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Abstract: Lignocellulosic biomass from marginal land is needed for a social–ecologically sustainable
bioeconomy transition. However, how much biomass can be expected? This study addresses this
question by reviewing the limitations of current biomass yield modeling for lignocellulosic crops on
marginal land and deriving recommendations to overcome these limitations. It was found that on
the input side of biomass yield models, geographically limited research and the lack of universally
understood definitions impose challenges on data collection. The unrecognized complexity of
marginal land, the use of generic crop growth models together with data from small-scale field trials
and limited resolution further reduce the comparability of modeling results. On the output side of
yield models, the resistance of modeled yields to future variations is highly limited by the missing
incorporation of the risk of land use changes and climatic change. Moreover, several limitations come
with the translation of modeled yields into bioenergy yields: the non-specification of conversion
factors, a lack of conversion capacities, feedstock yield–quality tradeoffs, as well as slow progress
in breeding and the difficulty of sustainability criteria integration into models. Intensified political
support and enhancement of research on a broad range of issues might increase the consistency of
future yield modeling.

Keywords: bioeconomy; black locust; eucalyptus; giant reed; miscanthus; reed canary grass; Siberian
elm; switchgrass; poplar; willow

1. Introduction

Global agriculture in the 21st century is facing a multitude of challenges, especially
the drastically growing demand for food, fodder and industrial biomass for an increasing
population [1]. This population growth is expected to increase the need for food and
animal feed from today’s 2.1 to 3 billion t in 2050. Compared to 2007, a rise in the global
food production by 70% until 2050 is necessary [2]. This growing demand for biomass,
the intensifying impacts of climate change and incremental water scarcity require more
sustainable agricultural production systems. It is estimated that the expansion of agri-
cultural production until 2050—of which 80% is expected to take place in developing
countries—demands higher yields, intensified cropping and land expansions of around
70 million ha globally. As the future availability of arable land is expected to decline
in developed countries, the necessary land expansion will need to take place mostly in
developing countries, especially in sub-Saharan Africa and Latin America [3]. At the same
time, the transition of the global fossil-based economy towards a bio-based economy, a
so-called ‘bioeconomy’, demands industrial biomass in large quantities for conversion
into bioenergy and bio-based materials [4]. Projections suggest a total biomass demand
of 6.7 to 13.4 billion t p.a. in 2050, amounting to a 198 to 396% increase compared to 2011
(3.4 billion t p.a.) [5].
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A highly promising strategy to avoid the accretive competition of food and non-food
crops for land is the cultivation of lignocellulosic biomass on marginal agricultural land
(hereinafter referred to as “marginal land”). Agricultural land that is not suitable for the
cultivation of food crops is used for growing selected industrial crops [6]. This becomes
even more promising when considering that in sub-Saharan Africa and Latin America—the
hotspots of future land expansions—a high share of the land potential is subject to physical–
chemical limitations or lacking input factors and thus is not suitable for high-demanding
food or fodder crops [3]. Two second-generation bioenergy feedstocks are of special in-
terest for cultivation on marginal land: non-edible oilseed crops (e.g., Millettia pinnata L.;
Jatropha L.) and lignocellulosic biomass crops (e.g., Miscanthus (Miscanthus Andersson)) [7].
In addition to lignocellulosic crops’ adaptability to marginal land, further important bene-
fits are their high energy yield and density per unit biomass and volume [8]. Furthermore,
the low cultivation costs and reduced environmental impacts of perennial lignocellulosic
crops are outstanding [9]. The high energy density is also the reason why lignocellulosic
crops are recommended to not be primarily used for the production of platform chemicals
for bio-based materials [9]. The cultivation of annual and perennial lignocellulosic crops
on marginal land might allow an expanded production of bioenergy without endangering
food security [10]. The International Energy Agency evaluates the cultivation of lignocellu-
losic feedstock and their transformation into biofuels as one of the best options for reducing
greenhouse gas emissions. Lignocellulosic biomass can be cultivated on soils of different
quality, while providing a remarkably high biomass output. This is one of the reasons for
the increasing political support for the conversion of lignocellulosic feedstock to bioenergy:
for instance, in the United Kingdom, double Renewable Transport Fuel Certificates are
granted for lignocellulosic biofuels [11].

The growing political and economic interest in lignocellulosic feedstock cultivation on
marginal land necessitates precise biomass and bioenergy yield estimations and forecasts.
Reliable and science-based biomass and bioenergy estimates and projections are essential
for societal, political and economic decision-making, as well as for the development,
adaption and refinement of climate mitigation scenarios and strategies [12]. This review
holistically assesses the current practice of lignocellulosic crop yield modeling within the
scope of marginal land (Figure 1). Thereby, the focus is on the cultivation of lignocellulosic
crops on marginal land for a future bioeconomy, specifically the conversion into bioenergy.

Firstly, the question will be addressed whether globally and trans-nationally consistent
definitions and data available for the cultivation of lignocellulosic crops on marginal
land exist.

Secondly, this review aims to reveal the predominant shortcomings limiting the
informative power of biomass yield modeling on marginal land and the translation of
lignocellulosic biomass yields into bioenergy potentials.

This review does not focus on socio-economic restrictions (e.g., food sovereignty), which
could limit the use of the land, the biomass obtained and the energy yield. Nevertheless,
reference is made to key techno-economic aspects when applicable, providing a holistic
view on the underlying issues. From an economic perspective, this review only considers
low- and medium-input cultivation practices on marginal land [13] and thus excludes
high-input cropping systems.



Agronomy 2021, 11, 2397 3 of 39

Agronomy 2021, 11, x FOR PEER REVIEW 2 of 39 
 

 

A highly promising strategy to avoid the accretive competition of food and non-food 
crops for land is the cultivation of lignocellulosic biomass on marginal agricultural land 
(hereinafter referred to as "marginal land”). Agricultural land that is not suitable for the 
cultivation of food crops is used for growing selected industrial crops [6]. This becomes 
even more promising when considering that in sub-Saharan Africa and Latin America—
the hotspots of future land expansions—a high share of the land potential is subject to 
physical–chemical limitations or lacking input factors and thus is not suitable for high-
demanding food or fodder crops [3]. Two second-generation bioenergy feedstocks are of 
special interest for cultivation on marginal land: non-edible oilseed crops (e.g., Millettia 
pinnata (LINNAEUS); Jatropha (LINNAEUS)) and lignocellulosic biomass crops (e.g. 
Miscanthus (Miscanthus Andersson)) [7]. In addition to lignocellulosic crops’ adaptability 
to marginal land, further important benefits are their high energy yield and density per 
unit biomass and volume [8]. Furthermore, the low cultivation costs and reduced 
environmental impacts of perennial lignocellulosic crops are outstanding [9]. The high 
energy density is also the reason why lignocellulosic crops are recommended to not be 
primarily used for the production of platform chemicals for bio-based materials [9]. The 
cultivation of annual and perennial lignocellulosic crops on marginal land might allow an 
expanded production of bioenergy without endangering food security [10]. The 
International Energy Agency evaluates the cultivation of lignocellulosic feedstock and 
their transformation into biofuels as one of the best options for reducing greenhouse gas 
emissions. Lignocellulosic biomass can be cultivated on soils of different quality, while 
providing a remarkably high biomass output. This is one of the reasons for the increasing 
political support for the conversion of lignocellulosic feedstock to bioenergy: for instance, 
in the United Kingdom, double Renewable Transport Fuel Certificates are granted for 
lignocellulosic biofuels [11]. 

The growing political and economic interest in lignocellulosic feedstock cultivation 
on marginal land necessitates precise biomass and bioenergy yield estimations and 
forecasts. Reliable and science-based biomass and bioenergy estimates and projections are 
essential for societal, political and economic decision-making, as well as for the 
development, adaption and refinement of climate mitigation scenarios and strategies [12]. 
This review holistically assesses the current practice of lignocellulosic crop yield modeling 
within the scope of marginal land (Figure 1). Thereby, the focus is on the cultivation of 
lignocellulosic crops on marginal land for a future bioeconomy, specifically the 
conversion into bioenergy. 

 
Figure 1. Schematic overview of the subject of this study using the example of the cultivation of different Miscanthus
Andersson genotypes whose performance has been tested on a shallow stony soil in southwestern Germany since 2014.
Clear differences in aboveground biomass growth can be seen here (photograph was taken in winter 2019–2020). These result
not only from climatic and soil physical site influences but also from the physiological and morphological characteristics of
the genotypes.

Regarding the geographical boundaries, urban marginal lands are excluded from the
review. Within the scope of this research, a literature review was performed. Literature on
lignocellulosic crops, industrial biomass feedstock, marginal land and crop-specific mod-
eling studies on lignocellulosic feedstock were researched via Scopus, Google Scholar,
Wiley and Web of Science. To derive shortcomings and limitations from a broad number
of conducted yield modeling studies (Table 1), the authors not only researched general
lignocellulosic yield modeling approaches, but also crop-specific modeling such as yield
modeling of Miscanthus [14] (Figure 1) and Populus L. on marginal land [15].

In the following sections, first a contextualization of lignocellulosic crops and bioen-
ergy will be given, including an overview on applied definitions, as well as statistical data
for the global cultivation and usage. Secondly, the main characteristics of marginal land
are summarized, and the ways these terms are defined in different disciplines on marginal
land are analyzed. In the third part, shortcomings and limitations within the current yield
modeling practice will be assessed, revealing major unknown factors today’s methodology
does not take into account.

2. Contextualization of Lignocellulosic Crops, Bioenergy and Marginal Land
2.1. Definitions of Lignocellulosic Crops

Lignocellulosic crops are characterized by a content of about 80% lignocellulose (the
sum of celluloses, hemicelluloses, pectins and lignins), and thus could be defined as a
subgroup of industrial crops, as they are not suitable for human or animal consumption
and are thus cultivated exclusively for industrial use [16,17]. The European Technology and
Innovation Platform for Bioenergy defines lignocellulosic crops as species containing vary-
ing contents of lignin, different chain lengths and varying degrees of polymerization [18].
The three constituents are cellulose, hemicellulose and lignin, together building the so-
called microfibril [19]. Lignocellulosic crops are the most abundant renewable feedstock
on this planet, and compared to crude oil, biofuels from lignocelluloses show enormous
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cost advantage potentials [20] Lignocellulosic crops can either be used as feedstock for
renewable energy production or the lignocellulosic fibers can be used for the production of
various (bio-based) materials and platform chemicals (e.g., organic acids, furfurals, sugar
alcohols or 5-Hydroxymethylfurfural) [10,20,21]. Regarding the biochemical production
of fuels, ethanol and butanol are the most interesting pathways [22]. For both energetic
and chemical application, cellulose and hemicellulose need to be converted chemically
or by (hemi-)cellulolytic enzymes to produce sugars (predominantly glucose and xylose).
These sugars are then fermented by yeasts or bacteria to either ethanol/butanol or other
platform chemicals [23]. A second possible bioenergy pathway—producing electricity and
heat as well as liquid and gaseous fuels—is thermochemical conversion, especially via
combustion, gasification, pyrolysis, liquefaction, carbonization and co-firing [24]. In the
production of bioenergy from lignocellulose, lignin is the main by-product. Among other
options, the production of phenols (e.g., vanillin or ferulic acid) and carbon additives or
the direct usage of lignin as an additive (e.g., in the paper industry) is possible [23].

Nearly all lignocellulosic crops are perennial crops, so a re-cultivation or sowing is
not necessary after cutting and harvesting for a certain number of growing cycles [17].
Lignocellulosic crops include perennial herbaceous grasses, also called grass-like crops (e.g.,
Miscanthus, Panicum virgatum L. (switchgrass), Phalaris arundinacea L. (reed canary grass),
Arundo donax L. (giant reed), Lolium perenne L. (perennial rye grass)), as well as fast-growing
tree species, so-called short rotation coppice or woody biomass (e.g., Salix L. (willow),
Eucalyptus L’Hér (eucalyptus), Paulownia (Siebold & Zucc.), Populus L. (poplar)) [17,25]. The
latter are usually cultivated in relatively short rotation cycles, and more precisely, either
in coppicing systems (the stump is left for regrowth) or replanted after each harvest [10].
The European Technology and Innovation Platform for Bioenergy also includes wood from
forestry in their definition of lignocellulosic crops, but does not consider it as a sustainable
feedstock for bioenergy [18]. From a biochemical point of view, lignocellulosic crops can
be distinguished by lignin and nutrient content; higher in lignin but lower in nutrients is
woody biomass, mostly low in lignin and showing a higher nutrient content is associated
with herbaceous biomass (mostly grasses) [26].

2.2. Statistics and Forecasts

Neither the Food and Agriculture Organization of the United Nations (FAO) nor other
governmental or non-governmental organizations record coherent data for the cultivation
and/or usage of lignocellulosic biomass on a global scale. The FAO collects data for
the cultivation and harvest of different industrial and non-industrial crops, but usually
does not consider their final usage (e.g., food, feed or energy) [27]. The FAO lists crops
in different categories (e.g., primary crops, fiber crops), and data are collected at farm
level, not considering any processing steps [28]. Having a more detailed view on fiber
crops, the FAO includes different lignocellulosic crops, for instance, China grass, Indian
hemp, agave or Mauritius flax [29]. As fiber-rich crops are unsuited for human or animal
consumption, their industrial usage can be assumed, but there is no final evidence included
in the FAO metadata [17]. Moreover, only estimations of global land use for industrial
lignocellulosic feedstock cultivation are available, of which a large share is outdated and/or
inconsistent [30]. Piotrowski et al. estimated a global biomass production (agriculture
and forestry) of 12.1 billion tons in 2011, of which 16% were used for heat and power
generation, 10% for bio-based materials and 1% for biofuels [5]. The latter is in accordance
with the International Energy Agency (IEA), which estimated that in 2010, less than 1% of
global agricultural land was used for cultivating feedstock for biofuels [31]. Nevertheless,
these numbers might have changed since then due to rapidly increasing biofuel conversion
capacities. Estimations of the land used for bioenergy feedstock cultivation resulted in a
2.7% share of global land in 2008. It is obvious that this percentage is based on outdated
data and furthermore varies throughout the literature [5,30]. Data availability for feedstock
production considering the type of energy carrier is similarly of poor quality (with an
exception for biogas) [17,32].
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When it comes to statistical data for the national or regional cultivation of industrial
and/or lignocellulosic crops, the data are also insufficient. A positive exception is the
European Union (EU); Eurostat not only tracks and documents the total national area
dedicated to industrial crops, but also the production of industrial crops on the EU country-
specific NUTS 2 scale (basic regions). According to Eurostat, the used agricultural area
in the EU consists of 61% arable land, which contains a 7% share of land dedicated to
industrial crops [33]. Eurostat provides data for industrial crops in 13 specific crop groups
(e.g., rape and turnip rap, other oilseed crops, fiber flax). Some of these crops, parts of
them or their by-products can be characterized as lignocellulosic crops, for instance, cotton,
hemp, fiber flax, oil palm frond and empty fruit bunch as well as tobacco stalks and other
residues [34]. In 2008, approximately 5.5 million hectares within the EU-27 were dedicated
to the cultivation of bioenergy feedstock, having a 1% share in the total used agricultural
area, equaling 50,000 to 60,000 ha of total landmass [17]. The largest share of the used
agricultural area was dedicated to oil crops (82%; for biodiesel), followed by sugar and
starch crops (11%; for bioethanol). The largest areas of industrial lignocellulosic cropping
are in the United Kingdom (mainly willow and Miscanthus), Sweden (willow and reed
canary grass), Finland (reed canary grass), Germany (Miscanthus and willow), Spain and
Italy (Miscanthus and poplar) [17]. The literature shows that there are almost no further
statistics of industrial lignocellulosic crops available for European countries [17]. One of the
countries with sufficient data availability is the United Kingdom, publishing yearly data on
crops grown as bioenergy feedstock, recording, for instance, the cultivation of Miscanthus,
short rotation coppice and straw crops. In 2018, 1.9% of the United Kingdom’s arable land
was used for the cultivation of bioenergy feedstock (94,000 ha), of which 29% was dedicated
to biofuel feedstock. A total of 7000 ha were dedicated to Miscanthus (0.1% of arable land)
and 3000 ha (<0.1%) were used for the cultivation of short rotation coppice [11].

When it comes to the supply of industrial biomass for the future bioeconomy, the
largest feedstock volume will be demanded by the global bioenergy sector, playing an
essential role in a future low-carbon economy. For the year 2020, a usage of 84 million tons
of energy crops for the production of bioenergy was estimated for Europe [35]. This equals
more than a doubling in comparison to 2012 (40 million tons). Looking at the status
quo regarding lignocellulosic feedstock, in 2019 only 10 million out of 5505 million liters
of bioethanol produced in the EU came from lignocelluloses. In 2019, there were only
two European refineries with a total capacity of 60 million liters of cellulosic ethanol
production [36]. Regarding estimations of the future demand for industrial (including
lignocellulosic) energy crops, a wide-ranging spectrum of biomass-based energy potential
estimates is available in the literature. Starting from 2017’s global energy use of 1500 EJ,
the IEA estimates a possible add-on of 100 to 300 EJ from bio-based resources in 2060.
A total of 60 to 100 EJ could be potentially derived from agricultural land, which does not
conflict with food safety, leads to only low land use change emissions and complies with a
range of sustainability criteria. The IEA considers an additional primary biomass supply of
145 EJ in 2060 as necessary to achieve the Paris climate mitigation goals. This agricultural
biomass supply is evaluated as challenging, but achievable [37]. The Intergovernmental
Panel on Climate Change assumes a bioenergy contribution of 120 to 160 EJ in their
2050 scenarios [38]. Studies consistently show that globally large areas of marginal and/or
degraded land are available and are not suited for food or feed production, but can be used
to feed the growing demand for (lignocellulosic) bioenergy feedstock [39].

2.3. Definitions of Marginal Land

The characteristic aspects of marginal land depend highly on the disciplinary termi-
nology, which differs between the environmental biological–ecological, economic, political
(legal) and social perspectives. The adjective ‘marginal’ commonly refers to something
‘situated at a margin or border’, which is therefore ‘not of central importance’ and ‘close to
the lower limit of qualification, acceptability, or function: barely exceeding the minimum
requirements’ [40]. A clear definition of ‘marginal’ is context-dependent and subjective to
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the overall aim of declaration [41]. Marginal land in the context of cultivating industrial
crops for bioenergy or biochemical production without threatening food production is
often associated with unused, under-utilized, idle, spare, abandoned, degraded, fallow or
set-aside land [42]. These descriptions highlight the low quality of marginal land due to
challenging climate conditions and soil characteristics, which limit its productivity and
therein its suitability for food crop cultivation. This generic definition is relatively consis-
tent across studies with different scopes and disciplines, while the working definitions of
marginal land across different studies vary depending on the geographic location in focus,
the background of the authors and the aim of the study [43].

2.3.1. Food vs. Fuel Definition

A very broad definition of marginal land is ‘land that has bio-physical and/or socio-
economic constraints for food production’ [44]. Land with easily improvable soil conditions
by measures such as irrigation, fertilization or drainage is usually excluded in marginal land
definitions to avoid competition with food on that land [41,44]. Marginal land is therefore
closely associated with low input and reduced management as economic efficiency is the
main determinant of the suitability of cultivation on marginal land [45]. This concept of low
input and reduced management has to be distinguished from low-input framing systems,
which aim to close input and output cycles to maximize the use of resources produced
on the farm site, while minimizing off-farm inputs such as purchased fertilizers and
pesticides [46]. Compared to the first definition of von Cossel et al. [44], which highlights
the lower productivity of food crops on marginal land, Shortall classifies marginal land
as a place ‘where food production cannot take place because the land is not productive
enough’. Both of these definitions are normative, stating that the land is not suitable for
efficient food crop cultivation but assuming that it is technically possible and economically
feasible to produce industrial crops there [42]. These definitions, furthermore, indirectly
assume that farmers would be willing to dedicate marginal land to industrial crops instead
of cultivating these on prime land to avoid indirect land use change (iLUC), a frequently
cited negative impact of energy crop cultivation [42,47].

Elbersen et al. go even further and define marginal land as land that has limited
agricultural productivity due to negative human interventions that have made this land
highly sensitive to degradation [41]. Some authors also include fallow land, which is
arable but not cultivated during one cropping season, in their definition of marginal
land as it is ‘assumed to be kept out of food production in the future with regard to its
lower-than-average quality’ [48].

2.3.2. Environmental and Biological Definition

There are two main fields of environmental definitions on marginal land: one deals
with the soil and climatic conditions (including natural or man-made conditions) of the land,
while the other focuses on issues beyond the given conditions and assesses the ecological
importance of marginal land. The environmental conditions that make a soil marginal
are well defined and were extensively researched with respect to the growth of industrial
crops in recent decades [9,41,44]. Most prominent soil and climate conditions leading to
marginal land are—amongst others—drought/dryness (<200 mm per growth season), low
temperatures (<5 ◦C), excessive soil moisture/waterlogging, soil texture, shallow rooting
horizons (<35–80 cm), soil quality (chemical conditions: salinity > 4 dS m−1, sodicity, acidity
pH < 4), soil contamination (natural or human-made toxicity by pollutants, e.g., heavy
metals or calcium) and steep slopes (>15–30◦) [9,41,44,49]. Especially combinations of these
limiting soil conditions, so called negative synergies, impose challenges for the cultivation
of industrial crops on this type of land. There are few combinations of the individual
factors that cancel each other out, resulting in positive synergies with improved conditions,
and the interaction of some characteristics is still unclear [49]. The negative synergies of
soil characteristics often favor soil erosion by wind and rain, for example, in Mediterranean
countries where high temperatures, limited annual rainfall, steep slopes and low vegetative
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soil cover prevail [12]. This imposes challenging conditions on the farmers and requires
adequate knowledge regarding the right time for tillage and fertilization to minimize
soil erosion. Apart from the environmental conditions, biological–ecological conditions
are important for assessing the marginality of land as natural vegetation and existing
ecosystems can provide habitats for agricultural fauna and contribute to biodiversity [50].

2.3.3. Socio-Economic Definition

A broad economic definition characterizes marginal land by its often poor infras-
tructure, which leads to limited market access of the goods that could be produced on
that land [41] and thereby affects mostly rural areas in regions with difficult accessibility.
In more concrete economic terms, marginal land can be utilized ‘at the margin of eco-
nomic viability’ [51], meaning that the profit obtained from these lands is close to zero.
This definition is prescriptive compared to the environmental ones, as it suggests that
under the given set of conditions this land should be used for industrial crop cultivation
rather than for food crop cultivation to increase its economic viability [42]. The economic
perspective on marginal land is not directly based on the fertility or the conditions of
the soil but rather on the relation of inputs and outputs to and from the land. From this
perspective, the degree of marginality can only be assessed based on the comparison of
different crop production systems on this land as they have varying break-even points due
to different inputs and outputs [52]. This understanding of marginality implies that food
crops that could be grown on that land might not be cultivated there when a better, more
economically beneficial alternative is present, leading to land use change [47].

2.3.4. Political and Legal Definition

As national tendencies and strategies for the mitigation of fossil fuel emissions in the
form of energy consumption differ, the boundaries of marginal land change from country
to country. For the national assessment of greenhouse gas emissions from land use, land
use change and forestry, national subcategories of the six main Intergovernmental Panel on
Climate Change categories are determined and evaluated [53]. Regulations regarding the
distance between agricultural production and urban areas as well as fresh water sources
further limit the availability of marginal land but are often not accounted for, causing
an overestimation of marginal land [54]. These different definitions make a comparison
between countries difficult [9], and even within Europe a common definition has not been
established so far [55]. However, recent studies on marginal land in the EU are trying to
establish common ground [41,44,48,49]. In 2019, the EU established criteria for identifying
high indirect land use change (iLUC) feedstocks to decrease their use for bioenergy [56].
High iLUC feedstocks describe feedstocks where ‘significant expansion of the production
area into land with high-carbon stock is observed’ [56], which are therefore a threat to the
environment. The new directive only allows for an increase in the share of the high iLUC
feedstocks’ contribution towards the national renewable energy targets for biofuels and
biomass from food and feed crops of 1%, based on 2020′s national contribution of food
and feed crops to the final energy consumption in transportation by road and rail (ibid.).
By 2030, feedstocks with a high risk of iLUC are not allowed to be included in the national
calculation of renewable energy in the transportation sector anymore. Nevertheless, the
member states are still allowed to import and use high iLUC risk feedstocks [56]. To avoid
iLUC, land where no feed and food crops can be grown could be used for the cultivation of
industrial crops for bioenergy [57].

2.3.5. Social Definition

The social dimension of marginal areas is very diverse and, like the ecologic-biological
dimension, often neglected [43]. Marginal land can serve many purposes other than crop
cultivation, such as biodiversity conservation (providing a balanced environment to live
in), subsistence agriculture (which generates income and can reduce poverty), educational
purposes, the provision of firewood and food in some parts of the world (allowing for a
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human livelihood) as well the provision of ecosystem services and maintenance of cultural
heritage [42,43,58]. Due to lacking measurement methods and the intangibility of many of
these social values, their assessment is usually only performed on a very reduced regional
scale, if at all [58].

3. Limitations of Current Yield Modeling Approaches on Marginal Land

Several studies assessed in this paper conduct or combine previous yield modeling re-
sults to evaluate regional, national or global biomass and/or bioenergy potentials (Table 1).
A recent example is the study of Pancaldi and Trindade, concluding that between 28 and
85% (for the 6.7 billion t scenario [5]) and between 14 and 42% (13.4 billion t scenario [5]) of
the global biomass demand in 2050 could be met by lignocellulosic crops [59]. The base of
this calculation was the yield modeling of Nijsen et al., calculating a global average yearly
yield of lignocellulosic crops on marginal land of 7.9 tons per hectare as well as an overall
bioenergy potential between 150 and 190 EJ per year [60]. In this review, the input data
of biomass yield models for marginal land, their results (output), as well as their general
methodology and the interpretation of results were critically analyzed.
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Table 1. Overview of biomass yield modeling studies included in this study.

Crops. Geographical
Boundary Date Marginal Land

Definition Sources of Input for Biomass Yield Modeling References

Switchgrass, Giant reed,
Miscanthus

Mediterranean Basin
(Greece and Italy) 1993/7/8 and 2004–2014 Water scarcity, salt and

nutrient stress

Soil assessment: not specified
Climate assessment: between 2005 and 2014 based on
calculation of indices for rainfall distribution according to
Monti and Venturi 2007
Yield: empirical data, compared by means of an
ANOVA analysis
Yield model: No projection of yields (only ex post analysis)

[61]

Low-input high-diversity
mixtures of native

perennials,
Miscanthus,

Switch-grass

Africa, China, Europe,
India, South America

and United States

Not
specified

Abandoned land as well
as mixed crop and

vegetation land

Soil assessment: Harmonized World Soil Database
(FAO/IIAS 2009)
Topography assessment: Global Terrain Slope (Global
Agro-Ecological Zones (GAEZ) 2008)
Climate assessment: humidity and temperature (Natural
Resources Conservation Service NRCS 2001 and
New et al. 2000)
Yield: based on empirical knowledge and expert opinions
Yield model: Fuzzy logic modeling (FLM) to estimate
productivity and net energy gain from marginal land

[62]

Poplar, Black locust Germany

Not specified
(part of EU SEEMLA

project 2016–2018)

Soil physical and
chemical parameters,

which give a Soil Quality
Rating score < 40

Soil assessment: Muencheberg Soil Quality Rating system
based on data from European Soil Database and a geographic
information system (GIS) toolset
Topography assessment: National Aeronautics and Space
Administration (NASA) Shuttle Radar Topography Mission
(SRTM), European Environment Agency (EEA)
Climate assessment: WorldClim–Global Climate Data,
Institute for Veterinary Public Health
Yield: empirical data of surrounding fields
Yield model: Soil Quality Rating and GIS tool to calculate
marginal land availability in Europe

[55]Black locust, Pine Greece

Miscanthus, Poplar,
Willow Ukraine
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Table 1. Cont.

Crops. Geographical
Boundary Date Marginal Land

Definition Sources of Input for Biomass Yield Modeling References

Switchgrass, Miscanthus,
Poplar

Southern Appalachian
Mountain region
(United States)

2008–2012 Land that is currently not
used for food production

Soil assessment: based on United States Department of
Agriculture (USDA) Soil Survey
Topography assessment: based on literature
Climate assessment:
Current: averages and standard deviations for 30 years
(1981–2001) based on DayMet dataset
Future: from global circulation model, adjusted for the IPCC’s
medium- and high-emissions scenarios (representative
concentration pathway, RCP 4.5 and RCP 8.5)
Yield: literature data (of growth period of 4 years 2008–2012),
Yield model: process-based crop growth model Agricultural
Land Management Alternative with Numerical Assessment
Criteria (ALMANAC), comparison between current and
future yields by means of an ANOVA analysis

[63]

Switchgrass Great Plains (United
States) 2010–2012

Land with a crop
indemnity lower than

USD 2,157,068

Soil assessment: based on literature, available soil water
capacity from NRCS
Topography assessment: United States Geological Survey’s
(USGS) National Elevation Dataset, USGS compound
topographic index
Climate assessment: based on literature, USGS irrigation
map, USDA Natural Resources, Conservation Service
(NRCS), Soil Survey Geographic Database (SSURGO)
Yield: derived from satellite-derived growing season
Normalized Difference Vegetation Index (NDVI) for
2010–2012, USGS crop mask (from USDA National
Agricultural Statistics Service Cropland Data Layer)
Economic suitability: USDA county-level crop
indemnity map

[64]
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Table 1. Cont.

Crops. Geographical
Boundary Date Marginal Land

Definition Sources of Input for Biomass Yield Modeling References

Miscanthus Hesse (Germany) Not
specified

Produces low yields,
similar to set-aside

farm land

Soil assessment: Integrated Administration and Control
System for Payments in the Context of the EU Common
Agricultural Policy (EC 2007), German Soil Rating Survey
(“Bodenschätzung”),
Topography assessment: Hessian Agency for the
Environment and Geology (Hessisches Landesamt für
Umwelt und Geologie), Digital Elevation Model
Climate assessment: Hessisches Landesamt für Umwelt und
Geologie, National Weather Service of Germany.
Yield: estimates at field level, literature and
expert knowledge
Yield model: yield function of the economic GIS-based model
ProLand (Prognosis of Land use)

[65]

Miscanthus

Denmark, Germany,
Greece, Ireland, Italy,

Netherlands, Portugal,
Sweden, Turkey, United

Kingdom, US

Not
specified

Not specified (just labeled
‘different agro-ecological

environments’)

Soil assessment: texture class, soil depth and water holding
capacity from literature of experiments and FAO’s digital soil
map of the word
Topography assessment: slope class from literature of
experiments and FAO’s digital soil map of the word
Climate assessment: from global gridded databases, average
monthly weather information (1961–1990) on radiation,
temperature, vapor pressure, wind speed, precipitation and
rainfall days
Yield: Field experiments from literature (used annual
biomass yields after 3rd year of growth)
Yield model: LINPAC (modified LINTUL model for
Perennial and Annual Crops), including sensitivity analysis

[25]
Willow

Canada, Finland,
Germany, Sweden,

United Kingdom, US

Reed canary grass
Czech Republic,

Finland, Lithuania,
Sweden, US

Eucalyptus

Australia, Brazil, China,
Congo, India, New

Zealand, South Africa,
US
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Table 1. Cont.

Crops. Geographical
Boundary Date Marginal Land

Definition Sources of Input for Biomass Yield Modeling References

Russian olive, Euphrates
poplar,

Siberian elm

Aral Sea Basin
(Uzbekistan) 2003–2005

Increased salinity, low
ground water availability

and reduced irrigation
water availability

Soil assessment: based on literature and empirical data
Topography assessment: based on literature
Climate assessment: based on literature
Yield: empirical data, compared by means of an
ANOVA analysis
Yield model: No projection of yields (only ex post analysis)

[66]

Miscanthus Loess Plateau (China) 2010

Reduced soil cover by
severely eroded soil,

landscape degradation
and nutrient depletion in

the soil

Soil assessment: based on literature and empirical data
Topography assessment: based on literature
Climate assessment: based on data from Xifeng
Meteorological Station (next to the experimental site), from
the Data Sharing Infrastructure of Earth System Science
Yield: empirical data
Yield model: based on the radiation model by Monteith 1977,
modified for Miscanthus field trials by Beale and Long [67];
Clifton-Brown et al. [68]

[69]

Miscanthus Italy and Greece Not
specified Not specified

Soil assessment: literature, expert knowledge
Topography assessment: literature, expert knowledge
Climate assessment: literature, expert knowledge
Yield: literature, expert knowledge
Yield model: No projection of yields (only ex post analysis)
Economic suitability: Analysis of strengths, weaknesses,
opportunities and threats
Social suitability: input output analysis

[70]
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Table 1. Cont.

Crops. Geographical
Boundary Date Marginal Land

Definition Sources of Input for Biomass Yield Modeling References

Switchgrass, Miscanthus US 1989–2008

Abandoned land, land
with mixed vegetation

and marginal
productivity (based on

Cai et al. [62])

Soil assessment: based on data from Food and Agriculture
Organization (FAO)/Civil Service Reform Committee
digitalization of the FAO/United Nations Educational,
Scientific and Cultural Organization (UNESCO) soil map of
the world
Topography assessment: based on data from NASA Shuttle
Radar Topography Mission
Climate assessment: based on data from European Centre for
Medium-Range Weather Forecasts, National Oceanic and
Atmospheric Administration Mauna Loa CO2 record
Yield: calculated based on model (based on N and
C dynamics)
Yield model: AgTEM including ecophysiological,
biogeochemical and management-related processes into the
Terrestrial Ecosystem Model framework

[71]

Miscanthus, Switchgrass,
Giant Reed, Reed canary
Grass, Cardoon, Willow,

Poplar, Eucalyptus

Europe Not
specified

Low quality land, where
only non-competitive

yields for rotational food
and feed crops can

be achieved

Soil assessment: based on data from literature (European Soil
classification)
Topography assessment: based on data from literature
(European Soil classification)
Climate assessment: based on data from literature
Yield: calculated based on the Aqua Crop model for low,
medium and high management practices
Yield model: Aqua Crop model from FAO
Economic suitability: ABC cost model (for minimum cost
prices of feedstock production)

[45]
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Table 1. Cont.

Crops. Geographical
Boundary Date Marginal Land

Definition Sources of Input for Biomass Yield Modeling References

Miscanthus, Switchgrass,
Jatropha China

Miscanthus 2009–2010,
for switchgrass and

jatropha not specified

Land that is not a forest,
an environmental reserve,
a residential area and that

is not currently used as
cropland or pastoral land

Soil assessment: HWSD (2000–2016), Data Center for
Resources and Environmental Sciences, Chinese Academy of
Sciences (RESDC, 2015), Institute of Soil Science, Chinese
Academy of Sciences (ISSCAS)
Topography assessment: NASA Shuttle Radar Topography
Mission (SRTM)
Climate assessment: Climatic Research Unit Time Series
(CRU TS; 2000–2016), China Meteorological Administration
(CMA), General circulation model (GCM)
Yield:
Miscanthus’ yields (as input for MiscanFor) for 2009–2010
from expert knowledge
Calculated based on the respective yield model
Yield model:
MiscanFor (for Miscanthus, Hastings et al. [72]),
GIS-based Environmental Policy Integrated Climate Model
(GEPIC, for switchgrass; Liu et al. [73]),
GAEZ Model (for Miscanthus, switchgrass and jatropha;
International Institute for Applied Systems Analysis
(IIASA)/FAO, 2012)

[74]
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3.1. Overview on Yield Modeling Practice and Approaches for Marginal Land

Most studies assessed in this review focus on a select few regions/countries, mainly
China, Germany, Greece, Italy, Sweden and the United States, where the cultivation poten-
tial of the most common perennial crops including Miscanthus, switchgrass, poplar and
willow is assessed. The studies frequently use crop yield data from 2000 to 2015 as input pa-
rameters, while for the climatic data usually more historical information from 1960 to 1990
is used as this time horizon is commonly provided within the different databases. Several
databases are used in yield models to provide all information needed in order to adequately
calculate the biomass growth. This includes, for instance, topological data, including soil
classification according to different limiting factors, as well as data on crop demands and
their development along the growth cycle [65]. This information for each parameter is then
transferred onto the respective map of the region(s) under study. Thereby, several maps
with different information are generated. Through laying the different maps on top of each
other and analyzing overlapping areas, the suitable marginal area for lignocellulosic crop
cultivation is determined [45]. Some of the studies additionally assessed estimated future
yields, for instance, under different climatic conditions [63]. Another common approach is
the comparison of the average biomass yield for a specific region (calculated by a generic
model) with empirical regional data to highlight important input parameters that have to
be adjusted in the generic models to enable a suitable assessment [25]. For this purpose,
these studies make use of generic or crop-specific biomass yield models that go beyond the
creation and stacking of maps. In cases where the suitability of cultivating different crops
on the same marginal area is compared, authors often have to refer to different generic
biomass yield models as only few crop-specific models are currently available (cf. Zhang
et al. using MiscanFor, GAEZ and GEPIC [74]).

If different crops in different regions are to be compared, often primary data that
have been collected over short or medium time spans are inserted into equations for
biomass growth calculation. The limited long-term data availability makes modeling future
situations with the current biomass yield models challenging as the increased variance
between the different locations and crops cannot be represented sufficiently [61]. The same
holds true for models that take multiple ecological, economic and social constraints into
consideration, especially if the assessment takes place at field or farm level [65,75].

Depending on the focus of the study, additional disciplinary perspectives might be
included: Ramirez-Almeyda et al. [45] extended their study to account for the economic
costs associated with cultivating switchgrass and Miscanthus in the Mediterranean. Gu and
Wylie [64] also assessed the possibility to grow switchgrass on marginal land in the Great
Plains (United States) from an economic perspective [64]. Based on the value of the
indemnity that has to be paid when cultivating common crops on that land, a threshold
was derived that serves as an indicator for the suitability of marginal land for switchgrass
cultivation. Harvolk et al. [65], assessed the technical potential to cultivate Miscanthus
on an area in a small municipality in Hesse (Germany) under consideration of different
ecological situations.

Most of the studies reviewed use different sources from the literature, varying databases
and sometimes expert opinions when sufficient data are lacking. Due to their different foci,
assumptions and boundaries, the results obtained differ widely and provide an adequate
snapshot of the current heterogeneity within the field of biomass yield modeling.

3.2. Overview on Limitations and Shortcomings

A summary of the identified challenges and limitations on the input and output side
of biomass yield modeling is given in Figure 2. All these factors decrease the comparability
of the results from different studies, limiting their interpretation and contextualization [76].
A typical yield modeling sequence starts with the definition of scope and the basic terms
and continues with the selection of the model and the input parameters. The resilience of
the modeling results can be controlled by means of a comparison with future variations.
In addition, several yield modeling studies translate the biomass yields into bioenergy
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potentials. The final predictions of the yield modeling have to be constantly revised by
making use of new models or by updating existing ones. In both cases, the modeling cycle
is repeated.
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3.3. Challenges on the Input Side of Biomass Yield Modeling

On the input side, limitations of the current yield modeling practice (including the
models applied) can be grouped into two categories: (i) the scope and basic definitions
underlying the biomass yield assessment, and (ii) the models and input parameters applied
in the modeling (Figure 2). The second category is subdivided into shortcomings related to
general aspects of the model while a second category focuses specifically on the challenges
of the input parameters used by the models.

3.3.1. Scope and Basic Definitions

The scope of the current research undertaken in biomass yield modeling is geograph-
ically narrow and focuses mostly on member states of the Organization for Economic
Co-operation and Development, especially North America, Europe and China [58,77].
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Models and approaches developed there are presently state-of-the-art and applied in
studies conducted all over the world. Due to the varying environmental conditions
within and between different countries, models calibrated with data from the North-
ern Hemisphere are only limitedly suitable for other regions such as Africa or Latin
America [25]. Many countries are therefore still unconsidered in biomass yield modeling
research. The lack of geographical coverage limits the holistic assessment of the global
potential of biomass yield from lignocellulosic crops and might lead to forgone potentials.

To ensure comparable, realistic and detailed results from biomass yield leading to
suitable decisions on the spatial and temporal distribution of biomass cultivation, the
underlying basic definitions of the input parameters have to be coherent [42]. Currently,
there are no standardized globally accepted definitions of the most important inputs to
the modeling process including marginal land and industrial and lignocellulosic crops.
These definitions are highly contextual and study-dependent, and even though most
of them share a common core, variances in the wording and the conscious inclusion or
exclusion of certain aspects lead to very different perceptions and interpretations [43].
For example, while a common guideline to assess marginal land in Europe exists [49], the
amount of land classified as marginal varies widely between studies. This implies that
the validity and reliability of studies calculating the global marginal land availability are
reduced because they do not account for differences in local definitions. Instead, they
often apply the same definition to all locations, which can result in an overestimation
or underestimation of the actual potential. To avoid this problem, some studies assess
marginal land from the perspective of the current use of the land and the potential to
change this land use to favor lignocellulosic crop cultivation. This approach does not
consider the reasons for a certain current land use and will lead to inadequate results,
which can only be corrected if biophysical data are additionally considered [55]. In the
case of crops, the lack of coherent definitions leads to vague distinctions of the different
types as few classification criteria exist [78]. In some statistical assessments, for example,
corn is classified as an industrial crop for animal feed but it can also be destined for
human consumption (with or without refinement), which would then convert it into a food
crop. The same holds true for other multipurpose crops such as soybean, sorghum and
cotton. Without a precise, internationally agreed definition (or a fixed set of definitions) of
industrial, lignocellulosic and food crops, the underlying competition for land between
these crops cannot be evaluated.

The lack of definitions further imposes challenges on the data collection of marginal
land availability and biomass yield achievability. On a global scale, accurate statistical
data are often missing [79], and even between the different European countries the quality
and quantity of datasets vary widely (for instance on soil conditions) [55]. This leads
to situations where the input parameters date back to different years, increasing the
uncertainty and inaccuracy of the final result, especially for climate data where values
from the 1960 to 1990s are often used. Comparisons of studies thereby become more
challenging, and especially for promising lignocellulosic crops such as Miscanthus, very
few long-term yields are available at national or international level. This might be due to
the recent interest in Miscanthus as a bioenergy crop and the complex interactions between
a number of factors such as planting method, species and site conditions [45]. Not only
for cultivation on marginal land, but also for growth on arable land, no data are (publicly)
available for Miscanthus from Eurostat, FAO or USDA. Assessing if yields on marginal land
are significantly lower than on arable land is nearly impossible then and might lead to less
accurate definitions of marginal land, their estimated future availability and the amount
of biomass yields that can be achieved from that land. Overall, the contextualization of
biomass yield modeling results becomes more difficult if the availability of representative,
high-quality data, which is based on the same definitions at regional, national and global
scale, is limited [61].
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3.3.2. Models and Input Parameters

Modeling approaches also need to shift their focus towards a more detailed and holistic
evaluation of biomass growth, as currently used biomass yield models are mostly generic.
Generic models such as the frequently used GAEZ or GEPIC model are based on average
growth data for a variety of crops [74]. Zhang et al. in their study on Miscanthus growth on
marginal land in China calculated an average annual dry matter yield of 0.318 Mg ha−1

with the GAEZ model, while the MiscanFor model predicted annual dry matter yields of
14.6 Mg ha−1. MiscanFor is a software for biomass yield modeling (developed in Europe)
that is specifically calibrated for the Miscanthus genotype Miscanthus × giganteus [74].
The differences in the yield might not only be caused by the different types of models,
but it is reasonable to assume that the more detailed MiscanFor estimations lead to more
precise results [61]. Nevertheless, no specially tailored models for biomass growth on
marginal land exist currently [55]. The results obtained from the applied models are thus
based on information from arable land. Some marginal land parameters—such as specific
soil and climatic conditions—can be inserted into models, yet they cannot be represented
in their whole complexity.

Besides having arable land as a basis for biomass yield modeling, most crop growth
models are compiled software packages that do not provide open access to the source
code used [80]. The model users can therefore not trace and reproduce the calculations
performed by the model. This reduced transparency increases model uncertainty as
the influence of the model’s internal structure on the simulation output cannot be fully
assessed and the chosen input parameters might only be limitedly related to the calculated
output [81]. Semenov and Porter [82] additionally highlight the limited range of data
on which the calculations were based and the increased amount of assumptions and
hypotheses underlying the biomass yield models. These input uncertainties together
with the model uncertainty increase the output uncertainty and the reliability of the
results [83]. Holzworth et al. [84] mention the lack of focus on universal software platforms
as a reason for the reduced efficiency in agricultural modeling. This also leads to an
increased gap between the software industry and agricultural production researchers [84].
This lacking connection between the two most important actors within the biomass yield
model sphere promotes inadequate representations of the growth process. For example,
the MiscanFor model calculates biomass yields of Miscanthus based on yields of mature
rhizomes, which are usually only achieved after three to five years [79]. In the first years
after the establishment, Miscanthus yields are much lower, which should be adequately
represented in the models to avoid an overestimation of the results [61]. However, the
relatively stable yields after the establishing period allow predictions of biomass yields from
perennial crops if adequate data for all input parameters are available [25]. The sequence
in which the different input parameters and their thresholds accounting for the marginality
of the land are inserted into the model is also important. Different data compiling methods
and pre-selections alter the amount and characteristics of marginal land estimated [74].
The points mentioned above provide reasons for the very limited comparability of the
results obtained from biomass yield models and the huge variations in marginal land, yield
and energy potential estimations.

The concrete input parameters used in biomass yield models on marginal land are
often grounded on short-term field trial data [85]. These data are not representative,
as only certain management practices and few soil characteristics are included, which
insufficiently account for the complexity of marginal land [45]. In addition, the whole
growth cycle cannot be assessed by means of three-year trials and the use of average yield
data further reduces the accuracy of the model outputs [79]. This puts the importance of
local environmental and climatic conditions into focus [74]. One of the most important
parameters is the soil, as it provides the basis for biomass growth. The interactions within
the soil and between the soil and the other environmental parameters are highly complex
and site-specific. The combination of individual marginal soil characteristics can create
positive, negative or unclear synergies [49]. Unclear synergies were reported for the
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combinations of excess soil moisture and stoniness, organic soil texture and steep slope,
stoniness and heavy clay texture, sandy texture and heavy clay as well as heavy clay and
steep slope [49]. As the interactions between soil, crop and climate are very complex, it is
difficult to assess the performance of a crop on marginal land, especially when negative
synergies are present. These mutual influences increase the complexity of soil systems even
further, making a detailed assessment of the soil necessary for an adequate representation
in the model. Many models neglect this complexity by determining a land’s marginality
based on only one threshold or a few averaged values. For instance, on marginal land
where low crop management and no/very limited irrigation are prevailing, the various
soil conditions influencing the water holding capacity (e.g., slope, soil texture and soil
cover) need to be assessed in conjunction with each other to assess if sufficiently high
yields can be achieved [76]. Miscanthus, as one of the most promising future bioenergy
crops, is often given as an example for cultivation on marginal land due to its reduced
environmental and management demands. Nevertheless, Miscanthus has a low resistance
to drought and abiotic stress [86]. This reduces its suitability to be grown on marginal
land, for example, on steep slopes in the warm Mediterranean regions, because abiotic
stresses are often present in combinations, for example, drought coming along with heat,
or in successions as in the case of waterlogging followed by drought [87]. As not all crops
are equally suitable for the same soil and environmental conditions, the assessment of
only one type of crop on marginal land might not be sufficient to identify the best land–
environment–crop fit [74]. As important as a detailed environmental assessment is, it is
often practically difficult to model certain physical constraints such as damages from strong
winds. Apart from modeling the damage, a probability for the damaging event as well as a
recovery period with lower growth would additionally have to be modeled, which further
increases complexity. Depending on the specific location, for example, coastal areas, it is
useful and necessary to take these aspects into consideration [88]. Overall, the degree of
detail of each study depends on its objective as well as time and financial constraints.

In addition to input data, the modeling process needs to be conducted at high resolu-
tion [74]. The resolution of the results depends on the lowest resolution of the input data
and studies highlight the assessment at a 1 km2 scale as most adequate [55,65]. For example,
Richter et al. [89] calculated an average dry matter yield of 9.6 t ha−1 for Miscanthus culti-
vated in the United Kingdom, while Aylott et al. [90] modeled a combined short rotation
coppice yield (willow and poplar) of 9.7 DM t ha−1 for the same area. Bauen et al. [88],
however, using a 1 km2 grid resolution, predicted an average yield of 11.9 DM Mg ha−1

for the United Kingdom when selecting the highest yielding crop (Miscanthus, poplar or
willow) for each grid. Schorling et al. [91] in their study on Miscanthus yields on marginal
land in Germany also obtained more accurate results compared to a Europe-wide study
assessing the same. Their detailed geographical, climatic and geological data input allowed
for the avoidance of an overlap in the types of areas (e.g., rural villages and marginal land)
and accounted in detail for areas where the soil composition changed [91].

The time dependency of the yields calculated by the models is an additional source of
uncertainty [55]. Changes in the climatic data have a severe influence on the yields, but
few studies predict future yields based on future data, instead using past data, though
valid predictions exist, e.g., from Intergovernmental Panel on Climate Change for climatic
data [74]. Most studies therefore claim to make an ex ante assessment but make use
of ex post data, which provide only limited suitability and reduce the study’s validity.
This insufficient long-term orientation of the input data is caused by a combination of all
the aforementioned factors.

With regard to the extensiveness and inclusion of different perspectives, biomass
yield models have to be improved. Many studies model the technical potential of biomass
cultivation on marginal land but lack a practical orientation. Yields are thereby calculated
based on input environmental data (especially area) that do not take the social, cultural
and ecological value of the land into consideration [77]. The estimated yields from these
models are therefore theoretically and technically available, but not practically feasible
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as they might come along with great socio-economic changes and distortions. Therefore,
calculating the technical potential provides a rough overview of the spatial distribution
of biomass cultivation potentials and highlights areas that might be worth further inves-
tigation [74]. To avoid an overestimation of biomass yields and to adequately assess the
long-term feasibility of perennial crop cultivation on marginal land, taking socio-economic
and political criteria into consideration is necessary [61].

Marginal lands provide ecosystem services that are positively or negatively influenced
by the crop cultivated and the applied management system [92]. These changes drastically
affect the local population, their lifestyle and livelihoods and should therefore be assessed
as part of a realistic biomass yield model. In addition, the land that is considered marginal
is frequently privately owned, so including this land in the calculation is only suitable
if the owner is willing to cultivate the selected crop on their land [45]. Apart from land
availability, crop cultivation also requires labor. Beyond the recurring crop management
activities such as fertilization and harvesting, labor is especially needed for the initial field
preparation and the planting of the Miscanthus rhizomes as this is usually performed by
hand [93]. Recently, many people moved from rural areas, where marginal land is located,
to cities, leading to a decrease in the rural labor force, which in the long run can impose
challenges on the crop cultivation on marginal land [3].

Biomass growth is an investment, and planting costs, in particular for crops such
as Miscanthus that cannot be sown, are high and likely to increase if perennial crops are
cultivated on marginal soils [45]. These planting costs are sunk costs, which cannot be
recovered by the farmer and might deter marginal landowners from investing in Miscanthus
cultivation, especially because the yield obtained is rather lower in the first years, which
increases risk. Considering the economic perspective of biomass growth on marginal land
is also important because the stable long-term yields (starting from the fourth or fifth
year of cultivation) reduce the farmers’ flexibility to grow other crops when the market
conditions for the perennial crops negatively change [45].

The aspects considered above are closely related to the political and institutional
environment. Policy support for the industrial use of biomass is needed to increase the
cultural and social acceptability of biomass as an energy feedstock [74]. To convince the
local society that crop cultivation on marginal land is useful, more long-term data over the
whole growth cycle of the crop must be generated and made available. This is difficult
when the funding for most studies is limited to two to three years [55]. Furthermore,
current research is mostly conducted on field trial areas with a limited amount of different
environments available, which further decreases the validity and thereby society’s trust in
the obtained results [74]. Another challenge is the limited transnational cooperation, which
reduces the exchange of experience and the potential to develop a standardized framework
that is applied consistently [55]. In addition to data generation, the implementation and
promotion of the studies’ recommendations throughout the different sectors is an important
task where political guidance can still be improved [57].

3.4. Challenges on the Output Side of Yield Modeling

The following chapter will shed light on the limitations and shortcomings related to
the output side of yield modeling (Figure 2). Therefore, the suitability of selected yield
modeling to incorporate future variations and issues related to the translation of yield
modeling results into bioenergy potentials and the incorporation of Renewable Energy
Directive-related sustainability criteria into models will be critically assessed.

3.4.1. Challenges Due to Future Variations

Yield modeling studies are often conducted for only a certain crop or species on a
defined area of land, ignoring future variations (Figure 2). The modeling results cannot be
considered as a sufficient statistical base for biomass yield predictions, as also marginal
land, crop rotation and partially also intercropping can play an important role [12,13].
The failure to incorporate the necessity of crop rotations and the potentials of intercropping
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is a common problem of yield modeling studies. Miscanthus, for instance, cannot be grown
alone over decades with consistently high yields [74]. That a long-term mono-cropping
of lignocellulosic crops should be avoided is part of the Renewable Energy Directive
and thus a criterion for the sustainable production of biofuel feedstocks. To support
agro-biodiversity within the EU, a mix of at least three perennial crops (covering both
herbaceous crops and short rotation coppice) per region is required according to the
guideline EU 2018/2001 [94]. With this in mind, the extensive modeling of single crops or
single crop categories for whole regions or even whole agricultural zones within the EU is
unfavorable [25,65,70]. Furthermore, it needs to be considered that farmers might also leave
marginal land fallow within their lignocellulosic crop rotation systems [57]. Marginal land
might not be agriculturally used for one cropping season to recover, or because of several
socio-economic decisions (e.g., lacking market opportunities). The critical issue is that this
practice would influence the overall yield, which would then differ from the modeled yield
(if no crop rotations, intercropping or fallow periods are assigned). Especially in the case of
biomass and bioenergy potential predictions for several decades, the lack of modeling crop
rotations might subvert the mid- and long-term validity. This becomes even more alarming
when considering that crop rotations were neither mentioned nor incorporated in any of the
studies assessed within the scope of this research, even though there are some promising
tools available such as CropSyst (http://modeling.bsyse.wsu.edu/CS_Suite/index.html
(accessed on 22 November 2021)).

Depending on the definition of marginal land—especially if fallow land is declared as
marginal land—and depending on the intensity of crowding out effects, iLUC and direct
land use changes (dLUC) can occur. Firstly, these might undermine the ecological benefits
of lignocellulosic crops cultivated on marginal land. Secondly, they might subvert the
results of biomass yield modeling. Crowding out effects might occur when marginal land
was originally defined as economically marginal, but a higher demand for food crops
revokes economic marginality. Furthermore, there is the possibility to use marginal land
as food crop land after a certain period of energy crop cultivation, during which the soil
quality has improved sufficiently. Zhang et al. suggest a period of 15 years as a sufficient
timespan for soil amelioration [74]. It is reported in the literature that the cultivation of
perennials can reduce soil erosion, capture nutrients, stabilize the soil through rooting,
maintain a more firm structure, provide a habitat for wildlife and boost biodiversity, and
moreover store carbon in the soil (soil-carbon sequestration) [92]. These beneficial effects
might lead to a sufficient remediation of marginal land and allow future food production.
This would reduce the mid- and long-term biomass potential on the affected marginal land.
These possible shifts are not at all incorporated in the assessed biomass yield modeling
studies, even though the risk of drastic changes in the future land availability is high.
Two conceivable scenarios might come with the remediation of marginal land: in the
first case, improved soils continue to be used for lignocellulosic feedstock cultivation.
Assuming an increasing demand for food and feed, food production might be displaced
to other areas, resulting in iLUC. In the second case, the cultivation of lignocellulosic
crops might be relocated to new land, causing dLUC. This presupposes that the originally
environmentally marginal land has sufficiently improved and is again used for food
cultivation. If in both scenarios the sum of LUC equals the sum of re-improved land, the
land available for biomass cultivation might remain unchanged. Nevertheless, significant
greenhouse gas emissions might occur due to land use changes [95]. If the land dedicated
to lignocellulosic crops shifts to new (marginal or non-marginal) land with divergent
environmental conditions, the originally calculated biomass yields might be incorrect.

The most severe limitation might be the lack of sensitivity of biomass yield models
to future environmental variations, especially regarding highly complex climatic changes.
For common food crops, significantly decreasing yields are already reported as an effect
of extreme weather, temperature and precipitation events [96,97]. Nevertheless, varying
climatic conditions affect crops in different ways, as they can be either positive, negative or
outbalance each other. Especially for lignocellulosic crops, it is not known yet how quickly
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they can adjust to shifts in climatic conditions [74]. The main problem with modeling
systems is the uncertainty inherent in the construction of the future meteorological scenario
used as input for the models [82]. This becomes even more problematic when taking into
account that precise climatic and ecological data at regional and/or local level would be
necessary to properly map environmental changes [88]. For instance, short rotation coppice
demands sufficient groundwater levels. Future shifts in groundwater must be investigated
and integrated via parameters into models to adequately assess yield potentials of trees
on marginal land [74,98]. Once again, the spatial distribution of crop cultivation plays an
important role to assess shifts in groundwater [88]. However, not only the environmental
conditions but also the crops cultivated might change in the next few decades. Graves et al.
observed a tendency of shifting from herbaceous-grassy-like biomass to woody-tree-like
biomass due to global climatic change. One of the possible reasons for this systematic
change in the agricultural pattern of farmers is the increasing productivity of C3 plants with
rising temperatures, compared to C4 plants, where the productivity-increasing effect is
limited [63]. This tendency still needs to be statistically proven, but nonetheless adds to the
general uncertainty inherent in the methodology of mid- and long-term yield predictions.

In conclusion, yield modeling for lignocellulosic crops on marginal land can lead
to drastic over- or underestimations of the exploitable biomass potential. Furthermore,
the depiction of actual and historical climatic developments in yield models is already
challenging, and the incorporation of future changes is an additional challenge.

3.4.2. Limitations of Bioenergy Potential Assessments

Studies show that the global energy demand in 2030 could be fully covered by the
conversion of biomass grown on non-arable land [99,100]. This and other bioenergy
projections rely on quantitative data of biomass potentials, often gathered through yield
modeling. In fact, one of the main applications of the results of yield modeling studies on
marginal lands is the calculation and assessment of bioenergy potentials.

The Compilation of Reliable Quantitative Data

The focus on bioenergy potentials of lignocellulosic crops grown on marginal land
can be explained by the increasing need for reliable, quantitative data on the potential of
biomass and bioenergy within the scope of climate change mitigation. In the Special Report
on 1.5 Degrees [101] and the Special Report on Climate Change and Land [95], an even
broader view on bioenergy was taken. Amongst other issues, socio-economic and environ-
mental limitations of biomass cultivation were assessed in detail by the Intergovernmental
Panel on Climate Change, especially in the Special Report on Climate Change and Land.
This is an important indication of the increasing relevance of qualitative risk assessments
and quantitative bioenergy potential analyses, providing a basis for climate mitigation
strategies. Often, a bioenergy yield estimation is performed as part of a yield modeling
study (Figure 2). For instance, Scagline-Mellor et al. model yields for Miscanthus and
switchgrass on marginal land for the eastern part of the US [102]. The biomass yields per
hectare are used to further model bioethanol yields per hectare. Regarding marginal land
within the area of Boston, outgoing from a crop yield of 42,130 tons of poplar (per growing
season), a bioenergy yield of 830 TJ (higher heating value, HVV) is calculated in a study of
Saha and Eckelmann [103]. Mehmood et al. list 15 crops (e.g., Miscanthus, switchgrass, reed
canary grass and agave) and summarize studies conducted and yields modeled, as well as
their geographical boundaries [76]. Furthermore, the listed biomass yields are connected
to bioenergy potentials, citing relevant biomass and bioenergy yield modeling studies.
However, it was not always clear how the conversion from biomass yields to bioenergy
potentials was performed [76]. Panoutsou and Chiaramonti evaluated the positive impacts
of cultivation and conversion of Miscanthus into bioenergy (by means of a combined heat
and power plant and fast pyrolysis) on the social and economic situation (employment and
income) of people in the southern part of Italy and Greece [70]. Despite the growing data
and research base, there are several limitations in the modeling of bioenergy potentials.



Agronomy 2021, 11, 2397 23 of 39

Smith and Porter concur that there has been a significant improvement in the quantification
of mitigation potentials of bioenergy in the Intergovernmental Panel on Climate Change
reports [104], but uncertainties are still tremendous. Different variations in data—for in-
stance, assumptions on land availability, yield improvements over time, efficiency increases
in conversion technology and optimization of infrastructure—come with an enormous
level of uncertainty. A good example for this uncertainty is the study of Hoogwijk et al.,
assessing the geographical and technical potential of bioenergy crops on abandoned and
low-productive land for the time span between 2050 and 2100. Their analysis is based on
the IPCC’s Special Report on Emission Scenarios, computing bioenergy potentials between
130 to 410 EJ/year for 2050 and 240 to 850 EJ/year for 2100 [105]. The authors conclude
that—based on the geographical and technical potential—the potential of bioenergy from
low-productive and abandoned land could hypothetically be several times as high as the
energy supply through crude oil at the beginning of the 2000s. Moreover, the study takes
different socio-economic and environmental developments into account. For instance, the
global agricultural area between 1970 and 2100 (in Gha) is simulated, incorporating various
scenarios for population, GDP, land management factors, diet and trade. The different sce-
narios result in a hypothetical global agricultural area in 2100 between 1.5 Gha and 6.5 Gha.
This discrepancy again dramatically influences the exploitable biomass and bioenergy
yield, and thereby the climate mitigation potential from bioenergy. These uncertainties ask
for an overview of the most relevant limitations of yield modeling and its connection to the
simulation of bioenergy potentials.

The Conversion from Biomass to Bioenergy Potential

If a transformation of modeled yields into energy potentials is performed within or at-
tached to biomass yield modeling on marginal land, a conversion factor needs to be applied
to convert the biomass yield (in t per ha) into bioenergy potentials (in GJ, MJ or EJ per ha).
The biomass yield therefore needs to be multiplied by the energy yield exploitable within
the dedicated bioenergy pathway [106]. The wide range of possible bioenergy pathways
includes the co-combustion of biomass with coal in electricity generation plants, the conver-
sion of biomass into cellulosic ethanol and electricity (as a by-product), the conversion of
biomass into gasoline, diesel synfuels and electricity via integrated gasification and Fischer–
Tropsch hydrocarbon synthesis (IGCC-FT). Different conversion pathways of low-input
high-diversity (LIHD) mixtures of native grassland perennials come with highly differing
energy yields, ranging from 18.1 GJ/ha/y for electricity to 17.8 GJ/ha/y for cellulosic
ethanol and electricity to 28.4 GJ/ha/y for gasoline via IGCC-FT [106]. Unfortunately, in
several studies analyzed, either the conversion factor (biomass–bioenergy) is not given nor
explained, or the pursued energy carrier is missing. In the global assessment of bioenergy
potentials on marginal land by Nijsen et al., neither the conversion factor is given, nor the
energy carrier is declared [60]. In the study of Harvolk et al., the conversion of biomass
to thermal energy is mentioned, but neither the assumed conversion technology nor the
conversion factor was applied [65]. Quin et al. converted the biomass yield of Miscanthus
and switchgrass into liters of ethanol following a two-sided approach [71]: following
current and potential biomass-to-biofuel conversion efficiencies as well as the parameters
of Lynd et al. [107]. Unfortunately, Lynd et al. simply derived an average bioenergy
yield of biomass energy crops of 105.4 gallons ethanol/dry ton (approx. 399.0 L), without
further specification or classification into crops or crop categories [107]. Quin et al. applied
this average ratio on Miscanthus and switchgrass [71], while for instance Scagline-Mellor
et al. calculated significantly different, and among themselves also slightly diverging,
ethanol yields (i.e., 453 L/dry ton of Miscanthus and 450 L/dry ton switchgrass) [102].
Furthermore, the potential values adduced by Quin et al. can only be obtained if appropri-
ate technologies are available [107], of which several are not state-of-the-art today, and their
future realization is still unclear. The uncertainty along with the methodologies applied
by Lynd et al. and Quin et al. are significant. Zhan et al. transformed within their study a
biomass potential into a technical energy potential, defined by the authors as the available
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energy content potential provided by the biomass production per grid cell. The technical
potential was calculated by multiplying the yield by the crop-specific higher heating value
(HVV) [74]. The declaration of the methodological approach by Zhang et al. is sufficient.
Nevertheless, the calculation of the technical potential excludes energy losses through
conversion [108]. As Zhang et al. furthermore analyze the hypothetical, proportional
contribution of the calculated energy yield to China’s energy demand, the involvement of
a technical potential in the calculation without a conversion step highly skews the results.
All given issues regarding the non-declaration or inconsistency of the conversion factor
complicate the comparison and interpretation of bioenergy potentials.

The Conversion Capacities for Lignocellulosic Crops

Another important limitation undermining the meaningfulness of modeled bioenergy
yields is the lack of capacities for the conversion of lignocellulosic crops. Ethanol from
lignocellulosic crops (CH3CH2OH) is chemically identical to first-generation ethanol, but
is produced through cellulose hydrolysis, which is a more complex process, requiring
highly sophisticated production plants. Taking the EU as an example, in 2019 only 10 out
of 5505 million liters of bioethanol production came from cellulosic feedstock. There were
only two European refineries with a total capacity of 60 million liters of cellulosic ethanol
production per year [36]. The first commercialization ventures for the production of
lignocellulosic-based ethanol can be observed in Europe, especially two commercial cel-
lulosic ethanol plants: one in Romania (run by Clariant International Ltd.) and another
one in Slovakia (operated by Enviral). Furthermore, a pre-commercial demonstration
plant in Germany is run by Clariant International Ltd. [109,110]. On a global scale, the
largest cellulosic ethanol plants are located in the United States (DuPont, Iowa, 83,000 t/y;
POET-DSM Advanced Biofuels, Iowa, 75,000 t/y; Abengoa Bioenergy Biomass of Kansa,
75,000 t/y), in Brazil (GranBio, Alagoas, 65,000 t/y) and in China (Longlive Bio-technology
Co. Ltd., Shandong, 60,000 t/y) [111]. Unfortunately, only the plants in Brazil and China
are still in operation. The DuPont facility was sold in 2019 and is currently converted to a
natural gas plant [112], the facility of POET-DSM Advanced Biofuels is currently idle [113]
and the operator of the plant in Kansas is bankrupt [114]. Furthermore, a large amount of
demonstration and flagship plants testing different conversion pathways of lignocellulosic
crops to ethanol or butanol can be found in various countries, for instance in Italy, Denmark,
Spain and Finland [22]. As estimated in the 2020s market report of the Global Industry
Analysts Inc., the global market for cellulosic ethanol summed up to USD 631.7 million in
2020 and is expected to grow to USD 6.6 billion at a rate of 39.8% between 2020 and 2027.
The growth of the cellulosic ethanol market (2020–2027) is forecasted highest for China
(46.5% share in the Compound Annual Growth Rate (CAGR)), followed by Canada (37.4%),
Japan (33.2%) and Germany (35.6%) [115]. Nevertheless, the idle and bankrupt large-scale
plants in the United States show the vulnerability of this capital- and research-intensive
business field. Furthermore, the cellulosic bioethanol sector often consists of fragmented
markets and is characterized by geographically differing market regulations [77]. The spec-
tacular CAGR of the global cellulosic ethanol sector should not intend to divert attention
from the fact that there are no mature markets for cellulosic ethanol yet. The systematic lack
of transportation infrastructure and logistics and the currently limited access of smallholder
farmers to the bioenergy feedstock market [63] are other socio-economic issues to be consid-
ered when mapping global bioenergy potentials. Without governmental support and/or
subsidies, sufficient conversion capacities and an appropriate spatial distribution (with
short distances to the cultivation sites), the exploitable biomass and bioenergy potentials
calculated in various studies will remain only theoretical potentials. In conclusion, their
informative and predictive value is highly limited.

The Energetic Efficiency of Lignocellulosic Ethanol

Furthermore, there is still a significantly immature energetic efficiency of lignocellu-
losic ethanol. For the conversion, either acid or enzyme hydrolysis can be applied, and both



Agronomy 2021, 11, 2397 25 of 39

have been intensively researched since the 1970s in the United States and Europe. Besides
investments into conversion capacities, the enzymatic pathways are currently optimized
through strain development and novel strain discovery, as well as innovative feedstock
pretreatment (e.g., ionic liquid pretreatment) [111]. Suitable technologies for the biochem-
ical conversion of lignocellulosic feedstock to biofuels are still under development and
not economically competitive to fossil fuels yet [116]. The technological and commercial
maturity of the conversion technology is currently evaluated as poor [88]. The energetic
efficiency of biofuels can be assessed through the energy return on invest ratio (EROI),
calculating the ratio between the energy delivered by a fuel and the energy invested in
the production and delivery of this energy [117]. The input energy either includes only
non-renewable energy or non-renewable and renewable energy (e.g., electricity and steam
produced from lignin) [118]. Hall et al. conclude from 74 assessed EROIs for bioethanol,
of which 33 values were below a 5:1 ratio, that—besides optimal values obtained in the
tropics—most ethanol EROI values are at or below 3:1. This ratio is defined by Hall et al. as
the minimal value for societal usefulness. Thus, most bioethanol pathways assessed are not
socially desirable regarding their energetic efficiency [117]. The Natural Resources Defense
Council and Climate Solutions in cooperation with Hammerschlag et al. assessed three
studies for cellulosic ethanol between 1994 and 2005 [119,120]. While only considering
non-renewable energy input, the resulting EROIs of 4.40 (corn stover), 4.55 (poplar) and 6.61
(various) show that bioethanol from cellulosic crops came with significantly higher EROIs
than bioethanol from corn (ranges from 0.84 to 1.65). Nevertheless, other assessments
conclude drastically lower EROIs for cellulosic ethanol: for instance, 0.2 for ethanol from
switchgrass [121] and 0.64 for ethanol from wood [122]. Latter numbers are based on a
techno-pessimistic approach, which assumes fossil fuel inputs are used to produce distilla-
tion steam instead of energy from lignin combustion. This approach is highly criticized in
the literature [117,123]. From the calculations of Barel et al., it can be concluded that even if
renewable process energy is considered, the EROI of cellulosic ethanol from switchgrass
is lower than that of gasoline [118]. Based on these calculations, it can hypothetically
be concluded that lignin-poor lignocellulosic crops might come with lower EROIs than
lignin-rich feedstocks, but there is no evidence in the literature. Murphy et al. list several
insecurities and limitations of the EROI methodology, pointing out that the quantitative
results highly depend on a range of parameters (e.g., boundary and co-products) [124].
Nevertheless, the numbers mentioned show that efficiency in the production of cellulosic
ethanol is still immature and highly depends on the crops cultivated, the agricultural man-
agement practices and the geographical location [125]. The importance of the crop choice
is in line with Baral et al., assessing drastic differences in the EROI of yellow poplar and
switchgrass [118]. From the highly diverging and partially outdated literature available,
no general and definite statement on energetic advantages of cellulosic ethanol to other
biofuels and energy carriers can be made.

The Tradeoff between Yield and Feedstock Quality

Another shortcoming links the production of lignocellulosic biomass with the conver-
sion to bioenergy, especially biofuels. There is a tradeoff between high yields and a high
feedstock quality. It is elaborated that high agricultural yields might result in a feedstock
with a high water, ash or salt content [4]. Ash and certain inorganic elements in particular
lead to difficulties in processing. Energy-intensive drying might be necessary for wet
feedstock, and corrosion, slugging or plugging of the conversion reactor might occur in the
presence of minerals [126]. Not only the biomass quality in general but also its quantitative
and qualitative constancy over time play an important role for conversion in biorefineries.
A constant and qualitatively-reliable feedstock supply is essential for conversion plants [45].
Furthermore, the final application of the lignocellulosic biomass determines the cell wall
ideotype. The extraction of target molecules is still cost-intensive, as the loosening and
fractionation of cell wall components require intensive pre-treatments [127,128]. Thus, one
of the major quality parameters of lignocellulosic feedstock is the easy destructibility of cell
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walls [127,129]. Moreover, the relative content of desired molecules within the cell walls in
consistency with the dedicated end-use of the feedstock is vitally important [130]. For com-
bustion, a high lignin, high cellulose and high hemicellulose content is preferable, as those
factors increase the calorific value [126]. Feedstock with a low lignin, high cellulose and
high hemicellulose, low cross-linking of cellulose–hemicellulose, low crystallinity index,
low cellulose–lignin branching and reduced polymerization is known for good suitability
for ethanol production [129,131,132]. Thus, high yields alone are not a sufficient parameter
for assessing biomass potentials. If the end-use-dependent feedstock quality, quantity and
constancy over seasons do not meet the requirements of the conversion pathways, the
bioenergy potentials of lignocellulosic biomass cannot be realized.

The Knowledge on the Crops’ Genetic Potentials

Most perennial grasses, which are used as bioenergy feedstock, are undomesticated
crops, collected from wild environments and tested in field trials. Hence, some are still
in the first stage of breeding programs [133], or even novel orphan crops without any
previous genetic improvement. This applies especially with regard to biomass-related
characteristics [134–137]. Consequently, the biomass yields and qualities of many perennial
grasses are highly variable and in many cases drastically lower than the crops’ genetic
potentials [138]. For the achievement of the climate mitigation objectives of the Paris
agreement, a yearly 145 EJ biomass increment until 2060 will be necessary. The International
Energy Agency calls the cultivation of high yield energy crops a key element for the
time span 2017 to 2025 to reach the energy potentials [37]. For an intensive cultivation
of, e.g., Miscanthus, further optimization of the plant is necessary [139,140]. Differing
environmental conditions require an accurate selection of suitable species. For instance,
the Renewable Energy Directive includes criteria for assessing the availability of land for
bioenergy-dedicated biomass. Following this sustainability approach, an avoidance of
negative impacts on water resources needs to be included in the crop choice [94]. Thus, for
instance, in Mediterranean areas, a variety of highly drought-tolerant (lignocellulosic) crops
is required [45], which must be developed through breeding programs. A whole range of
new crops tailored to marginal environments needs to be bred and tested [59]. Without a
general intensification in breeding and an eco-physical adoption of lignocellulosic crops
to specific environmental conditions, high energy potentials calculated and projected by
the International Energy Agency, Intergovernmental Panel on Climate Change and others
might not be realistic.

The Demand for Higher Sustainability

Within the recast of the Renewable Energy Directive, the European Commission up-
dated goals and regulations for the production of renewable energy [141]. The production
of feedstocks and biofuels has to comply with several sustainability criteria to be eligible
for financial support by public authorities and to be credited to the national renewable
energy targets [142]. The Renewable Energy Directive contains several criteria that can be
applied to the assessment of land availability for dedicated biomass crops, and in particular,
to the selection of marginal sites for the cultivation of lignocellulosic bioenergy feedstock.
The end-user roadmap of Dees et al. [94] summarizes rules that come with the criteria
defined in the Renewable Energy Directive. Amongst others, land selection for bioenergy
feedstock within the EU has to meet the following requirements: only using lands that have
been registered as agricultural lands since 1990, the exclusion of permeable grasslands, the
sole usage of surplus, marginal and polluted lands to avoid LUC, no usage of fallow land if
the fallow land share (of total arable land) declines to <10%, the avoidance of monocultures
and the consideration of a maximum slope limit to perennial plantations. The CAPRI model
is the only model available that incorporates the diverse regional circumstances regarding
land use changes between 2020 and 2030 within the EU 28 [57]. Nevertheless, even the
CAPRI baseline needs to be further adapted to include all Renewable Energy Directive
criteria, as, for instance, the rule on fallow land is not considered [94]. It can be assumed
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that not all yield modeling studies scoping the EU incorporate the Renewable Energy
Directive criteria within the assessment of marginal land availability and the cultivation
of lignocellulosic crops. This especially applies to yield modeling conducted before the
resolution of the directive EU 2018/2001 in 2018. Unfortunately, the compliance of recent
studies with the Renewable Energy Directive criteria is not assessed within the scope of this
research. If a non-compliance of yield models with the EU directive 2018/2001 should be
the case, biomass and bioenergy potentials calculated in those scenarios might be unusable.
This aspect might also affect yield modeling outside of the EU. Coming with the updated
Renewable Energy Directive, biofuel feedstocks with a high iLUC risk—also originating
from non-EU countries—are gradually phased out [143]. It is furthermore assumed that
there are yield modelings performed for non-EU areas without incorporating an iLUC risk
assessment in coherence with the Renewable Energy Directive regulations.

4. Recommendations and Milestones for Reliable Future Predictions

The first recommendations for biomass yield models/modeling improvement were
derived based on the assessment of shortcomings and limitations, which lead to input
and model uncertainty on the one side and output uncertainty regarding the biomass and
bioenergy potential on the other side. The order of the recommendations equals the order
of the limitations assessed in part one of this study. A graphical overview of all derived
recommendations and milestones is shown in Figure 3.

4.1. General Recommendation Regarding the Scope and Definitions

To provide sufficient and reliable data to develop models and calculate biomass
yields, a globally standardized set of definitions on marginal land, industrial and ligno-
cellulosic crops is necessary. These definitions should provide sufficient guidance and a
regulated framework that is applicable to countries globally and limits possibilities for
national/regional adjustments and interpretation. Based on these definitions, data col-
lection must take place at regional, national and international levels to achieve reliable
and adequate results for all regions and to ultimately be able to meet the global biomass
demand for non-food purposes. A strong focus on developing countries is thereby required
as these countries are often abundant in marginal land [58].

4.2. Recommendations for Models and Input Parameters

The obtained data on lignocellulosic biomass growth and their collection process
need to be documented in a detailed way and made available, for example, on statistical
databases of the FAO, to provide reference for future studies and assessments. In biomass
yield modeling, the future focus should be on the development of crop-specific models
such as MiscanFor, which are calibrated based on the genotype-specific demand of the
crop [45]. The development of models specifically for marginal land, in which the different
environmental (mainly soil) parameters can be represented in detail, is also necessary.
To establish these types of models, an integrated, interdisciplinary approach is necessary
that brings modeling and plant experts together to adequately represent the different
growth stages and underlying calculations in the models [65]. In addition, it is important
to increase software and model transparency, making the assumptions and calculations in
the background accessible for the model users [81].
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To account for the complexity and diversity of marginal land, a detailed soil and envi-
ronmental assessment is recommended, especially for European studies [49]. Furthermore,
it has to be determined if the same synergies are applicable for other regions, and whether
more regional synergy matrixes have to be developed and applied. Until then, the use
of a selection of adequate, locally representative soil and environmental parameters is
suggested [61]. These should be combined with yield results from long-term trials on
commercial-sized fields under similar climatic and management conditions to represent
the crop yield development along the growth cycle [74] and further expand the database on
crop yield expectations. A comparison of yields from different crops [88] and different crop
varieties on the assessed marginal land provides more in-depth insights into the realistic
yield range as the varieties’ yields can divert significantly from the crop average [45].
If the best crop among several theoretically feasible options should be selected, similar
assumptions and the avoidance of average yield data are key aspects [61,79]. Yield calcu-
lations best take place on a small scale, using grids with a 1 km2 size to identify the best
land–environment–crop fit that provides the highest yield per 1 km2 and thereby increases
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the overall modeled yields. If no crop-specific model is available, a comparison of the
results from different models, e.g., GAEZ and GEPIC, helps narrow down the spatial and
timely range of the yield potential [74]. Furthermore, a comparison of the modeling results
with data obtained from several field trials, for example, from different locations across the
country for which the biomass yield potential is modeled, could help benchmark the model
results and provide a suitable option for comparison [88]. Clearly stating the assumptions
made and presenting the limitations of the chosen analytical method further contribute to
more robust and reproducible results [41]. Based on this, a transparent quantification of
the uncertainty of the individual input parameters as well as of the overall results increases
the comparability of the results and the reliability of the study [61]. A sensitivity analysis
identifying the most influential parameters on the yield outcome is useful to estimate the
impact of wrong assumptions on the model results [25].

To provide a holistic assessment of the practical biomass yield potential on marginal
land, it is crucial to include the social, political and economic characteristics related to the
use of that land. A local assessment of the non-environmental conditions of the marginal
land is important as the social, economic and political conditions vary widely between
regions, and local decision-making is necessary to turn theoretical into practical yield
potential [65]. Here, political guidance and support for feedstock cultivation on marginal
land is most important as cultural and social acceptability of the usage of biomass as energy
feedstock can only be achieved by transparently informing people on the advantages
and disadvantages and by listening to their fears [74]. Simultaneously, local, regional,
national and supranational governments (such as the EU) have to actively promote the
cultivation of bioenergy crops on marginal land, for instance, by making use of coherent
energy, environmental and agricultural policies [77]. Long-term, future-oriented strategies
and adjustments in the Common Agricultural Policy (CAP) to ensure compliance with
environmental and social requirements to avoid, for example, indirect and direct land use
change are the main political instruments that could be used [55]. However, not only in
the primary sector but also in the feedstock-to-bioenergy conversion sector incentives such
as subsidies are necessary to extend the value chains to an industrial scale, connecting
rural areas where the marginal land is located with the conversion plant operators and
finally with the consumers [45]. Beyond the social and political assessment, taking the
economic perspective into consideration is important, especially as future research and
development is likely to reduce the establishment costs and increase the yields of perennial
crops, which enhances the economic attractiveness of biomass production on marginal
land considerably [88]. This potential can only be used if the accompanying infrastructure
is adequately established and value chains to exploit the regional biomass potential are
developed and fortified [45].

The variety of input parameters and underlying assumptions increases the complexity
of biomass yield modeling on marginal land. This complexity must be reduced to a man-
ageable and understandable amount while leaving the basic interactions and their impact
dimensions unchanged. Therefore, a careful, concise and transparent documentation and
reasoning for the selected input parameters is decisive to provide high-quality, realistic
and comparable results that can be interpreted in a meaningful way.

Agricultural management strategies for low-input systems need to be in line with
sustainable cultivation practices to yield environmentally sustainable produced biomass
with a high quality, for example, by incorporating agricultural practices such as crop rota-
tions into agricultural systems on marginal land [44]. Thus, it might be beneficial for the
soil and the nutrient balance to grow crops in a certain sequence or even intercrop them.
These practices and their impacts on overall biomass yields must be represented in yield
modeling. Therefore, regionally specific data from the respective farmers might be neces-
sary [91]. Multispectral surveys need to be conducted to precisely assess time series of crop
cultivation and rotation [91]. Intensive input on a regional and local level is required to cor-
rectly depict farmers’ actual and future agricultural operation and management strategies.
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4.3. Recommendations for Consideration of Future Variations

Uncertainties and fluctuations in biomass and bioenergy yield modeling cannot be
fully eliminated. Models always contain uncertainty and are a simplification of reality.
This is the reason why assumptions made must be clearly stated, limitations of the method-
ology and input data must be highlighted and the inherent uncertainty in modeling results
must be analyzed in future studies [41]. A sensitivity analysis of the yield modeling results
and a transparent description of assumptions are crucial. Moreover, sensitivity regarding
the use of terms is necessary. The results of yield modeling should only be published
as ‘forecasts’ or ‘predictions’ if the projection is the most likely one. This needs to be
analyzed through a deterministic model and a comparison of a sufficiently large number
of scenarios [144].

Furthermore, there is a need for biophysical models, which can cover various ecologi-
cal parameters and their dynamic changes over time. A good example is the assessment
of global bioenergy potentials of Miscanthus, conducted by Shepherd et al. [79]. The Mis-
canFor model was therefore not only extended to incorporate the RCP 2.6 climate scenario
of the Intergovernmental Panel on Climate Change, but also the SSP2 socio-economic
scenario of the Intergovernmental Panel on Climate Change, gaining anticipating weight
to at least some extent. There is an urgent need to integrate environmental scenarios into
yield models via a direct embedding or through baseline extensions, especially for climate
and groundwater predictions. To comply with the current state of research and to apply
internally consistent data, the Intergovernmental Panel on Climate Change projections and
scenario frameworks should be starting point for the incorporation of ‘future’ into models.
This accounts for socio-economic scenarios, land use and land cover change scenarios,
environmental scenarios (e.g., carbon dioxide, water resources, acidifying compounds), cli-
matic scenarios, sea-level rise scenarios as well as their interactions [144]. Global data need
to be combined with national, regional, or in the best case, even local datasets on a 1 km2

scale. An assessment of, for instance, NUTS 2 resolution levels in the EU does not provide
sufficiently detailed information on the regional and local environmental conditions. If, for
instance, the CARPI model is used, the option of integrating geo-referenced information
at cluster level (1 km2 grid cell) must be chosen to increase specificity [145]. For yield
modeling on marginal land in the EU, a whole range of models can and should be used and
interconnected for regulation-consistent scenarios: non-carbon dioxide emissions and pol-
lutants (GAINS model), land use change and forestry (GLOBIUM/G4M model), agriculture
(GAPRI), energy, including transport and processes (especially PRIMES biomass supply
model, PRIMES energy system model) and overall framework assumptions (Prometheus
model, GEM-E3 model) [146].

4.4. Milestones for Improving Bioenergy Potential Assessments

It is highly indispensable that applied conversion factors, projected bioenergy path-
ways and the specific conversion technologies need to be stated and explained in future
bioenergy-potential projecting yield modelings. The conversion factors and technologies
incorporated in the modeling of bioenergy scenarios must be time- and location-specific.
Thus, conversion factors need to represent the technological state of the art (for status
quo assessments) or realistic future technological advancements (for mid- and long-term
projections), respectively. The choice of bioenergy carriers (e.g., fuels, heat/power) needs
to be consistent with national and socio-economic patterns, markets and regulations. Fur-
thermore, conversion factors must account for conversion and delivery losses to depict
realistic end-use values.

A rapid and targeted expansion of conversion capacities, suitable infrastructure and
supply chains need to come along with the progressing projection and incorporation
of biomass and bioenergy potentials into governmental and non-governmental climate
mitigation strategies. The conversion plants need to be adequately spatially distributed,
considering land use patterns and regional biomass potentials, and have to come with
sufficient infrastructural connections to local markets and up- as well as downstream
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supply chains. At the same time, innovative and efficiency-boosting pretreatments and
bio- as well as thermochemical conversion technologies need to be developed, tested in
demonstration plants and upscaled to commercial level. A promising approach is, for
instance, the sunliquid® technology developed by Clariant International Ltd. Thereby,
process-specific enzymes and simultaneous C5 and C6 fermentation of (ligno-)cellulosics
(so far only wheat and other cereal straw) are applied to boost the commercial performance
of cellulosic ethanol production [109]. An expansion of governmental subsidies for research
and development, as well as financial support for the upscaling of innovative concepts, has
to be fostered globally. Furthermore, holistic Life Cycle Sustainability Assessments [147],
energetic efficiency analysis and techno-economic assessments of (ligno-)cellulosic ethanol
life cycle chains [148] need to evaluate the economic, ecological and social impacts and
performance of biofuels from lignocellulosic feedstock. The bare suitability of marginal
land for bioenergy feedstock production does not imply that cultivation and production
are automatically sustainable, but on the contrary, the whole value chain needs to be
assessed [55]. In conclusion, only a scientific, qualitative and quantitative sustainability as-
sessment can lead to objective and holistic judgements of the performance of lignocellulosic
biofuels or different conversion pathways, respectively.

The opportunities and potentials coming with intensive breeding of perennial grasses
are evaluated as enormous [149]. The extensive knowledge on plant biology and genetics,
as well as the large toolbox for analytical and genomic approaches, can result in innovative,
high-yielding and low-demanding perennial crops, tailored to diverse agroecological
systems. Higher yields, a higher resource use efficiency (especially nutrients and water) and
a better exploitability of soil come with higher efforts in the breeding of C4 grasses [129,149].
It is obvious that intensive research, breeding and field trials need to be fostered within the
next few years. The breeding should not only focus on single crops, but a whole range of
species, as agroecological environments differ and the demands of biorefineries are broad.
It needs to be highlighted that due to the evolutionary relation of C4 grasses, advances
in the breeding of one crop can boost the development of other crops [129]. Focusing on
Miscanthus again, this recommendation is fully applicable. Twenty species of Miscanthus
are known, and the genus holds significant potential for adaptations to the environmental
conditions or the assigned conversion pathway. The market potential of lignocellulosic
ethanol from Miscanthus and other grasses can be scaled up through current and future
breeding efforts, especially the development of new hybrids, which come with higher
biomass yields and streamlined degradability [139,140]. A promising but highly complex
approach [137] is the engineering of a C4 photosynthesis in C3 crops to further increase
biomass yields of highly productive C3 species (e.g., giant reed or tall wheatgrass) [150].
Consequently, innovative, molecular breeding for lignocellulosic crops must be taken
into account to exploit genetic resources, for instance, via next generation sequencing,
high-throughput genotyping, molecular breeding, marker-assisted selection and genomic
selection [138]. A more challenging but highly promising approach is the development and
improvement of methods to analyze cell wall compositions and nanoscale structures [151].
The exploration of molecules in cell walls, their chemically specific imaging tags and
their development over the life cycle of plants (from cell wall formation, over maturation,
transformation, dehydration and processing into feedstocks) can support the predictive
modeling of feedstock qualities and quantities. New findings are necessary to develop
and improve advanced feedstocks and optimize their processing pathways. Ultimately,
these research and breeding methods must be both accurate and relatively inexpensive,
allowing the handling of large amounts of samples in breeding programs [151]. The United
States Department of Energy published a plant-physiological, genetic and biotechnological
roadmap for lignocellulosic crops in 2006, including technical milestones to increase the
market potential of cellulosic ethanol within 15 years—for instance, the optimization of
cell wall composition to increase the content of fermentable sugar and the discovery of
genetic regulatory factors that determine the synthesis and deposition of lignin [151].
In future research, the achievement of those milestones as well as limitations and future
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objectives need to be assessed for a wide range of lignocellulosic crops in well-coordinated
field experimentations worldwide, as also noted by Reinhardt et al. [152]. If current and
future breeding efforts are successful, the achieved and updated yield levels promptly
need to be incorporated into yield modeling, so realistic biomass potentials for future
decades can be computed. Process-based eco-physiological models could be combined with
genomics to make progress in plant phenotyping [153]. Connections between controlled-
conditions phenotyping and crop performance in the field can be made to reduce model
uncertainty. Furthermore, yield modeling for newly domesticated varieties, genotypes and
their performance on marginal land urgently need to be assessed, providing meaningful
predictions of potentials.

The breeding approaches assessed will highly support the optimization of the lignocel-
lulose composition of the feedstock, which is necessary to allow an efficient conversion into
biofuels. Researchers performing yield modeling should also see a mission in assessing the
potentials of different bioenergy value chains. The final use and conversion technology of
the lignocellulosic feedstock highly influences the crop choice. Thus, the incorporation of
socio-economic factors and the technological state-of-the-art for biomass conversion need
to be taken into account in yield modeling. Crops in yield models shall not exclusively be
chosen regarding the best yield performance, but also under consideration of the upstream
supply chain’s requirements.

The overall goal of yield modeling on marginal land can be defined as the assess-
ment of biomass yield potentials under consideration of environmental, crop-specific and
(partially) socio-economic and other constraints. Thus, yield modeling needs to take envi-
ronmental regulations into account, depicting societal judgements on current and future
agricultural practices [12]. A good example is the reflected Renewable Energy Directive
(EU 2018/2001), which not only affects yield modeling practices inside, but also outside
of the EU. Future yield modeling needs to be performed in consistency with all relevant
sustainability criteria and rules that are applicable to the scope and boundary of the mod-
eling [57]. Even the baseline in the CAPARI model was in compliance with EU policies
on bioenergy targets (based on the PRIMES energy model), and a further upgrading was
necessary to incorporate all relevant Renewable Energy Directive criteria.

5. Conclusions

Marginal land is defined primarily by limiting soil and climatic conditions that a
variety of lignocellulosic industrial crops can tolerate. Applied in several studies, yield
modeling aims to precisely predict future yields. The modeled yields are further trans-
formed into bioenergy potentials, representing tangible energy contributions of lignocellu-
losic crops. However, a massive lack of globally or trans-nationally coherent definitions
of lignocellulosic crops inevitably leads to inconsistency in statistical data on current and
future yields. Several other key limitations also reduce the informative power of yield
modeling studies.

This study shows that there are no sufficient data available to precisely model ligno-
cellulosic biomass on marginal land. Even though there are several modeling approaches,
an increased number of parameters and various data sources available for the modeling
of lignocellulosic feedstocks, their suitability for the modeling of biomass cultivation on
marginal land is still limited. Several limitations and shortcomings were assessed to point
out a multitude of data and methodology limitations on both the input and output side
of yield modeling. These issues derived from a review of several yield modeling studies
prove that, currently, yields of lignocellulosic biomass on marginal land are not modeled
precisely. The relevance of lignocellulosic crops for the growing global bioeconomy was
substantiated with political incentives, forecasts of organizations (e.g., the International
Energy Agency) and statistical data, buttressing the promising potentials of lignocellulosic
crops as a bioenergy feedstock.

The need for modeling the biomass potentials on marginal land was confirmed by
analyzing the significant need of biomass and bioenergy within the next few decades,
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and the partially insufficient data basis for the calculation of those biomass potentials.
The cultivation of perennial lignocellulosic crops on marginal land comes with promising
advantageous benefits. The increase in biodiversity, ecosystem services such as pollina-
tion [154,155] and pest suppression through perennials [156] is not only reflected on the
areas they take place but also on neighboring agricultural land, for instance, used for
food crop cultivation. A potential yield increase by up to 25% on annual croplands is
reported [157]. This, together with the production of lignocellulosic feedstock for bioen-
ergy, can significantly improve food security, boost rural development, create employment
opportunities and deliver sustainable energy sources, improving living standards of rural
communities [158].

Ultimately, this review has demonstrated the complexity of biomass yield modeling
on the one side and the potentials of the methodology on the other side. Several crucial
shortcomings limiting the use of biomass yield model approaches for lignocellulosic crops
on marginal land were derived. The rapidly increasing demand for food and non-food crops
asks for transparent, multi-dimensional and highly adaptable models, producing clear and
meaningful scenarios of exploitable biomass and bioenergy potentials. Quantitative data
on the supply and demand of biomass and bioenergy are an essential base for international
negotiations of climate mitigation agreements, strategic sustainability goals and their
practical implementation into (trans-)national policies. Nevertheless, the biomass potentials
resulting from yield modeling on marginal land shall not be interpreted as easily exploitable
bioenergy potentials, but rather as first drafts of future bioenergy supply chains.
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