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Abstract

Buckwheat (Fagopyrum esculentum) and lupins (Lupinus spp.) are traditional crops gaining
renewed attention due to their nutritional value, ecological adaptability, and potential role
in sustainable agriculture. Both are rich in high-quality proteins, essential amino acids,
and bioactive compounds that support human health and meet the growing demand for
plant-based foods. In addition to their nutritional importance, these crops can be culti-
vated on marginal soils with low fertilizer requirements, making them valuable compo-
nents of climate-resilient cropping systems. Beyond nutrition, both crops generate pro-
cessing by-products such as husks and ashes, which are increasingly important in the con-
text of fertilizers, bioenergy, and biomaterials, illustrating the dual value of these crops in
sustainable and circular systems. This review summarizes data on cultivation, yield, and
chemical composition and highlights the multiple pathways for by-product valorisation
across food, energy, and environmental applications, contributing to the development of
bio-based and circular economy strategies.
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1. Introduction

Global population growth, urbanization, and changing dietary habits are putting in-
creasing pressure on the agricultural sector. By 2050, the world population is expected to
reach almost 10 billion, requiring an increase in food production of about 70% to meet the
growing demand [1,2]. These changes are inseparable from the expansion of cropland,
projected to increase by 70-110% compared to current levels. Mineral fertilizers remain
one of the most important factors ensuring agricultural productivity, but their excessive
use is associated with soil degradation, the eutrophication of water bodies, greenhouse
gas emissions, and the accumulation of heavy metals [3]. These challenges increasingly
highlight the need for sustainable solutions such as organic fertilizers, biofertilizers, bio
stimulants, biochar, and other alternatives that can improve soil health, reduce depend-
ence on mineral fertilizers, and comply with the principles of the circular economy [4].

Alongside soil and fertilizer management, the selection of crops that combine agro-
nomic efficiency, ecological resilience, and nutritional value has become a crucial direc-
tion in sustainable agriculture. Lupins (Lupinus spp.) and buckwheat (Fagopyrum esculen-
tum) stand out as species with high potential to contribute to sustainable food systems,
soil health, and circular resource use. Lupins are distinguished by their high protein con-
tent and the diversity of bioactive compounds, making them promising plant-based

Sustainability 2025, 17, 10061

https://doi.org/10.3390/su172210061



Sustainability 2025, 17, 10061

2 of 25

protein sources [5]. Buckwheat, a nutritionally dense pseudo cereal, is valued for its anti-
oxidants, flavonoids, minerals, dietary fibber, and gluten-free nature, supporting both
healthy diets and the development of functional foods [6,7]. Its bioactive compounds (par-
ticularly rutin and quercetin) provide antioxidant, anti-inflammatory, and anticancer
properties, enhancing its contribution to human health.

Beyond their nutritional value, both crops contribute to recycling and circular econ-
omy practices. Lupins can be used as food, feed, and sources of protein isolates, as well as
industrial raw materials. Buckwheat has a similarly wide range of applications—from tra-
ditional grain products and beverages to pharmaceutical and industrial uses, including
the valorisation of by-products such as husks and stems for bioenergy, fillers, and bio-
materials [8]. Such applications enhance the economic value of these plants, reduce waste
streams, and align with the principles of a circular economy.

While many crops, such as buckwheat, are valued for their ecological adaptability,
certain lupin species pose environmental risks when introduced beyond their native
ranges. The large-leaved lupin (Lupinus polyphyllus) is one of the most widespread inva-
sive plants in Europe, including Lithuania. It forms dense stands that suppress native veg-
etation, alter soil chemistry by increasing nitrogen levels, and affect soil microbial com-
munities and invertebrate habitats [9]. Although this species is drought- and frost-toler-
ant, with seeds that remain viable for many years, its spread can cause biodiversity loss
and ecosystem imbalance [10,11].

Despite these ecological risks, lupins also provide clear agronomic benefits. In Lith-
uania, bitter cultivars with high alkaloid content and fodder lupins are cultivated as
“green” fertilizers (side rates) that fix atmospheric nitrogen, accumulate it in roots and
biomass, and improve soil fertility [12,13]. The most common cultivated species in Europe
(Lupinus albus, L. angustifolius, and L. luteus) are valued for their high-protein seeds and
adaptability to various climates [14]. This dual nature (high agronomic potential but eco-
logical risk in certain regions) illustrates the complexity of integrating lupins into sustain-
able farming systems.

In contrast, buckwheat demonstrates an environmentally safe and highly adaptable
profile. Its rapid growth, short vegetation period, and low nutrient requirements allow its
cultivation on marginal lands and under low-input conditions. Buckwheat supports bio-
diversity by providing nectar for pollinators, suppressing weeds, and reducing soil ero-
sion. It improves soil structure and acts as an effective catch crop in organic rotations
[15,16]. Moreover, its role in the circular bioeconomy is expanding through the use of by-
products for compost, bioenergy, and biochar, contributing to resource efficiency and cli-
mate change mitigation.

In Lithuania, buckwheat cultivation is mainly concentrated in the southern and
south-eastern regions, especially in Dziikija, where the light, well-drained sandy loam
soils characterised by low fertility provide suitable conditions for its growth, although the
crop remains sensitive to soil compaction and moisture deficits. In recent decades, the
buckwheat area has expanded nearly five-fold, although yield improvements have re-
mained modest due to suboptimal agrotechnical practices and weed competition, which
may reduce yields by up to 50%. Typical sowing rates are about 80 kg ha!, with an average
yield ranging from 0.8 to 1.5 t ha™!, depending on climatic conditions [17]. The crop’s role
is important as a resilient and regionally significant species in Lithuania’s sustainable
farming systems, especially for low-productivity soils [18,19].

The comparison between Lupinus polyphyllus and Fagopyrum esculentum highlights
two contrasting yet complementary examples within sustainable agriculture. Lupins rep-
resent the challenges of balancing ecological risk with agronomic potential, while buck-
wheat exemplifies resilience, multifunctionality, and environmental compatibility. This
article-review analyses both species in terms of cultivation, chemical composition,
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processing, and utilization, with particular attention to their roles in soil fertility improve-
ment, healthy diets, and the circular economy. The discussion aims to identify how these
crops can contribute to the development of low-input, biodiversity-friendly, and resource-
efficient agroecosystems.

Unlike previous reviews that focused on the nutritional and feed value of lupins
[5,20,21] or buckwheat [22-24], this article presents a comparative and integrated synthe-
sis that links both crops in a unified framework of sustainability and circular economy.
The novelty of this review is in combining agronomic, chemical, and value-adding per-
spectives to show how these species can together contribute to low-cost, bio-based, and
resource-recycling agricultural systems in Europe. Lupins enrich the soil by fixing nitro-
gen and provide protein-rich biomass, while buckwheat mobilizes phosphorus and sup-
ports biodiversity on poor soils—together providing a complementary model for sustain-
able crop diversification. In addition to their primary use as food and feed, the cultivation
of these legumes generates by-products suitable for the production of fertilizers, bioen-
ergy, and biomaterials, demonstrating the potential to close nutrient and material cycles.
Although waste value enhancement is often only addressed in experimental studies, com-
prehensive reviews integrating food, energy, and fertilizer pathways are still lacking.
Therefore, this work fills an important gap by offering a holistic view of the management
and use efficiency of the biomass resources of lupins and buckwheat, which are important
for agriculture in central and northern Europe for the development of a circular bioecon-
omy in European agroecosystems.

The literature for this review was collected through a structured search of major sci-
entific databases such as Scopus, Web of Science, ScienceDirect, MDPI, and Google
Scholar. The search covered the period from 2000 to 2025 to find both review and research
studies related to lupins (Lupinus) and buckwheat (Fagopyrum esculentum). The main key-
words and their combinations comprised lupins, straw, buckwheat, hulls (husks), inva-
sion, chemical composition, nutrients, production, processing, circular economy, biomass
reuse, bioenergy, biofuels, fertilizers, and sustainability. Scientific articles in peer-re-
viewed journals written in English were preferred, addressing agronomic, chemical, nu-
tritional, or value-adding aspects of lupins and buckwheat. FAO data were very important
in order to assess the dynamics of the areas and the yields of cereals and buckwheat in
different countries of the world. However, it is regrettable that, since 2021, not all countries
feel obliged to submit data to the FAO. For this reason, it was necessary to use national
sources, review articles, and online articles intended for the general public to fill the gaps
in statistical data. In total, 382 records were found during the search, but after selecting by
year, removing duplicates, and reviewing titles and abstracts, the relevance of 152 articles
was assessed. Of these, 103 were included in the final synthesis.

2. Lupinus Recycling for Sustainable Development
2.1. Distribution of Lupins in the World and in Lithuania

Lupins (Lupinus spp.) are members of the legume family Fabaceae, comprising more
than 199 species distributed across diverse ecological zones. The centres of diversity are
located in North and South America, with smaller centres in the Mediterranean region
and north Africa. These species are widely cultivated both as food and ornamental plants,
but several of them (particularly Lupinus polyphyllus) have become invasive in parts of
Europe, North America, and Oceania [25]. Lupins grow in habitats ranging from relatively
dry to humid environments and tolerate soils of moderate to high acidity, which facilitates
their naturalization in areas far beyond their native ranges.

In Europe, Lupinus angustifolius has become increasingly popular due to its better dis-
ease resistance and reliable harvest timing, especially in central and northern regions. L.
albus, L. luteus, and L. angustifolius are grown across the continent, with breeding
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programmes in Poland, Germany, Ukraine, Belarus, and Russia making L. angustifolius
the dominant species. Europe also leads in terms of incorporating lupins into food, with
a growing variety of products made from lupin flour, flakes, and protein concentrates or
isolates [26].

Globally, lupins are cultivated for multiple purposes: as a source of high-protein feed
and food, as green manure due to their nitrogen-fixing ability, and as ornamental plants.
In 2010, major producers included Germany, Poland, Russia, and Mediterranean coun-
tries, as well as Australia, South Africa, and South American nations. Australia remains
the dominant producer, accounting for nearly 85% of global lupin production in the past
decade. In Europe, cultivation is concentrated in Poland, Germany, and Russia, with
smaller but regionally significant areas in Belarus and Lithuania. Yield levels vary consid-
erably (from about 1.5 t ha™! in Poland and Germany to around 0.5 t ha™ in Lithuania)
reflecting differences in climate, soil fertility, and agronomic management [27-34].

These trends are illustrated in Figure 1, which presents the distribution of lupin cul-
tivation areas and yields across Europe and the world in 2023 [30-34]. As shown, Poland
dominates lupin production, followed by Australia and Germany, while Lithuania and
Belarus maintain smaller but regionally significant cultivation areas.

European Distribution
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Figure 1. Statistical data (2023): (a) —Lupins harvested in Europe, (b)—Top lupin-producing coun-
tries [30-34].

The second figure presents data on the harvested area, yield, production of cultivated
lupins in Lithuania and Poland (Figure 2).

b
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Figure 2. Statistical data (2023) for the area harvested for lupin cultivation, yield, and production:
(a)—In Lithuania; and (b)—In Poland [34].
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As we can see in Figure 2, each chart shows the proportional relationship between
three indicators, highlighting significant differences in the scale of lupin cultivation be-
tween the two countries.

In Lithuania, the total harvested area was 3670 hectares, with an average yield of 1250
kg per hectare, resulting in a total production of 4590 tonnes. The proportions in the chart
indicate that, while the harvested area and yield are moderate, the overall production re-
mains relatively small compared to larger European producers.

In Poland, the harvested area was 157,110 hectares, with an average yield of 1752 kg
per hectare, producing approximately 275,320 tonnes of lupins. This demonstrates that
Poland is a major European producer, with a harvested area more than forty times larger
than that of Lithuania with a higher yield per hectare. Consequently, Poland’s total pro-
duction is substantially greater, reflecting its leading role in European lupin cultivation
[34].

A summary of global and regional production indicators is provided in Table 1, high-
lighting the contrast between large-scale producers with high yields (such as Australia
and Poland) and smaller-scale regions with lower productivity (such as Lithuania and
Belarus).

Table 1. Lupin cultivation and production: Europe and global context (2023) [27,33,34].

Other European countries (Czechia, Finland, France,

Country Harvested Area (ha) Yield (kg/ha) Production (t)
Australia 692,664 1847.5 1,279,707
Poland 157,110 1752.4 275,320
Russia 65,421 2084.7 136,384
Germany 25,400 1791.3 45,500
Belarus 2733 1739.1 4752
Lithuania 3670 1250.7 4590

Estonia, etc.)

288,843 1780.7 514,341

Chile 17,001 1918 32,608

Peru 11,087 1473.5 16,337

Greece 13,290 1313 17,450
Ukraine 1400 1764.3 2470
Romania 170 823.5 140

Invasive lupins are a major problem, and their spread and growth are difficult to
predict (Figure 3). Therefore, in order to review the seriousness of this problem and re-
spond to the need for sustainability, this article also reviews invasive lupins— Lupinus pol-

yphyllus [35].
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Figure 3. Distribution of Lupinus polyphyllus in Europe: o; numbers give the first records for the

species in different countries/regions: ® [35].

Among cultivated and naturalized species, the large-leaved lupin (Lupinus polyphyl-
lus) is particularly notable due to its ecological duality. Native to western North America,
it was introduced to Europe, Australia, and New Zealand as an ornamental and soil-im-
proving plant but has since become invasive in many regions [36-38]. The species forms
dense stands that suppress native vegetation, alter soil chemistry by increasing nitrogen
levels, and disrupt plant-microbe interactions. Its seeds remain viable in the soil for dec-
ades, and its deep roots allow regrowth even after repeated mowing, making eradication
difficult [13,39]. Studies from Finland, Sweden, and Germany confirm that L. polyphyllus
invades semi-natural grasslands, mountain meadows, and roadside habitats, where it re-
duces biodiversity and changes nutrient cycling dynamics [40—42].

In Lithuania, L. polyphyllus has spread widely since its introduction more than half a
century ago. Initially planted in forests and meadows for ornamental and soil-improve-
ment purposes, it now grows abundantly along roadsides and in natural habitats. Alt-
hough lupins enrich the soil with nitrogen through symbiosis with Bradyrhizobium bacte-
ria, their excessive nitrogen accumulation promotes nitrophilous species and suppresses
native flora, leading to ecosystem imbalance [13]. The species is therefore listed as inva-
sive, and its sowing, propagation, and trade are prohibited.

From a sustainability perspective, lupins present a clear paradox. On the one hand,
they offer high agronomic and nutritional value: they improve soil fertility, reduce the
need for mineral fertilizers, and serve as a valuable plant protein source suitable for feed
and food production. On the other hand, their invasive potential (especially that of L. pol-
yphyllus) demonstrates how the poorly managed introductions of useful species can lead
to biodiversity loss and long-term soil ecosystem alteration. Therefore, balancing the eco-
logical risks of invasive behaviour with the agronomic and environmental benefits of cul-
tivated lupin species is essential for sustainable agriculture. Integrating safe, controlled
lupin cultivation into circular bioeconomy frameworks, for example, using biomass for
green manure, feed, or bioproducts, can help reconcile these conflicting aspects and con-
tribute to low-input, resource-efficient agroecosystems [14,21,33-38,43].

2.2. Chemical Composition and Functional Potential of Lupins

The chemical composition of lupin seeds largely determine their agronomic and nu-
tritional value, influencing their use as feed, food, fertilizer components, and bioenergy
raw materials. Differences among species and varieties reflect both genetic and environ-
mental factors, particularly soil fertility and growing conditions.

Table 2 summarizes the main macronutrients and secondary compounds in the seeds
of three commonly cultivated lupin species. The data show that the concentration of ni-
trogen and other nutrients varies not only between species but also between cultivars [44].

Table 2. Macronutrients and secondary substances in lupin seeds (mg/g dry weight) [35,44].

Content of Macronutrients and Secondary Substances, mg/g

Species/Cultivars N P K Mg Ca Na
Narrow-leaved lupin
“Dalbor” 49.5 4.3 6.26 1.71 1.47 0.12
“Regent” 49.3 4.2 10.6 1.79 1.44 0.10
Yellow lupin
“Lord” 63.5 6.3 11.76 3.0 1.21 0.13
“Perkoz” 59.3 6.2 11.90 2.6 1.49 0.10

White lupin
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“Butan” 57.2 49 12.03 1.8 0.15 0.10

“Boros” 55.8 4.8 11.93 1.8 0.15 0.10
Blue lupin

“Polyphyllus” 65.1 3.3 4.2 1.3 1.1 0.11

The high nitrogen and phosphorus contents in blue, yellow and white lupins high-
light their dual potential: as a nutrient source in crop rotation and as protein-rich raw
material for food or feed. Their mineral composition also suggests potential applications
in organic fertilizer production and bio-based product development, reinforcing the im-
portance of chemical profiling in sustainable resource utilization [44].

2.3. Sustainable Utilization of Lupins in the World and in Lithuania

All types of lupins accumulate substances harmful to humans and animals—alka-
loids. As a result, lupins were initially unsuitable for either feed or food. However, varie-
ties with fewer alkaloids have been bred. Small amounts of alkaloids are not harmful to
animals, but they are not suitable for human consumption because they give dishes a bit-
ter taste. Alkaloids must not be present in edible lupins. According to biological and nu-
tritional value, bitter cultivars with high alkaloid content lupins belong to plants with high
protein content. The protein content of bitter cultivars with high alkaloid content fodder
lupins is slightly lower than that of yellow-flowered fodder lupins.

Lupin proteins are well-digestible and are considered similar to casein or soy pro-
teins by international standards.

The relative amino acid composition of all lupin species is the same. Proteins contain
18 essential amino acids—of which 1.45 percent is lysine and 0.74 percent is methionine.
Due to these properties, lupin seeds can be an excellent feed for cattle, poultry, or pigs,
replacing soy and partly corn, barley, wheat, or oats. Lupin seeds contain from 4.6 to 6
percent fat, as well as vitamins, carotene and minerals. The green mass of bitter cultivars
with high-alkaloid-content fodder lupins is also valuable, and can be fed fresh, ensiled, or
dried. In terms of total protein content and amino acid composition, it is a complete feed,
with approximately half of the proteins in it consisting of essential amino acids necessary
for the animal body [45]. Lupins (according to some farmers) are like “green” fertilizer.
These are plants, also called side rates, are especially prepared and buried in the soil to
fertilize it. Green fertilizer includes fodder and narrow-leaved sideral lupins. Lupins
themselves provide nitrogen and phosphorus, unconsciously accumulate them in their
roots and in the mass, and take nutrients from deeper soil layers and accumulate them,
loosen them, and facilitate their absorption. Lupins enrich the soil mainly through the root
system of side plants; therefore, they prevent soil erosion and deeply loosen and destroy
weeds [12].

Due to the environmental risks caused by Lupinus polyphyllus, different management
approaches have been developed to control its spread and to utilize the harvested biomass
sustainably. Regular mowing, cutting before seed maturity, and mechanical removal are
among the most effective measures [46]. However, the use of the resulting biomass as
animal feed is limited by the presence of toxic alkaloids, prompting researchers to explore
energy-recovery pathways.

Recent studies have shown that processing lupin biomass into solid biofuels and bi-
ogas can contribute to renewable energy generation and invasive species control [35].
When traditional management regimes involve one or two mowings per year and the re-
moval of biomass without fertilizer addition, biodiversity can be maintained while limit-
ing further spread. Hydrothermal conditioning combined with mechanical dewatering
significantly improves the fuel quality of lupin biomass, reducing chlorine, potassium,
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and sulphur concentrations, and enabling safe combustion with modern low-emission
technologies [47].

The Integrated Generation of Solid Fuel and Biogas (IFBB) system has been identified
as an efficient pathway compared with anaerobic digestion (AD). Life-cycle analyses in
Germany demonstrated that IFBB achieves higher greenhouse-gas savings, greater en-
ergy-conversion efficiency, and lower overall environmental impact [39]. Importantly,
combustion completely destroys viable seeds, preventing the re-invasion and offering a
sustainable method for bioenergy production and biodiversity conservation.

Another promising utilization pathway for lupin biomass involves fertilizer produc-
tion. Lupins are nitrogen-rich plants containing about 6.4% N and 45.5% organic C, mak-
ing them suitable for both solid and liquid organic fertilizers [14,48-51]. Experimental
studies in Lithuania demonstrated that incorporating lupin leaf extracts into liquid ferti-
lizer formulations increases nitrogen content and provides additional micronutrients
[52,53]. The production of liquid complex fertilizers (LCFs) enriched with lupin extract
follows several stages: the production of potassium dihydrogen phosphate by the conver-
sion method; the preparation of lupin leaves; the production of granular fertilizers; and
the production of liquid complex fertilizers [54].

Ammonium dihydrogen phosphate and potassium chloride are dissolved in a reac-
tor, where a conversion reaction occurs. The resulting phosphate crystals are used for
solid fertilizers, while the remaining solution is mixed with ammonium nitrate and lupin
extract to produce a microelement-enriched liquid fertilizer. This approach not only pro-
vides a practical outlet for invasive biomass but also contributes to the development of
environmentally friendly fertilizers, reducing chemical inputs and supporting circular-
economy principles [52-54].

Beyond its environmental applications, lupin remains a highly valuable food and
feed crop. Its seeds contain more protein and dietary fiber than peas, beans, or lentils and
have a mild flavour, making them suitable for both sweet and savoury products [55]. Their
gluten-free and non-GMO properties further increase demand in functional and health-
oriented foods.

Lupin flours and protein isolates are used in bakery goods, meat substitutes, and
plant-based beverages due to their emulsifying and foaming capacities. Nutritionally, lu-
pins contribute to lowering LDL cholesterol, stabilizing blood pressure, and promoting
satiety. Given global population growth, resource scarcity, and rising food demand, en-
hancing the added value of lupin-based ingredients represents a crucial strategy for
achieving sustainable nutrition and food security [49,55].

Overall, the conversion of invasive lupin biomass into bioenergy, fertilizers, and pro-
tein-rich products exemplifies a holistic circular-economy model (Figure 4). These ap-
proaches simultaneously achieve the following:

° Control invasive species;

e  Generate renewable energy;

e Recycle nutrients back into agriculture;
e  Enhance plant-based food security.
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Meat Substitutes Bakery Products
Texture formation, fat Emulsifying capacity, foaming
emulsification, high protein capacity, water-binding,
content protein enrichment
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Figure 4. Main directions of lupin’s by-product utilization in meat substitutes, bakery products,
plant-based beverages, health, bioenergy, environmental applications, and fertilizers (based on re-
viewed studies) [46-51].

Such integrated utilization of Lupinus polyphyllus aligns with the EU Green Deal and
Sustainable Development Goals by linking biodiversity conservation, low-input farming,
and renewable-resource valorisation into a single sustainable framework
[39,41,47,52,53,56,57].

3. Buckwheat Waste Recycling for Sustainable Development
3.1. Buckwheat Cultivation and Yield in Europe and the World

Buckwheat (Fagopyrum esculentum) belongs to the family Polygonaceae, which also
includes sorrel and rhubarb. Unlike common cereal crops such as wheat, rice, rye, or bar-
ley from the grass family, buckwheat is a pseudocereal that thrives in regions with short
growing seasons and moderate climatic conditions [58]. Although buckwheat is cultivated
under a wide range of climatic conditions, its production remains geographically concen-
trated in the temperate regions of Eurasia, where it has long-standing agronomic and cul-
tural importance.

According to ten years of official FAOSTAT data (Figure 5), buckwheat was grown
in various climatic regions during the period 2015-2025 and is widely distributed in Eu-
rope, America, and Asia.
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Figure 5. FAOSTAT official presented statistical data (2015-2025) from different countries: (a)—av-
erage buckwheat harvested area (+SD) worldwide; (b)—average buckwheat production (+SD)
worldwide. Markers: 1 —Russia, 2—China (includes mainland China, Taiwan, Hong Kong SAR, and
Macao SAR), 3—Ukraine, 4 —Kazakhstan, 5—United States of America; 6—Poland, 7—Japan, 8 —
France, 9—Brazil, 10—Lithuania, 11 —Tanzania, 12—Belarus, 13—Latvia, 14—Nepal, 15—Canada,
16 —Estonia, 17—Slovenia, 18 —Korea, 19—Bhutan, 20—Bosnia and Herzegovina. 21 —Czechia Re-
public, 22—Croatia, 23—Hungary, 24 —South Africa, 25—Slovakia, 26 —Uzbekistan, 27— Georgia,
28 —Republic of Moldova, and 29 —Kyrgyzstan [34].

However, the largest areas of its cultivation and production are concentrated in East-
ern Europe and East Asia, where the Russian Federation and China occupy leading posi-
tions globally. As shown in Figure 5a, which presents the average cultivation areas with
standard deviations (+SD), other significant buckwheat-producing countries include
Ukraine, Kazakhstan, Poland, Japan, and the United States of America. Smaller yet nota-
ble cultivation areas are also recorded in France, Lithuania, and Brazil. This distribution
reflects both the traditional importance of buckwheat in temperate climate zones and the
ongoing expansion of its cultivation into non-traditional regions such as South Africa and
Korea. The average buckwheat production data (Figure 5b) reveal a highly uneven global
distribution, with the Russian Federation and China clearly dominating the world market.
Russia leads by a wide margin, producing on average about 1.03 million tonnes annually,
followed by China with approximately 0.49 million tonnes. These two countries together
account for more than two-thirds of global buckwheat production. Ukraine and Kazakh-
stan form a second group of medium-scale producers, averaging around 150-200 thou-
sand tonnes per year. Poland, Japan, France, and Brazil contribute smaller yet notable
amounts (between 35 and 80 thousand tonnes). Other countries, including Lithuania, Bel-
arus, Latvia, and Georgia, maintain only marginal production levels, below 20 thousand
tonnes annually. The high outputs recorded in France and Japan despite relatively smaller
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harvested areas suggest more intensive production and higher yields. It should be noted
that FAOSTAT data for France are available only until 2017; therefore, the calculated mean
production value may be slightly overestimated compared with countries for which
longer and more complete time series (2015-2025) are available. Overall, this distribution
highlights the strong geographical concentration of buckwheat production in Eastern Eu-
rope and East Asia, reflecting favourable agroclimatic conditions and long-standing cul-
tivation traditions in these regions [34]. After evaluating the data presented in Figure 5,
more attention was paid to the analysis of the largest buckwheat-growing or Eurasian
countries.

Unfortunately, the latest data uploaded to the FAOSTAT (UNdata) database do not
reflect the situation in recent years for all EU countries where buckwheat is grown. Ac-
cording to FAOSTAT, the coverage of buckwheat cultivation data in Europe changed no-
ticeably during the period 2015-2025. Data for the period 2015-2017 were available from
as many as 17 European countries; therefore, this period can be considered the most com-
prehensive and representative of the scale of buckwheat cultivation on the continent.
Since 2018, however, a significant decline in data availability has been observed —several
countries (particularly EU members such as Poland, France, and Lithuania) have no
longer provided updated indicators to the FAOSTAT system.

Table 3 summarizes the 2017 FAOSTAT data [59] (when most European growers
were still reporting) on buckwheat harvest, yield, and production in the global and Euro-
pean contexts. The total global harvest area was 2.94 million ha, producing 3.04 million
tonnes of buckwheat, with an average yield of 1.03 t/ha. Europe accounts for the largest
share, with 1.93 million ha harvested and 2.18 million tonnes produced, corresponding to
an average yield of 1.13 t/ha. These figures show that Europe alone accounted for more
than 70% of the total global production, underlining its dominant role in buckwheat pro-
duction.

In Europe, the Russian Federation clearly led the way in production, with 1.50 million
ha harvested and 1.52 million tonnes produced, representing a yield of 1.02 t/ha. This ac-
counted for more than half of the total European production and almost half of the world
production. Ukraine followed with 185,300 ha and 180,440 t, while Poland showed signif-
icantly higher productivity (1.45 t/ha) despite a smaller cultivated area (78,027 ha). Simi-
larly, France achieved the highest recorded yield (3.52 t/ha) in Europe, underlining a clear
trend towards intensive and more technologically efficient production systems in Western
Europe. Smaller producers such as Lithuania, Belarus, and Georgia contributed in limited
but significant quantities, thus contributing to the preservation of buckwheat cultivation
traditions in Eurasia.

In Asia, the total harvested area was 852,994 ha and the average yield was 0.80 t/ha,
corresponding to a production of 681,030 t. The People’s Republic of China dominated the
Asian region, accounting for 74% of the Asian harvested area (632,746 ha) and producing
508,844 t, which is about 17% of the global buckwheat production. Meanwhile, Japan only
cultivated 62,900 ha with a yield of a modest 0.55 t/ha, confirming that buckwheat remains
largely a niche crop in Japan, grown for traditional and culinary purposes.

Elsewhere, North America produced 88,215 t with an average yield of 1.04 t/ha,
mainly from the United States, which accounted for almost all of North American produc-
tion. South America, although covering a smaller area (47,252 ha), showed a relatively
high yield (1.33 t/ha), indicating favourable agroclimatic conditions for buckwheat pro-
duction in the selected areas.
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Table 3. Buckwheat production: Europe and global context (2017) [59].

Country Harvested Area (ha) Yield (t/ha) * Production (t)
World 2,940,573.00 1.03 3,036,090.56
Europe 1,933,499.00 1.13 2,181,933.28
Russia 1,497,783.00 1.02 1,524,879.00

Asia 852,994.00 0.80 681,030.55
China 632,746.00 0.80 508,843.88
Ukraine 185,300.00 0.97 180,440.00
Kazakhstan 141,424.00 0.85 120,379.00
North America 84,884.00 1.04 88,215.02
Poland 78,027.00 1.45 113,113.00
USA 79,084.00 1.05 82,815.02
France 74,883.00 3.52 263,485.00
Japan 62,900.00 0.55 34,400.00
Lithuania 48,499.00 1.10 53,221.00
South America 47,252.00 1.33 62,679.93

Belarus 17,550.00 1.03 18,010.00
Georgia 102.00 1.09 111.47

*—Yields are expressed as tonnes per hectare (t/ha). Data converted from FAOSTAT (100 g/ha)
units.

Overall, the 2017 data confirm that buckwheat cultivation remains predominantly
Eurasian, concentrated in temperate zones from eastern Europe to east Asia. Differences
in yield between regions reflect a complex interplay of agroecological conditions, varietal
characteristics, and management intensity. Western European countries (e.g., France, Po-
land) have clearly shifted towards higher productivity per hectare, while Eastern Europe
and Asia maintain larger areas of cultivation with average yields, supporting global sup-
ply through extensive production systems.

To illustrate the recent tendencies, the 2020-2023 FAO data were additionally exam-
ined. For the period 2020-2023, data were available only from seven European countries
(the Russian Federation, Ukraine, Kazakhstan, Belarus, Moldova, Bosnia and Herze-
govina, and Georgia), making them rather fragmentary. This trend indicates disparities in
data reporting and updating between regions, which makes comprehensive comparisons
and analyses difficult [34].

Within Europe, the distribution of buckwheat cultivation areas is highly uneven (Fig-
ure 6a). According to FAO data for 2023, Russia accounts for approximately 78.8% of the
total harvested area, reflecting both its historical importance and agroclimatic suitability
for this crop. It is followed by Ukraine (11.2%), Kazakhstan (8.7%), and Belarus (1.2%),
while other eastern European countries together contribute only 0.1%. The distribution of
buckwheat production in Eastern Europe is also highly uneven (Figure 6b). According to
FAOQO data for 2023, Russia is by far the leading producer, accounting for more than 1.1
million tonnes of buckwheat, followed by Ukraine (approximately 210 thousand tonnes)
and Kazakhstan (about 83 thousand tonnes). Production in Belarus remains modest
(nearly 17 thousand tonnes), while other eastern European countries together produce
less than 1 thousand tonnes. This clearly indicates that the regional buckwheat output is
overwhelmingly concentrated in Russia, consistent with the pattern observed for the har-
vested area.



Sustainability 2025, 17, 10061

13 of 25

Other EE countries 0.1%

Helaras 1.0% Other EE countries f#6

Kazakhstan 8.7%

Belarus | 1¢
Ukraine 11.2%

Kazakhstan

Ukraine

Russia
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Buckwheat production (t)
(@) (b)

Figure 6. FAOSTAT data (2023): (a)—buckwheat harvested area in Europe; (b)—buckwheat-pro-
duction [59]. Other eastern European (EE) countries: Moldova, Bosnia and Herzegovina, and Geor-

gia.

Beyond its importance as a food crop, buckwheat also serves ecological and agro-
nomic functions. Compared to spring wheat, buckwheat has a high ability to take up cal-
cium-bound phosphorus. Therefore, buckwheat can be included in catch crops or crop
rotation systems to activate phosphorus sources in calcareous soils. These properties sup-
port its role in sustainable farming systems and crop rotations, particularly in regions with
poor or degraded soils [60,61].

Due to the increasing fragmentation of FAOSTAT data in recent years, information
on buckwheat cultivation trends in some countries can only be obtained from national
statistics. At the regional level, cultivation trends in Central and Eastern Europe demon-
strate both continuity and change. Although buckwheat cultivation and seed selection
have a long tradition in Poland, recent years show a moderate decline in the cultivation
area. In 2024, the area under buckwheat cultivation decreased to about 101,000 ha, com-
pared with approximately 109,000 ha in 2023 (-8%). Nevertheless, Polish buckwheat pro-
duction in 2023 remained significant at about 152,000 tons, confirming Poland’s position
as one of the key European producers, although not a global leader. Yields in Poland range
between 0.878 and 1.216 t/ha, depending on the year and growing conditions, which di-
rectly affects both production costs and market prices [58,62,63].

In Ukraine, a similar but more pronounced decline has been observed. The buck-
wheat cultivation area fell from 147,600 ha in 2023 to about 100,000 ha in 2024 (a 32%
decrease). Total production in 2024 reached approximately 131.7 thousand tons, corre-
sponding to an average yield of ~1.5 t/ha [64]. This recent decline in Ukraine is likely re-
lated not only to the military conflict, but also to a combination of economic and environ-
mental factors—falling buckwheat prices, increased import pressure, and regional climate
and harvest risks. If such trends continue, the global production structure will become
even more concentrated in the larger producers such as Russia and Kazakhstan.

These data emphasize the asymmetric but stable structure of global buckwheat pro-
duction: concentrated in a few major producers yet supported by a network of smaller
regions that preserve crop diversity. From a sustainability perspective, this pattern under-
scores buckwheat’s dual role as both a culturally traditional and ecologically resilient
crop, capable of contributing to regional food security and low-input agriculture in a
changing climate [33,58-63].

3.2. Nutritional and Chemical Composition of Buckwheat and Valorisation of Its by Products

Buckwheat is widely recognized as a functional food rich in proteins, dietary fibre,
minerals, and bioactive compounds—particularly flavonoids such as rutin and quercetin.
These constituents contribute to antioxidant, antidiabetic, antihypertensive, and anti-
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inflammatory effects, which are increasingly associated with the prevention of lifestyle-
related diseases. Beyond its nutritional properties, buckwheat extracts have shown prom-
ise as natural antioxidants and components in biodegradable, active food packaging, re-
inforcing its role as a versatile and sustainable crop. Thus, buckwheat can be considered
a “superfood” with broad potential applications in both health promotion and food tech-
nology.

From the perspective of food functionality, the key biochemical groups of buckwheat
include proteins, bioactive peptides, flavonoids, and phenolic compounds, as well as es-
sential minerals and vitamins (Table 4). These compounds define both its nutritional value
and potential industrial applications.

Table 4. Buckwheat composition, health effects, and applications [65].

Components Health Effects Industrial Applications
Proteins and bioactive pep- Regulate cholesterol and blood pressure, support mus- Protein-enriched foods, functional ingredi-
tides cle mass ents
Dietary fibres Improve gut microbiota, lower glycemic index Health products, fibre supplements

. . . . Antioxidant, anti-inflammatory, anti-atherosclerotic ef- Natural antioxidants, functional food addi-
Flavonoids (rutin, quercetin) fects tives

Phenolic compounds Antioxidant, potential anticancer properties Shelf-life extension, nutraceuticals
Minerals (K, Mg, Ca, Fe, Zn, Support bone health, cardiovascular system, immune
P) response

Vitamins (B group, E)
Extracts from buckwheat

Mineral fortification of foods
Contribute to metabolism and antioxidant defence Functional food supplements

Provide bioactivity for preservation Biodegradable and active food packaging

components
Beyond its nutritional role, the processing of buckwheat generates significant by-
products such as husks and husk ash. These materials, often underutilized, are now in-
creasingly recognized as valuable sources of minerals, carbon, and bioactive compounds.
Their valorisation aligns with circular-economy principles, aiming to convert agricultural
residues into high-value materials for fertilizers, bioenergy, or sorbents in environmental
applications. The chemical composition (Table 5) of buckwheat by-products varies con-
siderably depending on the geographical origin, soil characteristics, and processing con-
ditions, underscoring the importance of characterizing local raw materials to optimize
their utilization in fertilizer production, bioenergy, and environmental technologies.
Table 5. Chemical composition of buckwheat by-products in different studies [65].
Plant Part Country of Sampling Parameter (Units) Value Source/Methods
Water, (%) 7.00+0.3
Na (mg%) 1000.0 +£0.21
K (mg%) 840.0 +0.36
Ca (mg%) 260.0 +0.2
Fe (mg%) 480.0+0.1
Russia Proteins (%) 4.83 +0.1 [66]/[not provided]
Sugar (%) 41.31+£0.15
Buckwheat husk Cellulose (%) 36.27 +0.31
Pectin (%) 3.74+£0.1
Crude ash (%) 6.82+0.04
Crude fat (%) trace
Proteins (%) 48+0.1
. Pectins (%) 3.1+£0.1
Ukraine Hemicellulose (%) 155+ 0.2 [67)/168-71]
Cellulose (%) 274+0.1
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K20 (%) 19.71
MnO (%) 0.50

Data presented in Table 5 show that buckwheat husks are characterized by a pre-
dominantly organic composition, rich in structural carbohydrates and containing moder-
ate amounts of nitrogen and minerals. Cellulose and lignin together represent about 60—
70% of the husk dry mass, while crude protein levels remain below 5%. This reflects the
plant’s need for mechanical stability rather than nutrient storage in the husk tissue. Lith-
uanian and Russian data confirm relatively high carbon contents (around 50-54%) and
low ash fractions (approximately 6-7%), indicating a strong potential for energy recovery
through combustion or biochar production. In addition, minor but consistent amounts of
potassium (around 7-8% K20 equivalent) and calcium oxides suggest that a portion of
mineral nutrients is already incorporated in the husk matrix, potentially influencing ash
quality after thermal treatment.

In contrast, the chemical profile of buckwheat husk ash demonstrates a marked trans-
formation from organic to mineral dominance. Following combustion, the carbon content
decreases sharply (to around 30%), while mineral oxides become highly concentrated.
Studies from Lithuania and Belarus show that potassium oxide (K2O) may reach 35-40%,
and calcium oxide (CaO) up to 12-15%, accompanied by smaller fractions of MgO, Fe, and
Zn. This compositional shift produces an alkaline and nutrient-rich residue, suggesting
high agronomic value as a liming or potassium fertilizer material. The elevated Fe and Zn
concentrations (often exceeding 1000 mg/kg and 500 mg/kg, respectively) indicate that
micronutrients, originally present in trace amounts within husks, become strongly en-
riched in the ash phase.

In addition, the composition of individual parts of buckwheat plants can be analyzed
from another perspective, as was performed by scientists from the Czech Republic [84],
who found that the chemical composition of buckwheat varies considerably among plant
organs. The roots and stalks contained low amounts of crude protein (5.6 + 0.16% and 6.5
* 0.03%, respectively) and almost no starch (0.0 + 0.01% and 1.1 = 0.01%), while their fat
content remained moderate (4.3 + 0.01% and 2.6 + 0.01%). In contrast, the leaves and blos-
soms were characterized by much higher protein concentrations (22.7 + 0.26% and 19.1 +
0.10%) and by the accumulation of bioactive flavonoids, particularly rutin. The rutin con-
tent increased sharply from 3.6 + 0.12 mg g! in roots and 0.5 + 0.09 mg g in stalks to 69.9
+2.7mgg"inleaves and 83.6 + 3.1 mg g1 in blossoms. These findings indicate an intensive
biosynthesis of rutin and proteins in photosynthetically active and reproductive tissues,
whereas structural parts such as roots and stalks serve mainly for mechanical support and
resource transport. This compositional differentiation reflects the distinct metabolic roles
of individual organs within the buckwheat plant. This pattern of tissue-specific compound
distribution has also been observed in other studies, e.g., by Suzuki et al. [85], which
demonstrated that rutin accumulates differentially across seeds, leaves, stems, and flow-
ers of buckwheat, reflecting its diverse physiological roles within the plant.

Overall, these findings demonstrate that the valorisation of buckwheat residues (par-
ticularly husks and husk ash) represents a key component of sustainable agri-food sys-
tems, enabling waste minimization, nutrient recycling, and renewable energy generation.
Such approaches exemplify the transition towards a circular bioeconomy and align with
the objectives of the EU Green Deal and the Sustainable Development Goals, ensuring that
each stage of crop processing contributes to environmental, economic, and resource sus-
tainability [86].
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3.3. Valorisation Pathways and Secondary Uses of Buckwheat Processing Residues

Considering the nutritional and chemical composition results presented in Section
3.2, further analysis of the valorisation pathways reveals how specific buckwheat pro-
cessing residues can be utilized across various technological and environmental applica-
tions. Buckwheat (Fagopyrum esculentum) and its by-products represent a versatile re-
source with significant nutritional, technological, and environmental potential. The wide
range of studies demonstrates that the valorisation of buckwheat residues (mainly husks,
and husk ash) can contribute to sustainable food systems, renewable energy production,
and circular bioeconomy development.

One of the most promising directions in the sustainable use of buckwheat lies in its
potential for functional food production. Buckwheat contains phenolic compounds, fla-
vonoids (especially rutin), antioxidants, and dietary fibre, which collectively exhibit anti-
inflammatory, anticarcinogenic, and antioxidant properties beneficial to human health
[87]. As a gluten-free pseudocereal, it is particularly valuable for specialized and preven-
tive diets. Similar conclusions were reported by Litoiu [88], who emphasized its richness
in proteins, minerals, B-group vitamins, and phenolic compounds. These features enable
the development of low-calorie, high-protein, and health-promoting foods. Beyond tradi-
tional groats, innovative processing methods expand buckwheat’s value chain. Studies
highlight the potential for producing beverages, extracts, protein isolates, and fermenta-
tion products with enhanced bioactivity. Wang, N. [89] showed that germination signifi-
cantly increases flavonoid, phenolic, and antioxidant contents in Fagopyrum tataricum
sprouts, suggesting that both grains and sprouts represent valuable raw materials for
high-value food ingredients. Collectively, these studies demonstrate that buckwheat val-
orisation in the food sector links nutrition enhancement with the reduction in processing
waste, offering a model for sustainable and health-oriented product development.

The transformation of buckwheat husks into renewable energy sources represents
another key valorisation pathway. Yildiz et al. [81] investigated the co-granulation of
buckwheat husks with peanut husks and senna leaves, revealing that the additive propor-
tions and granulation parameters strongly affect pellet quality and energy output. In their
study, the authors referred to the findings of Kulokas et al. [77], who reported that buck-
wheat husks contain approximately 41.8% carbon and exhibit a calorific value of about
15.7 MJ kg, comparable to wood biomass. Based on their own experiments, Yildiz et al.
[81] determined the physicochemical and combustion characteristics of the produced pel-
lets according to international ISO standards: ISO 18122:2015 (ash content), ISO 18123:2015
(volatile matter), and ISO 1928:2020 (gross calorific value) [90-92]. The results showed that
the co-granulation of buckwheat hulls with peanut shells or sena leaves significantly im-
proved the physical and energetic properties of the pellets, increasing their durability (up
to ~92%) and bulk density (~470 kg m=), while reducing the energy requirement for pro-
duction. This means that the average amount of additives improved the quality of the
pellets without compromising the fuel properties. However, the increased CO and NO
emissions during combustion indicate that the further optimization of the blend compo-
sition and combustion parameters is needed to achieve cleaner and more efficient biofuel
utilization. Other researchers have reported that co-palletisation of husks with straw or
wood fibbers reduces chlorine content and corrosion risk, improving fuel safety and ex-
tending boiler lifespan [77]. These findings demonstrate that buckwheat residues can con-
tribute to energy diversification and carbon neutrality in agricultural regions where other
biomass resources are underutilized.

Another important valorisation direction involves the use of buckwheat husks and
husk ash as raw materials for organic—mineral fertilizers. Chemical analyses revealed high
concentrations of elements essential for plant growth: P:Os (0.28-5.84%), K20 (4.56—
38.63%), CaO (0.09-12.18%), MgO (0.47-3.56%), and carbon (29.5-54.35%) [65]. Such
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nutrient-rich composition enhances soil fertility and supports nutrient cycling while re-
ducing dependence on synthetic fertilizers. The integration of these materials into ferti-
lizer formulations could help maintain soil carbon balance and improve agroecosystem
resilience. Compared with conventional fertilizers, buckwheat-based fertilizers provide
slow nutrient release, reducing leaching and environmental load —an important contribu-
tion to sustainable agriculture and circular nutrient management. Environmental applica-
tions of buckwheat residues are also expanding. Adamovi¢, M. [24] demonstrated that
modified buckwheat husks can act as efficient bio sorbents for removing heavy metals
(Hg?, Cd¥, Cr®, Zn%, Au*), dyes, and pesticides, with adsorption capacities up to 100
mg/g. Their low cost, abundance, and biodegradability make them promising substitutes
for activated carbon in water treatment technologies. Somin, Komarova, and Kutalova
[93] further showed that husk-based adsorbents can reduce water hardness by up to 62%,
offering a low cost, eco-friendly method for water purification. These studies reveal that
buckwheat residues contribute not only to waste reduction but also to environmental re-
mediation, closing material cycles in a way consistent with circular economy principles.

In addition to food and environmental applications, buckwheat husks show potential
in the development of innovative materials. Nawirska-Olszaniska’s [94] clinical studies
reported that husk-filled pillows, mattresses, and seats exhibit high air permeability, elas-
ticity, and comfort, supporting their use in therapeutic products. Siauciunas et al. [95]
found that adding husks to easily fusible clay ceramics improves porosity and thermal
insulation, reducing weight and energy consumption during firing, though with some
loss of mechanical strength. Furthermore, Vazquez-Fletes and Cherkashina [96] explored
buckwheat husks as fillers for polymer composites. Chemical and plasma surface modifi-
cation enhanced interfacial bonding in high-density polyethylene (HDPE) and polylactide
(PLA) matrices, producing biodegradable composites with improved mechanical and
moisture resistance properties. Mostovoy [97] developed oil spill sorbents based on car-
bonized buckwheat hulls, achieving adsorption capacities of up to 6.1 g/g for crude oil,
with prolonged buoyancy. These examples illustrate how agricultural residues can serve
as sustainable feedstocks for bio-based and eco-friendly materials.

Figure 7 summarizes the main directions of buckwheat by-product valorisation iden-
tified in the reviewed literature.

U

Buckwheat groats
production waste
(husks, biomass)

|

Bioenergy
Solid fuel pellets,
briquettes.
mixed biomass fuels

Figure 7. Main directions of buckwheat by-product utilization in food, energy, environmental, and

material applications (based on reviewed studies) [66,98-103].
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As illustrated in Figure 7, the valorisation of buckwheat and its processing residues
forms an interconnected system linking the food, energy, environmental, and materials
sectors. Each pathway supports a different aspect of sustainability —from improving hu-
man nutrition and soil fertility to generating renewable energy and reducing waste
streams.

This versatility highlights buckwheat as an exemplary circular crop capable of clos-
ing multiple bioeconomic loops. Its low agronomic input requirements, adaptability to
marginal soils, and nutrient-rich by-products make it not only a functional food resource
but also a cornerstone for sustainable rural development and circular bioeconomy strate-
gies in temperate regions.

4, Limitations of the Review

It should be noted that this review has certain limitations related to data coverage,
methodological diversity, and regional focus. This review is primarily based on publica-
tions indexed in international databases such as Scopus, ScienceDirect, and Web of Sci-
ence, supplemented by regional sources from eastern and central Europe. As a result, the
geographical coverage of data is somewhat uneven, with limited representation of studies
from other regions. Part of the reviewed articles were published in English, Polish, Lithu-
anian, or Russian, which may introduce a minor language bias. The reported analytical
data also show methodological heterogeneity, including differences in moisture basis,
combustion and elemental analysis methods, and the expression of results (e.g., dry vs.
wet weight, oxide vs. elemental form). Consequently, while the presented findings pro-
vide a robust comparative overview of lupin and buckwheat biomass properties and val-
orisation pathways, the direct quantitative comparability of some parameters across stud-
ies remains limited. Future reviews should aim to integrate standardized methodologies
and broader geographic datasets to strengthen the regional transferability and global ap-
plicability of conclusions.

5. Conclusions and Perspectives

Lupins (Lupinus spp.) and buckwheat (Fagopyrum esculentum) represent two con-
trasting yet complementary models of sustainable crops within the European bioecon-
omy. Both plants species demonstrate the capacity to enhance soil fertility, diversify agri-
cultural systems, and supply valuable plant-based proteins and bioactive compounds.
However, their ecological and agronomic characteristics lead to different challenges and
opportunities that shape their role in sustainable agriculture.

The analysis of published studies indicates that Lupinus spp. biomass contains ap-
proximately 6-7% nitrogen and about 45% organic carbon, with lower heating values
(LHVs) ranging between 16 and 17 MJ-kg'. Such a chemical and energetic profile supports
the dual valorisation of lupin residues as nutrient-rich feedstock for organic fertilizer pro-
duction and as a renewable bioenergy source. Lupinus species can occur both as cultivated
and invasive plants, which makes their comprehensive and sustainable utilization partic-
ularly important to minimize ecological risks while maximizing resource efficiency. More-
over, the literature evidence shows that the conversion of invasive Lupinus polyphyllus bi-
omass through IFBB or hydrothermal pretreatment systems not only improves fuel qual-
ity by reducing chlorine and alkali contents but also provides a sustainable means of con-
trolling its spread while generating renewable energy. Among the potential pathways, the
production of liquid and solid fertilizers from lupin biomass and extracts appear particu-
larly promising due to its high nitrogen content and capacity to enhance soil fertility,
whereas bioenergy conversion offers additional ecological benefits through the safe utili-
zation of invasive biomass. These directions highlight Lupinus spp. as a multifunctional
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crop group capable of linking soil restoration, renewable energy generation, and biodi-
versity management within a circular bioeconomy framework.

Buckwheat, in contrast, is a non-invasive, low-input crop that thrives on marginal
soils and supports pollinator diversity. It contributes to sustainable food systems through
its exceptional nutritional composition (rich in proteins, flavonoids, minerals, and antiox-
idants) and through the versatile reuse of its processing residues. Literature data indicate
that Fagopyrum esculentum residues, i.e., particularly husks and husk ash, possess comple-
mentary valorisation potential. Buckwheat husks, with moderate ash content (3-7%), car-
bon levels around 50%, and a lower heating value near 15.7 MJ-kg, are suitable for solid
biofuel production and co-pelletization with other biomass sources. In contrast, the husk
ash, rich in K20 (35-40%), CaO (10-15%), and micronutrients such as Fe and Zn, repre-
sents a valuable alkaline and potassium fertilizer feedstock that can support soil fertility
restoration and nutrient recycling. These findings underline that energy recovery from the
husks and the agronomic reuse of ash together exemplify a closed-loop approach con-
sistent with circular bioeconomy principles. Among the valorisation pathways discussed
in the literature, nutrient recycling through husk ash fertilization and bioenergy recovery
from husks currently offer the highest technological maturity and environmental rele-
vance. Meanwhile, emerging applications (such as the use of modified buckwheat resi-
dues as biosorbents for water purification and as fillers in bio composites or biodegradable
packaging materials) represent promising long-term directions for sustainable innovation
within the agri-food and bio-based materials sectors.

Together, these two crops illustrate how sustainable agriculture can align productiv-
ity with ecological integrity. Both support the transition from linear to circular agricultural
systems, where waste is minimized and resources are continually reused. By addressing
these research gaps, lupins, and buckwheat can evolve from niche or regionally con-
strained crops into key components of a resilient, circular, and climate-smart agroecosys-
tem. Their combined valorisation potential demonstrates how plant diversity can contrib-
ute not only to food and energy security but also to ecosystem health and rural sustaina-
bility in the long term.
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