose and lignin 
material flows” (Fibers365 GmbH). Another fiber company was concerned 
with waste, saying “we are only interested in one part of the plant; what 
happens to the rest?” (Fiber industry stakeholder 1). The concentration of 
economic value in the seeds and the cascading uses of crambe residues help 
to diversify the outputs and incomes of the crambe value web. Diversifi-
cation is a strength of the crambe value web. 

In addition, significant financial and institutional investments from 
the EU underpin the crambe value web. This research supports the 
MIDAS project, which seeks to bolster regional biobased value webs for 
industrial crops. Secure funding and institutional alignment supply 
structure to the crambe value web. 

3.5.2. Weaknesses 
Despite these strengths, crambe cultivation in the Swabian Alb has 

many unknowns and weaknesses (Fig. 7). First, crambe is a novel, non- 
native crop. Farmers have little to no experience with crambe; one 
farmer mentioned “I can’t say what the yield potential, quality and 
quantity of the ingredient is from [crambe] to rapeseed” (Farmer 1). 
This may create inefficiencies and friction in the value web. Stake-
holders from the cosmetics industry specifically mentioned concerns 
about quality, saying “The oil has to meet our quality requirements” (Dr. 

Fig. 5. Potential value web of crambe in the Swabian Alb. Major stakeholders are represented by icons, while products are shown in rectangles. Green rectangles 
represent currently possible products, while red rectangles stand for products requiring additional research for implementation. Solid lines show established product 
valorization pathways, while dotted lines show potential products. Stakeholders, processors, and industries are in yellow columns, while biomass is depicted in green 
columns. The blue row along the bottom stands for stakeholders that influence the entire process from seeding to sales. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
SWOT analysis of the potential value web of crambe in the Swabian Alb.  

Strengths Weaknesses  

- Resilient and low-input crop with a short life cycle (can be both cover or catch crop)  
- Multiple products from crop fractions  
- Financial and institutional support for industrial crops  

- Non-native, novel crop  
- Unknown quality, quantity, and yield stability  
- Underdeveloped market infrastructure 

Opportunities Threats  

- Growing market for natural cosmetics or biofuels  
- Regional innovation culture  
- Regional sustainability infrastructure  

- Instability from climate change  
- Regional and crop-specific competition  
- Technological innovations  
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Fig. 6. Estimated strengths of crambe cultivation on marginal land in the Swabian Alb (results from the questionnaires and their elaboration by the authors of 
this study). 

Fig. 7. Estimated weaknesses of crambe cultivation on marginal land in the Swabian Alb (results from the questionnaires and their elaboration by the authors of 
this study). 

Fig. 8. Estimated opportunities of crambe cultivation on marginal land in the Swabian Alb (results from the questionnaires and their elaboration by the authors of 
this study). 
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Hauschka by WALA Heilmittel GmbH) and asking for “certified quality 
for cosmetic use” (Seifenreich Naturkosmetik Manufaktur). 

Second, grain yields were rather low (0.85 ± 0.15 Mg ha− 1) in the 
Swabian Alb in year 2023 compared with findings from Samarappuli 
et al. (2020). Even though this can be explained by significant harvest 
losses due to a thunderstorm event (daily precipitation sum: 45 mm d− 1) 
that happened a few days before harvest was planned, insecurities 
remain on the grain yield level and grain yield stability of crambe. This 
further complicates value web implementation, as both producers and 
consumers want some assurance about quantity and prices. Farmers are 
looking for a purchase guarantee from industry (“If the purchase by an 
industry is guaranteed, I see no problem”, Farmer 1), while industry 
wants more information before committing (“crambe could be inter-
esting - depending on questions such as economic viability, storability, 
what quantities are available” Fibers365 GmbH). 

Third, no infrastructure currently exists for processing, transporting, 
and marketing crambe. Logistical challenges may impair crambe 
acceptance and success in the Swabian Alb. All interview groups 
(regional administration, industry, academia, and farmers) mentioned 
the lack of information about logistics as a barrier to crambe cultivation. 

3.5.3. Opportunities 
Looking externally, several opportunities are available for a value 

web for crambe in the Swabian Alb (Fig. 8). Notably, crambe cultivation 
could be buoyed by the rising market share of natural cosmetics. Sales of 
natural cosmetics in Germany have roughly doubled in the past decade - 
to a level of around 1.48 billion euros in 2021 (BioFach, 2022). Crambe, 
primarily because of its unique fatty acid composition, is an appealing 
ingredient in natural cosmetics, from deodorants to hair care. Stake-
holders in the regional cosmetics industry mentioned “the composition 
sounds extraordinary” (Dr. Hauschka by WALA Heilmittel GmbH). One 
cosmetic company already produced crambe products in the past (“We 
have already successfully used crambe oil for a private label project”, 
Seifenreich Naturkosmetik Manufaktur), though it was not locally 
sourced. 

Regional infrastructure for both innovation and sustainability could 
help crambe’s value web to expand and thrive. The Swabian Alb is home 
to many research institutions. Its innovation culture, supported by a 
high density of start-ups and research centers, makes it a hub for new 
ideas. The Swabian Alb is also committed to sustainability (DFG 
Research Unit, 2017). As a UNESCO biosphere, the links between nature 
and culture are ever-present in the Swabian Alb (DFG Research Unit, 

2017). Regional institutions, such as bioeconomy district offices, offer 
project management and networking opportunities to scale up and scale 
out sustainable solutions such as biobased products. Regional adminis-
trators mentioned that “companies also want to get more and more 
involved in the topic of sustainability” (BIOPRO Baden-Württemberg 
GmbH) and stressed the essentiality of “cooperation with existing local 
contacts” (BIOPRO Baden-Württemberg GmbH). Several stakeholders 
mentioned the importance of the Swabian Alb in their product sourcing; 
all four interviewed cosmetics companies said it was important to have 
regional inputs in their products. Local sustainable solutions integrated 
into the cultural and social fabric of the Swabian Alb are promising areas 
into which crambe production can grow. Overall, this sustainability 
infrastructure can therefore be seen as an opportunity for crambe value 
chain development in the Swabian Alb. 

3.5.4. Threats 
The value web for crambe in the Swabian Alb also faces external 

challenges (Fig. 9). First, as with any biobased resource, crambe culti-
vation and valuation is affected by climate change. Extreme weather 
events and variable temperatures could significantly diminish crambe 
yields. For example, crambe can only be considered drought-tolerant if 
the biophysical site conditions allow the development of physiological 
and morphological adaptation processes as described by Moura et al. 
(2018). At a bulk density of more than 1.4 Mg m− 3 (Oliveira et al., 
2023), the root architecture of crambe cannot properly adapt to drought, 
so yields are higher when more precipitation falls. Therefore, drier Eu-
ropean summers (Ferdini et al., 2023; Pörtner et al., 2022; Von Cossel 
et al., 2019a) could affect the availability of crambe products in regions 
where soil compaction, i.e. high bulk densities, is common. 

The value web envisions regional businesses using locally produced 
crambe, but competition exists across geographic and agricultural di-
mensions. The Swabian Alb competes with agricultural regions all over 
the world. Indeed, some German companies were sourcing crambe oil 
from South Africa (Alexmo cosmetics, 2023; Manske, 2023). Moreover, 
Farmer 3 reported that in the Swabian Alb, the demand for land for crop 
cultivation is high (“the problem is a generally high demand for agri-
cultural land”). High demand for land means low excess supply for novel 
crops like crambe. 

While the Swabian Alb has innovation and sustainability entrenched 
in its institutions, other regions may provide institutional and financial 
support for crambe cultivation. Crambe itself primarily competes with 
HEAR in providing industrial lubricants. Since the 1980s, crambe has 

Fig. 9. Estimated threats of crambe cultivation on marginal land in the Swabian Alb (results from the questionnaires and their elaboration by the authors of 
this study). 
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been outcompeted by HEAR; HEAR has higher oil content per seed 
(Hebard, 2016). However, crambe typically has higher erucic acid 
content. This competition between crambe and HEAR is ongoing, and 
the markets will determine the valuation of each crop, especially 
regarding the differences of growth suitability between crambe and 
HEAR. One farmer questioned why even change from HEAR to another 
crop, responding to the questionnaire with “We wonder why the high 
erucic rape should be replaced at all” (Lauteracher Alb-Feld-Früchte). 
Other farmers were concerned about the competitiveness, saying 
“crambe is only interesting when crambe can compete with other crops” 
(Farmer 3). 

3.6. Currently possible value chain in the Swabian Alb 

After combining the potential value web, the SWOT analysis, and 
stakeholder perspectives with the existing industries and companies in 
or near the Swabian Alb, a currently possible value chain emerges 
(Fig. 10). For crambe products, the fiber and cosmetics industries are the 
most important sectors in the region. The cosmetics industry is no pre-
dominant industry in the Swabian Alb, but nevertheless there is a high 
company density within this field. The SWOT analysis revealed two 
positive trends: first, the cosmetics industry is already using crambe oil 
for its products, and second, the natural cosmetics are on the rise. 
Furthermore, the interviewed natural cosmetics industry, especially the 
small start-ups (Duschbrocken GmbH & Seifenreich Naturkosmetik 
Manufaktur), seemed to be open-minded and innovation focused. 
Moreover, they already address sustainability issues by producing solid 
body and hair care alternatives, as well as plastic free packaging to 
reduce environmental impacts. Crambe’s status as a low-input crop 
could have additional value for these environmentally focused com-
panies. Though the fiber industry showed interest in crambe, further 
research and laboratory analyses would first be necessary to determine 
the exact components of the fibers and to be able to align on possible 
uses. For these reasons, the adapted value chain focusses on the use of 
crambe seeds and oil by the natural cosmetics industry as well as on the 
energy generation from the residues of the seed pressing. Nutrients are 
recycled back to the farmer via bioslurry or green mulch. 

Just as in the potential value web (Fig. 5), valuable products 
resulting from these pathways are the pure crambe seed oil, hair and 
skin care products, biogas, heat, and bioslurry. While the fiber com-
panies learn about crambe and its value, it might be most valuable for 
the farmer to utilize the leaves and stems of crambe as a green mulch on 
the field. Indirectly involved stakeholders like academia, regional 

institutions, and social networks are equally essential in this value chain 
(Fig. 10). Indeed, these actors play key roles in stabilizing the proposed 
value chain and expanding it into the envisioned value web highlighted 
in Fig. 5. 

4. General discussion 

A huge gap exists between the potential value web (Fig. 5) and the 
implementable (final) value chain (Fig. 10). To evaluate the prospects of 
crambe, per the research question of this study, it is important to know 
about the limitations of this work and the requirements of stakeholders. 

4.1. Research limitations 

This manuscript is written prior to the completion of the MIDAS field 
trials in the Swabian Alb (Alexopoulou et al., 2023). This leaves many 
open questions, including crambe yields, quality, and composition. 

Another important limitation is the method used to contact stake-
holders. The questions asked in the questionnaires were very open, 
giving the stakeholders the option to answer with as much detail as they 
wanted. This was done to increase the answering rate; nevertheless, this 
method resulted in a high variance of answer quality. Furthermore, the 
open questions could have led to a convenience bias, usually receiving 
the most detailed and rather positive answers from interested and 
innovation-focused companies. In addition, no follow-up has been car-
ried out with the stakeholders after receiving their answers. 

In addition to these aspects, there was a lack of literature on various 
aspects of possible biorefinery processes (e.g. use of crambe straw in the 
fiber industry). This is a common problem when considering the pros-
pects of introducing new crops and their respecitve value-chains which 
was also observed by Marraccini et al., 2020. This could have resulted in 
a confirmation bias, concentrating on the use of crambe seed oil in the 
cosmetics industry, which was easiest to conceptualize. 

Further, the literature lacks data on other issues to be considered 
regarding the land-water-energy-food nexus of crambe-based crop ro-
tations on marginal agricultural land. Besides the water demand (which 
is considered low for crambe because it is considered as drought tolerant 
and low demanding), another very important factor is the potential ef-
fect of crambe-based crop rotations on the groundwater quality. Usually, 
the groundwater quality is endangered due to nutrient leaching from 
agriculture, especially in view of the macronutrient nitrogen, partic-
ularily in form of ammonium or nitrate (collectively referred to as ‚N‘ in 
the following). It can be expected that there is a low risk of N leaching 

Fig. 10. Currently possible value chain in the Swabian Alb. Major stakeholders are represented by icons, while products are shown in rectangles. Green rectangles 
represent currently possible products. Solid lines show established product valorization pathways. Stakeholders, processors, and industries are in yellow columns, 
while biomass is depicted in green columns. The blue row along the bottom stands for stakeholders that influence the entire process from seeding to sales. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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due to crambe cultivation because it usually only requires low fertil-
ization rates (about 50-120 kg N ha-1) (Berzuini et al., 2021). Combined 
with an early harvest in August there would be enough time to either 
sow a winter annual crop (e.g., Melilotus officinalis L.) or a catch crop (e. 
g., Phacelia tanacetifolia Benth.). This could further reduce the risk of 
leaching due to any excess N in the soil but this has yet to be researched. 

4.2. Marginal land in the Swabian Alb 

As mentioned in the introduction, the EU project MIDAS aims at 
cultivating industrial crops on marginal agricultural land. On the mar-
ginal agricultural land of the Upper Lindenhof, where some field trials of 
MIDAS are occurring (Fig. 1), the conditions are not optimal for crop 
cultivation because of loamy, stony soil. According to Rieke and Wöllper 
(2018), the share of marginal land in the Swabian Alb, defined as land 
neither used for agricultural production purposes nor as forest area, only 
amounts to 0.1% in the main districts. Other stakeholders describe all 
shallow soils in the Swabian Alb, which are not optimal for cultivation 
but are nevertheless used by the farmers, as marginal land. These 
different definitions of marginal land affect the prospects for crambe 
grown in the Swabian Alb because the value web assumes crambe will 
only be cultivated on marginal land (in accordance with MIDAS) so not 
to compete with food crop cultivation. Taking these circumstances into 
consideration, it may be a challenge to achieve profitable yields which 
would reduce the economic sustainability of the crambe-based bio-
economy sector in the Swabian Alb. Even though marginal land could be 
suitable for cultivating crambe (Von Cossel et al., 2019b), farmers are 
unlikely to plant crambe if incomes are insufficient. Below, re-
quirements of a successful crambe value web, including economic 
viability, described by stakeholders are discussed in more detail. 

4.3. Requirements of stakeholders for a successful crambe value web 

Several requirements for a successful establishment of a value web of 
crambe in the Swabian Alb have been noted by different stakeholders. 
They are shown in Table 4. General terms are used to group similar 
sentiments from multiple stakeholders. 

The economic viability of crambe products was a major necessity for 
most stakeholder groups. Besides this, farmers seem to have a strong 
need for security, stating the importance of price, purchase guarantees, 
and policy support (Table 4). This demonstrates the key role of public 
institutions and the academic sector in supporting technological change 
as part of assessing the prospects of system innovations (Oylar-
an-Oyyinka, 2006) like the crambe-based bioeconomy in the Swabian 
Alb. According to Geels (2004), a great opportunity for the success of 
system innovation generally lies in the fact that public institutions can 
also be used to conceptualize the dynamic interplay between actors and 
structures. In the case of crambe-based value chains, this would be in 

particular the actors from agriculture and industry (the actors) on the 
one hand and the regional offices and institutions on the other. 

Furthermore, the farmers care about practical matters like the stor-
ability of crambe and its adverse effects in crop rotation with food crops. 
For the fiber and cosmetics industry, the exact chemical composition of 
the purchased parts needs to be known in advance, therefore initial 
chemical analytics play a key role for them. In contrast to the fiber in-
dustry, which needs large quantities, the rather small cosmetics com-
panies seek lower purchase quantities of oil. Both industries require 
supply security; they need good storability, availability, and a working 
logistics system to allow for year-round production. In terms of eco-
nomic sustainability, it was stated that an equal demand of all parts of 
the crop is crucial to (i) ensure minimal waste within the value web, and 
(ii) to enable additional revenue through the cascading use of crambe 
biomass. As the cosmetics industry can create high value from the oil, a 
strong focus is on quality aspects, mentioning quality certifications and 
controlled organic cultivation as core requirements (Table 4). Academic 
stakeholders furthermore call attention to the need for technical quali-
fication and existing infrastructure for the value web. In addition, public 
institutions point out the necessity to meet the resource needs of the 
industry and the need to have enough agricultural land available in the 
region. 

It was shown that a more holistic view makes sense to evaluate the 
prospects of crambe-based bioeconomy approaches in the Swabian Alb. 
This phenomenon of considering more than just one actor or just one 
technical aspect is consistent with the findings of Schut et al. (2014), 
who investigated an agricultural system innovation in the field of crop 
protection. In the future, however, it should be investigated more 
thoroughly which private and public goods would be influenced by this 
bioeconomy approach in the region (Lewandowski et al., 2024) (e.g. the 
promotion of biodiversity or the phytosanitary effect in crop rotation 
were mentioned in the survey) in order to enable a holistic evaluation. 

5. Conclusion and outlook 

After evaluating the industrial, agricultural, and institutional land-
scape of the Swabian Alb, the potential value web of crambe was nar-
rowed down to a value chain with cosmetics as the prime target sector. 
This result incorporates results from both SWOT and stakeholder anal-
ysis. The smaller chain does not imply that crambe has few prospects in 
the Swabian Alb. It merely depicts the currently possible status, which, 
as indicated by the potential value web, has immense growth potential. 
Many stakeholders will be involved helping crambe production, from 
seeding to sales, thrive in the Swabian Alb. To help crambe reach its 
potential, several factors need to be addressed. 

First of all, there is a lack of data on crambe cultivation in the 
Swabian Alb. There is no analysis of the long-term yield stability and 
biomass quality of crambe grown in the Swabian Alb. Yield stability, 

Table 4 
Requirements stated by stakeholders for crambe value web in the Swabian Alb.  

Stakeholder category Key requirements 

Economic Quality Infrastructure Other 

Regional offices and 
institutions  

- Economic viability  
- Meeting industrial resource 

needs   

- Logistics  - Land availability 

Industry – Fibers  - Economic viability  
- Supply security  

- Chemical analytics  - Logistics  - Equal demand for all parts of the crop (i.e., no 
waste) 

Industry – Cosmetics  - Supply security  - Chemical analytics  
- Oil quality certification  
- Controlled organic 

cultivation  

- Regionality  - Small purchase quantities 

Academia  - Economic viability  - Technical qualifications  - Logistics  
Farmers  - Economic viability  

- Price guarantee  
- Purchase guarantee  

- Storability  - Logistics  
- Supporting agricultural 

policies  

- No adverse effects in crop rotation  
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storability, and quality were principal factors for all stakeholders in 
crambe valorization (Table 4), especially with regard to concerns on the 
economic sustainability. 

However, the fact that stakeholders, even those unfamiliar with 
crambe, showed positive interest in crambe and its fractions is prom-
ising. Thus, further trials and assessments on the field- and farm-level 
will help capitalize on the interest from local cosmetics and fiber in-
dustries. Farmers will become more familiar with this unique crop, and 
cultivation guidelines shared among farmers’ associations could provide 
the foundation to grow the value chain into a more sustainable value 
web. Looking beyond the Swabian Alb, regional stakeholders could 
engage in knowledge transfer with other crambe-producing or 
-consuming regions. Other German companies and subject-matter ex-
perts may use crambe and might supply advice to help these products 
succeed in the Swabian Alb. Future research focusing on bioprocessing 
and production plants, leveraging diverse partners, would inform the 
more technical prospects of crambe in the Swabian Alb. This knowledge 
sharing would reinforce crambe’s value for the region. However, it is 
vital to address both the specific concerns of local stakeholders and the 
social, economic, and environmental sustainability of crambe’s value 
web. Solutions must be context-specific, and the concept of a sustainable 
bioeconomy should be at the centre of novel agricultural projects. 

Sustainability requires more than just meeting market needs. To 
ensure the social-ecological sustainability of a crambe value web, 
further research and practical application is required. It is necessary to 
address these exact facets of sustainability by assessing environmental 
outcomes, such as biodiversity impact, nutrient leaching, erosion miti-
gation, and engaging social concerns in regional advisory groups. An 
integrated sustainability assessment, including environmental assess-
ment, Life Cycle Costing, and Social Life-Cycle-Analysis for different 
biobased products will help giving clear scores across all dimensions of 
sustainability (MIDAS, 2023). While this study is narrowly scoped, 
designing a regional value web for one industrial biomass crop, the 
outcome and methodology of this research can also be transferred to 
other product systems to ensure sustainability is at the core of 
production. 
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DFG Research Unit, 2017. Mittlere Schwäbische Alb: DFG research unit 1695 “regional 
climate change”. URL. https://klimawandel.uni-hohenheim.de/en/alb0 (Accessed 
11 June 2023).  

Donner, M., Gohier, R., de Vries, H., 2020. A new circular business model typology for 
creating value from agro-waste. Sci. Total Environ. 716, 137065 https://doi.org/ 
10.1016/j.scitotenv.2020.137065. 

European Commission, Directorate-General for Research and Innovation, 2019. 
Bioeconomy : the European Way to Use Our Natural Resources : Action Plan 2018. 
Publications Office. https://doi.org/10.2777/79401. 

Ferdini, S., von Cossel, M., Wulfmeyer, V., Warrach-Sagi, K., 2023. Climate-based 
identification of suitable cropping areas for giant reed and reed canary grass on 
marginal land in Central and Southern Europe under climate change. GCB Bioenergy 
15 (4), 424–443. https://doi.org/10.1111/gcbb.13033. 

FIBRA, 2015. Fiber crops as a sustainable source of bio-based materials for industrial 
products in Europe and China. URL.  (Accessed 10 August 2023).  

FIRST2RUN, 2019. Flagship demonstration of an integrated biorefinery for dry crops 
sustainable exploitation towards biobased materials production. URL.  (Accessed 10 
August 2023).  

FNR, 2001. Krambe - eine alternative Sommerölfrucht (translation: Crambe - an 
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