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A B S T R A C T

There is a need to conceive and support bioeconomy strategies within the context of sustainable development in
the European Union. A holistic vision regarding the deployment of research on promising biomass crops, such as
miscanthus, for bio-based industries, is therefore required to identify the actors, the drivers and the barriers
shaping the sector's development outlook. Despite the large number of research studies on miscanthus, doubts
remain about its interest from agronomic, socio-economic and technological aspects. A policy-based analysis is
firstly developed to understand the research orientation in the period from 1953 to 2019. Combining literature
review with network analysis, a comprehensive approach is performed to investigate the research interactions
and orientation. Through analysis of research funding, the key factors in propelling the development of mis-
canthus sector are also identified. Having been in stand-by for many years, the growth of miscanthus supply
chain has recently been accelerated with the rise of biorefinery concept by the end of 2009 as well as with the
implementation of climate-energy framework agreed in 2014. Though, regional disparities in terms of number of
research studies exist between the North, the Centre and the South of Europe, the creation of research and
development support programmes notwithstanding. Furthermore, research orientation and funding mechanisms
strongly depend on national strategies and priorities, and the barriers hampering the sector's development. The
efforts were generally pushed towards assessing the agronomic, environmental and economic potential and
identifying sustainable and cost-efficient biomass conversion technologies as well. Policies, collaborations and
research funding are still shaping the sector, thereby coping with existing barriers to bring about competitive
and breakthrough technologies.

1. Introduction

In response to the growing world's population and climate change
concerns, questions still hang over the adaptation of production systems
to the increasing food and energy demands, and the identification of the
most efficient and sustainable production schemes. Interest towards
bio-based economy has, therefore, been increased by aligning policies
relating to central and interdependent sectors, ranging from agriculture
and forestry, food, feed, bioenergy, to bio-chemistry (El-Chichakli et al.,
2016). A bio-based economy focuses primarily on the development of
new prospects in conventional and new bio-based sectors, while
meeting the requirements of sustainable development (EU Council,
2014b), from economy, food and energy security to ensuring an effec-
tive management of natural resources. Facing these strategic challenges
requires a phased-in substitution, on a large scale, of fossil carbon with
renewable one that can be produced from biomass as well as a chan-
geover to biological processes that can be deployed for the transfor-
mation of resources into bio-based materials and bioenergy (Albrecht

et al., 2010; Scarlat et al., 2015). Thus, a successful transition relies,
firstly, on the availability of large quantities of biomass produced in a
sustainable way and efficiently mobilised to achieve economy of scale,
and secondly, on developing alternative and innovative production
technologies that ensure cost-effectiveness in biomass transformation
(Scarlat et al., 2015).

Over the years, the continuous use of conventional renewable
carbon has led to land-use conflict with food supply, to growing com-
petition for water resources, and to pressures on biodiversity and the
environment. Several research studies and projects have dealt with the
potential contribution of different biomass feedstock to replace con-
ventional resources and improve energy efficiency, while lessening
greenhouse gas (GHG) emissions and alleviating climate change effects.
There is evidence that perennial energy crops, such as miscanthus, have
the largest technical potential for such purpose. Miscanthus has a strong
yield potential through its low nutrient requirements and high effi-
ciency in the conversion of solar energy into biomass, thus being sui-
table for marginal areas (Quinn et al., 2015).
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Native to Asia, miscanthus, also called ‘Giant Miscanthus’ was first
brought into Europe in the 1930s. Miscanthus is a particularly pro-
mising C4 crop plant thanks to its highly efficient use of nitrogen, water
and sunlight. It is a perennial crop that uses vegetative propagation
methods, harvested each year for up to 25 years due to rhizomes, un-
derground storage organs that produce buds which develop to become
stems. Despite the drawback of a large genome it has the tremendous
advantage of being very close, taxonomically, to sorghum and secondly
to maize, which dramatically expands the genomic resources available
for miscanthus genetics and breeding. Reported applications of mis-
canthus biomass refer to (ranked by descending order of use in Europe):
bioenergy (combustion for heat and electricity or gasification), building
material (light concrete, wall and wind-protection covering, loam walls,
insulation, roofing), car parts (steering wheels, oil binder), horticulture
(pots, culture substrates, mulch and bedding for fruits and vegetables),
and animal husbandry (horse bedding) (Lewandowski et al., 2018).

In the light of the above, miscanthus has clearly aroused interest
amongst researchers over the years. Numerous research studies have
thus been carried out to promote its development as well as to assess
and improve its potential and performance. These studies have been
mostly funded by a multitude of projects and programmes conducted to
provide solutions to barriers hampering the widespread use of bio-
based energy and materials from miscanthus and to promote its en-
vironmental features as well. Though, its future, in Europe, is still un-
clear and doubts remain about its interest from agronomic, socio-eco-
nomic and technical perspectives. Hence, the authors propose to
investigate the literature on the deployment of different research as-
pects related to miscanthus in order to provide evidence on whether
and for which usage the promotion of its production should continue
and strengthen.

To this purpose, by bringing a multi-disciplinary approach, a sys-
tematic literature review is used to assess the current position of mis-
canthus in the economy. A methodological protocol is developed to
identify and analyse the relevant research studies. Results of policy-
based analysis are presented in chronological order to understand the
past, current and future research orientation. In the next section, a
network analysis is performed to discuss the development of mis-
canthus as a raw material for the production of bio-based materials and
visualise the interactions between countries in terms of collaborations.
Progress on research and relationship between research fields and
funding sources is then discussed by presenting the French experience
to identify the key factors in propelling forward the development of
miscanthus sector. Finally, bio-based applications of miscanthus are
reported and orientation of miscanthus-related research is discussed.

2. Methodology

The sequence of the systematic review is organised around three
steps. Firstly, after selecting the reference database and the appropriate
search terms, the authors outline the relevant studies according to in-
clusion and exclusion criteria to minimise selection bias. Secondly, a
methodological review protocol is built to analyse the content of se-
lected references. Lastly, the findings are evaluated, synthesised and
discussed.

2.1. Identification of the most relevant references

In the literature, miscanthus has been referred to in different ways.
The only hybrid genotype commercially available in Europe is
Miscanthus × giganteus. Nevertheless, different genotypes have been
tested to optimise biomass potential, i.e. Miscanthus sinensis, Miscanthus
sacchariflorus and other hybrids. Then, the bibliographic search was
arranged and limited to the following terms: “Miscanthus × giganteus”,
“Miscanthus sinensis”, “Miscanthus sacchariflorus” and “Miscanthus hy-
brids”. The references are provided by Scopus database linked to the
most important publishers, such as Elsevier, Springer, and Blackwell,
among others.

The query search had resulted in 2985 papers. The search was then
restricted to 12 (out of 25) Scopus’ subject areas: “agricultural and bio-
logical sciences”, “environmental science”, “energy”, “chemical en-
gineering”, “biochemistry”, “materials science”, “social sciences”, “computer
sciences”, “multidisciplinary”, “business, management and accounting”,
“mathematics”, “economics, econometrics and Finance”, and “decision sci-
ence”. The search was limited to English and included only journal ar-
ticles, book chapters, books and conference proceedings. However, no
restriction has been put on the year of publication.

Given that the bibliographic search had generated a large number of
studies (2239 papers), a GUI screener from METAGEAR package for R
(Lajeunesse, 2017), was used to screen the abstracts and titles, thus
selecting the most relevant references. After the screening, data were
extracted from 1967 selected studies, first, to carry out a network
analysis, and second, to analyse funding orientation in Europe (Fig. 1).

The majority of selected references are mainly published in a wide
range of journals (94.2%). Conference proceedings and book chapters
account for only 4.2% and 1.6%, respectively. The journals’ scopes
extend to different aspects including management, environment, socio-
economics, policy, bioenergy process and utilisation, and breeding
(Fig. 2). Most of the papers are published in GCB Bioenergy (10.1%),
Biomass & Bioenergy (8.3%), Bioresources technology (5.9%), and

Fig. 1. Flow diagram showing the selection process for network and funding analyses. The diagram is generated by the plot_PRISMA() function from METAGEAR
package for R.
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Industrial Crops and Products (3.3%).

2.2. Bibliometric network analysis

Network analysis has its origins in social science since the 1930s,
and it was mainly developed to understand the structure of social re-
lations among individuals (Moreno, 1953). Later, the concept has
broadened and nowadays researchers are rather interested in analysing
relational data to bring about the structure of relationships established
between social entities or actors, i.e. individuals, groups, organisations,
etc. (Oliveira and Gama, 2012). Through the years, many tools have
been developed to examine and understand the contents and patterns of
interactions among them. These tools allow to extract knowledge from
networks, thus helping to identify the most influential or central actors.
In general, the analysis encompasses social networks, but it can include
information networks, technological networks, and biological ones
(Oliveira and Gama, 2012). In this study, a Social Network Analysis
(SNA) is undertaken, involving collaboration network and keywords co-
occurrence network. The former is a network of co-authorship, in which
researchers are linked if they co-author one or more papers. The latter is
formed when two keywords appear together in a study. Through these
analyses, the authors attempt to construct network maps, based either
on co-authorship relations or on text mining features used for co-oc-
currence network of keywords extracted from the selected studies.
These maps help to make the identification of the pioneer actors or
countries that have developed interrelated research groups on mis-
canthus easier, and the implications of these relationships clearer.

In this study, networks or graphs are constructed and displayed
using VOSviewer software (www.vosviewer.com; Van Eck and

Waltman (2010, 2014)). Bibliometric networks are built based on
bibliographic database downloaded from Scopus. Graphs are composed
of vertices and edges. Vertices, also called nodes, represent countries,
publications, or terms. An edge is the line that links a pair of vertices.
Each edge is represented by a non-negative value. A higher value means
stronger relationship between entities. The edge weight indicates the
number of publications two nodes have in common (co-authorship
network) as well as the number of publications that contain two co-
occurred terms (co-occurrence network). Similar vertices are grouped
into clusters, also called modules, that are labelled with numbers and
colours. The VOS clustering technique is based on a resolution para-
meter (a positive value) that determines the clustering level. The higher
the resolution value, the larger the number of clusters.

Indicating their importance, clusters are also designed by weights
restricted to positive values. In the graph, more important vertices
(with higher weight) are notably displayed against the less important
ones (with lower weight). The edge weight between vertices can be
normalised according to three methods, i.e. the association strength,
fractionalisation, and LinLog/modularity. To calculate bibliometric in-
dicators, two approaches have been used, i.e. the full counting methods
and the fractional counting methods. For instance, when two re-
searchers co-author a publication, the weight attributed to each re-
searcher is equal to 1 (full) in the first case and to 1/2 (fractional) in the
second (Perianes-Rodriguez et al., 2016). Although, the full counting is
by far the most commonly used method in the literature (Perianes-
Rodriguez et al., 2016), fractional counting offers a valid approach for
normalised comparisons, so that each unit of analysis is equally re-
presentative (Van Eck and Waltman, 2014; Perianes-Rodriguez et al.,
2016).

Fig. 2. Classification of selected references according to publication sources.
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To locate vertices in a graph, attraction and repulsion parameters
are taken into account. Both of these parameters are represented by
integer values between 9 and +10 for the former and between 10
and +9 for the latter. According to VOSviewer's developers, it is re-
commended to set the attraction and repulsion parameters to 2 and 1,
respectively. Good results can also be generated for values of (2, 0) or
(1, 0).

Networks or graphs can be directed or undirected according to the
direction of their links. Directed networks are those whose all edges
have direction, and thereby indicating a one-way relationship. In un-
directed networks, edges do not have a direction and each of them
connects simultaneously a pair of vertices. Each network is structured
around an adjacency matrix, denoted by A ( ×n n), where n represents
the number of vertices. With zeros in the diagonal, matrix elements
indicate whether a pair of vertices are joined or not in the network. As
for undirected network, the adjacency matrix is therefore symmetric.

As mentioned above, two types of networks are displayed using
VOSviewer software (Van Eck and Waltman, 2010):

1. collaboration network, in which countries are linked to each other
on the basis of the number of publications jointly authored. For each
country which meets the minimum threshold of publications, the
total strength of the authorship links with other countries is calcu-
lated. Only countries representing the greatest total link strength are
displayed in the network.

2. co-occurrence network, which represents publications containing
two terms occurring together. Terms are mainly extracted from
authors’ keyword lists. For each keyword whose occurrence is above
a certain threshold, the total strength of the co-occurrence links with
other keywords is calculated. Keywords with the greatest total link
are selected.

These networks are analysed and discussed in the following section
to point out the most important countries and research fields in which
miscanthus has been given particular interest. For better understanding
of the research orientation, a funding analysis is also provided.
Additionally, the policy context that triggered the development of re-
search on such a crop, is discussed.

3. Results and discussion

This section provides an analysis of the past, current, and future
situations of the development of miscanthus, exploring literature with
focus on policy, agronomic, environmental, socio-economic and in-
dustrial areas. Yet, important features related to yield, management and
economic aspects of miscanthus are firstly detailed in order to make the
reader familiar with this crop. The description below involves
Miscanthus giganteus referred to as M. giganteus, which is an hybrid
derived from crossing Miscanthus sinensis with Miscanthus sacchariflorus.
M. giganteus is the only genotype available on the European market
because of its high potential, good environmental profile, and minimal
risk of invasiveness (Lesur et al., 2014; Jørgensen, 2011).

3.1. Main characteristics of M. giganteus production

Being a sterile and non-invasive crop, the propagation method of M.
giganteus is via rhizomes or micro-propagated plantlets (Anderson et al.,
2011), the plantation of which takes place in spring. The plantation is
followed by a 3-year establishment phase, during which limited yields
are recorded. The slow growth pattern and the low planting density
make miscanthus highly exposed to weed risks. Therefore, weed control
is recommended in the first two years. In Europe, since miscanthus is
still grown on small areas, few diseases are reported (Lewandowski
et al., 2018). So far, measures for pest and disease control are not ne-
cessary. As regards the N -fertilisation, it is not recommended during
the first three years because the roots are not too deep to retain N . As of

the third year, the plant maturity is reached. Plantations grow up to 3–4
meters (m) tall and roots reach nearly 1.8m deep (Lewandowski et al.,
2003; Anderson et al., 2011). As regards fertilisation, it highly depends
on soil properties and nutrient removal. The lifespan of M. giganteus
ranges from 10 to 25 years, depending on economic conditions (Ben
Fradj and Jayet, 2018). At the end of its lifespan, herbicides are applied
to kill the plants and below-ground parts are removed (Witzel and
Finger, 2016).

Miscanthus is a thermophilic plant with C4 photosynthesis pathway,
which makes it less suitable for cold and water limited regions. On the
one hand, optimal growth temperature is 28–32 °C and plants stop
growing at temperature below 6 °C. The stands can be damaged in frost
periods, especially when the latter occur during the establishment
phase. Miscanthus growing season is particularly limited by spring
frosts which cause yielding decrease. Therefore, for a successful plan-
tation, miscanthus requires medium and light soils that can be easily
warmed, rather than heavy and catchment soils located in depression
zones. In addition, snowfalls can provoke a delay in harvest and cause
leaf drop which significantly reduces yields (Matyka and Kus, 2016).
On the other hand, miscanthus is characterised by an efficient water use
due to its low transpiration. Though, to avoid low biomass yielding, it is
not recommended to grow miscanthus on areas with annual rainfall
lower than 500–600mm.

3.1.1. The yield
In Europe, a wide range of yields are reported depending on the

harvest time, soil and climate conditions, and management practices,
e.g. irrigation, fertilisation. Yields range from 20 to 50 tdm ha 1 y 1 for
early harvest (in October) (Clifton-Brown et al., 2004; Lewandowski
et al., 2000), and from 10 to 30 tdm ha 1 y 1 for late harvest (in Feb-
ruary–April) (Lesur et al., 2013; Miguez et al., 2008). Recently, a global
dataset of multiple field experiments was compiled to describe the
biomass yields of major lignocellulosic crops (Li et al., 2018a,b). Ac-
cording to this database, an average yield of 11 tdm ha 1 y 1 is revealed
(Fig. 3). A comparison between different Miscanthus sp. shows that M.
giganteus yields are higher than those of M. sinensis and M. sacchari-
florus.

3.1.2. Nutrient requirements
Miscanthus is characterised by high efficiency of nutrient uptake

because of its extensive root system (Beale and Long, 1997; Himken
et al., 1997; Monti and Zatta, 2009). Lewandowski and Schmidt (2006)
reported also a high use efficiency of nutrients. Those latter are trans-
located from rhizomes to the above-ground parts during the growth
period and mobilised in rhizomes at the end of the growing season
(Himken et al., 1997; Cadoux et al., 2012). Nutrient contents are also
different in the above-ground parts, being higher in leaves than in stems
(Beale et al., 1996; Lewandowski and Kicherer, 1997). Nevertheless,
from the third year, nutrients are removed at harvest. In a review study,
Cadoux et al. (2012) reported that the removal of 4.9, 0.45 and 7.0 g/kg
dm of N , P and K , respectively, should be compensated by fertilisers. In
literature, experts agreed that N fertilisation is not usually required to
maintain high Miscanthus yields, unless in poor soils. Nevertheless,
there is no consensus regarding optimal nutrient requirements, even
though the response of yields to N has been examined in many studies.
Those latter have shown ambiguous results due to variations in crop
management, atmospheric conditions and soil composition. Many au-
thors have indeed reported no yield response to N fertilisation
(Christian et al., 2008; Himken et al., 1997; Shield et al., 2012; Strullu
et al., 2011) while others have shown significant positive yield re-
sponses (Arundale et al., 2014; Ercoli et al., 1999; Haines et al., 2015;
Pedroso et al., 2014). In this regard, for late-harvested miscanthus,
(Lewandowski et al., 2018) recommend an application of 50 kg ha 1 on
sandy soils or soils with low organic matter. However, early-harvested
stands require higher N -input levels, depending on nutrient removal at
harvest.
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3.1.3. Economics
In a review paper, Witzel and Finger (2016) undertook an economic

evaluation of M. giganteus and revealed the unattractive economic as-
pects of its production. This stems, first and foremost, from the high
establishment costs, of which plantation and rhizomes have the largest
share. The latter are about 2075 ha 1, thereby representing 80% of
total establishment constitute the largest share. The average labour and
machinery costs are 420 ha 1, while the average costs related to weed
control and fertilisation are 112 ha 1. After the establishment phase,
farmers incur also costs ranging from harvest, transport, storage, fer-
tilisation, to land rent. The harvest and transport costs are about
500 ha 1 and 5.76 ha 1. Depending on harvest processes, storage cost
ranges from 20 ha 1 to 95 ha 1. A benchmark application of
60 kg N ha 1 is used in Clifton-Brown and Lewandowski (2002) and
Khanna et al. (2008). In a few studies, a range of land opportunity costs
is reported depending on regions and substitute land uses for M. gi-
ganteus. For instance, in Germany, hypothetical land opportunity costs
are 441 ha 1 and 420 ha 1 for winter barely and winter wheat,

respectively. To annual costs, a closing cost is added at the the end of
lifespan to terminate the rotation. Equal to 69 ha 1, the cost does not
influence the farmer decision regarding M. giganteus adoption.

Furthermore, the profitability of M. giganteus is sensitive not only to
the market price and yields (Ben Fradj and Jayet, 2018), but also to the
support schemes offered to farmers. Compared with conventional crops,
M. giganteus is less competitive considering low prices assumed in lit-
erature. The average price is slightly lower than 80 ha 1. In most
cases, assumptions do not take into account price uncertainty due to
insufficient price data. Ben Fradj and Jayet (2018) showed that mis-
canthus profitability is highly sensitive to prices. Prices higher than
90 ha 1 ensure a rapid return on investment and a yearly income more
or less equivalent to that of conventional crops. A miscanthus grower
can also increase his income through subsidies. Cultivated without any
support from the Common Agricultural Policy (CAP) until 2017, the
crop has finally become eligible to ecological focus areas. Nevertheless,
according to Perrin et al. (2017) who investigated the performance of
miscanthus-based supply chains at the regional scale, an expansion of

Fig. 3. Biomass yield of miscanthus in Europe. Red vertical lines denote the averages. Values obtained from the “global yield dataset for major lignocellulosic
bioenergy crops based on field measurements” published in Li et al. (2018a,b). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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biomass supply leads to higher environmental impacts rather than to
increased profitability.

3.2. Policy context of miscanthus-related research in Europe

Based on the search query, 1974 studies have been identified in the
period from 1953 to 2019 in the whole world. According to Fig. 4, four
main time intervals are clearly distinguished, i.e. before 1990, from
1990 to 2010, from 2010 to 2018, and after 2018. It is during the last
two time periods that miscanthus has aroused much interest amongst
researchers producing more than 50 publications per year.

3.2.1. Before 1990: the Asian period
In this period, studies were mainly carried out in Japan, either onM.

sinensis or M. sacchariflorus. Since it had been cultivated as grassland
species for several hundred years,M. sinensis was first studied to test the
effect of grassland and rainfall on soil erosion (Matsuoka and
Kawakami, 1953), control the process of vegetative spread (Kawana
et al., 1966, 1967; Aonuma, 1970; Haibara et al., 1983) and pests
(Matsumoto, 1971; Nakamura et al., 1971). Later, studies focused on
assessing the potential productivity (Lieth et al., 1973; Tsuchida and
Numata, 1979; Hayashi et al., 1981; Hayashi, 1984) as well as the ve-
getation growth and recovery in mountainous areas (Takayama, 1982;
Sakura and Numata, 1973; Koohei et al., 1984). As forM. sacchariflorus,
researchers studied the dynamics of reserve substances and nutrients in
rhizomes (Masuzawa and Hogetsu, 1977; Sangster, 1985) and the
growth response to varying inundation (Yamasaki and Tange, 1981).

In Europe, the increase in energy prices, by the end of 1980s, had
triggered research on biomass as a potential source of energy. In this
context, the suitability of M. sinensis for biofuels’ production was in-
vestigated by analysing its chemical composition (Faix et al., 1989).
Since that time, miscanthus-related research has considerably increased
over the years, driven by the EU climate policy on the one hand, and by
strategies for reducing dependence on foreign energy resources on the
other.

3.2.2. From 1990 to 2010: the start-up period
Over this period, the emergence of international policies and in-

struments on climate change promoted the use of renewable feedstock
with the aim of reducing global warming and tackling climate change
consequences. In fact, the Intergovernmental Panel on Climate Change
(IPCC), jointly created by the United Nations Environment Programme
(UNEP) and the World Meteorological Organization (WMO) in 1988,
played a major role in the creation of action and cooperation

frameworks for international agreements, more precisely, the United
Nations Framework Convention on Climate Change (UNFCCC) in 1992.
From this dual perspective of energy security and climate change, re-
search studies were conducted to test the potential of M. sinensis for the
development of bio-based industries, (Wegener, 1992; Kordsachia et al.,
1993; Papatheofanous et al., 1995; Iglesias et al., 1996; Vega et al.,
1997; Oggiano et al., 1997; Szabó et al., 1996; Verkade and Kuijper,
1996; Wagenaar and Van Den Heuvel, 1997). Thus, it was shown that
this promising crop may provide energy and bio-based products’ sectors
with a reliable supply of slightly lower quality than that of other
competitive resources. Nevertheless, M. sinensis had just been in-
troduced in Europe and its potential as an agricultural crop was not
well-known. Hence, research was oriented towards assessing yield po-
tential (Christian, 1994) and plant disease (Christian et al., 1994).
Several studies were then focused on breeding for generation of new
genetic variations (Greef and Deuter, 1993; Lafferty and Lelley, 1994;
Sobral et al., 1994) more suitable to the wide range of European climate
conditions and more appropriate biomass for energy uses, with a low
risk of invasion. New methods of crop establishment (Otte et al., 1996)
and storage (Huisman and Kortleve, 1994) had thus been discovered,
and potential yield as well as nutrient accumulation had been assessed
in cool temperate climate (Beale and Long, 1995, 1997; Beale et al.,
1996) and compared to different Miscanthus sp. (Jørgensen, 1997). For
better Nitrogen (N ) management, more research was needed to assess
nitrous oxide (N O2 ) emission factors (Jørgensen et al., 1997), to explore
bio-fertilisers (Kirchhof et al., 1997), and to study N requirements and
yield and emission responses to N fertilisation (Schwarz et al., 1994;
Wiesler et al., 1997; Beale and Long, 1997; Christian et al., 1997)

After signing the Kyoto Protocol, in 1997, aiming at averting cli-
mate change effects, the European Union (EU) launched, in 2005,
within the framework of its climate policy, the Emissions Trading
System (ETS) to mitigate global warming by limiting emissions from
large energy-using facilities in power, industry and aviation sectors.
Two years later, the EU leaders established key “triple 20” targets for
2020 in order to lessen GHG emissions by 20% from their 1990 level,
enhance energy efficiency by 20%, and expand the renewable energy
share in total energy consumption by 20%. In addition to national
plans, the action was reinforced by two Directives: (1) the Renewable
Energy Directive (2009/28/EC) which set a 10% target for transport
energy demand to be met using renewables by 2020; and (2) the Fuel
Quality Directive (2009/30/EC) imposing fuel distributors to reduce,
by 2020, GHG emissions of total distributed fuel by at least 6%. Meeting
at least a part of these commitments has required an increase of the
biomass contribution to the energy generation.

Fig. 4. Worldwide evolution of the annual scientific production of publications on miscanthus from 1953 to 2019.

N. Ben Fradj, et al. Industrial Crops & Products 148 (2020) 112281

6



The environmental, economic and geopolitical impacts from first
generation biofuels’ development and the related support policy led to
an ambiguous overall assessment. Direct and indirect land use changes
(LUC and iLUC respectively) have been caused indeed by the estab-
lishment of biofuels’ policies (Rosegrant et al., 2008; Searchinger et al.,
2008; Beckman et al., 2011). A fierce food vs. fuel debate had conse-
quently emerged, in particular at the time of food crisis in 2007/08. In
this context, the research on miscanthus was oriented to investigate the
large-scale available potential (Clifton-Brown et al., 2004; Price et al.,
2004; Fischer et al., 2005; Stampfl et al., 2007; Richter et al., 2008) on
the one hand, and the environmental and economic efficiency of mis-
canthus-based energy at the agricultural and industrial scales (Collura
et al., 2006; Styles and Jones, 2007; Uellendahl et al., 2008; De Vrije
et al., 2009) on the other. For instance, several researchers focused on
plant improvement through testing new crop management (Jezowski,
2008) and breeding (Hernández et al., 2001; Rothballer et al., 2008).
Others assessed the impact of miscanthus production on land use
(Haughton et al., 2009; Lovett et al., 2009), storage and quality of soil
organic matter (Kahle et al., 2001; Hansen et al., 2004), soil carbon
sequestration (Foereid et al., 2004; Clifton-Brown et al., 2007;
Borzecka-Walker et al., 2008), N and water supply (Lewandowski and
Schmidt, 2006; Cosentino et al., 2007; Richter et al., 2008), energy and
GHG balance (Lettens et al., 2003; Styles and Jones, 2007), and bio-
diversity (Semere and Slater, 2007a,b; Bellamy et al., 2009).

When it comes to the adoption of a perennial crop at the farm-scale,
some supply constraints were identified (Sherrington et al., 2008). Most
of the studies were about M. giganteus, but in many of them other
genotypes have been compared with the aim of overcoming the pro-
duction limitations of the former (Clifton-Brown et al., 2002; Clifton-
Brown and Lewandowski, 2002). Furthermore, as a result of the Di-
rective 2003/87/EC establishing a EU GHG emission trading scheme,
more efforts had been made to test the efficiency of alternative mis-
canthus-based industries such as bio-plastics (Johnson et al., 2005) and
light weight concrete (Pude et al., 2005). As for ethanol production,
different biomass treatment methods were evaluated (Sørensen et al.,
2008; Brosse et al., 2009).

3.2.3. From 2010 to 2018: the rise of the bio-based economy
The bioeconomy has been first introduced in 2005 as a central frame

to shift from fossil-based to bio-based energy and materials, through the
development of the biorefinery concept. This latter has undergone a
remarkable rise by the end of 2009, in the miscanthus-related research
field, thereby helping the emergence of new and more efficient, and
competitive green technologies for biomass transformation.
Accordingly, few years later, in 2012, a bioeconomy strategy has been
launched in Europe. In this regard, several studies dealt with modelling
the potential supply for biorefinery, anaerobic digestion in particular
(Wahid et al., 2015; Kiesel and Lewandowski, 2017). Since the final use
depends on biomass quality, the sensitivity of chemical composition to
crop management as well as to genetic and environmental factors was
extensively tested (Hodgson et al., 2010; Allison et al., 2011). In ad-
dition, many pre-treatment processes were evaluated for a better and
more efficient separation of chemical components (Alriols et al., 2010;
El Hage et al., 2010; Toledano et al., 2010; Michalska et al., 2015).

The research has also been shaped by the new climate-energy fra-
mework agreed in 2014 (EU Council, 2014a) to widespread and reg-
ulate the production of sustainable energy sources and meet 2050 GHG
abatement target. The new package aims at reducing GHG emissions by
40% from their 1990 level, enhancing energy efficiency by at least 27%,
and expanding the share of renewable energy in the total energy con-
sumption by at least 27%. In order to guarantee the use of en-
vironmentally-friendly bioenergy products, the European Commission
(EC) has fixed sustainability requirements for more carbon savings and
biodiversity protection. These objectives have resulted in promoting the
plantation of miscanthus on low carbon stock and biodiversity areas. In
this context, attributional and consequential Life Cycle Assessment

(LCA) were used to assist public decision makers in evaluating new
bioenergy and biorefinery projects (Brandão et al., 2010; Blengini et al.,
2011; Dufossé et al., 2013). Several researchers assessed the LUC effects
associated to the cultivation of perennial energy crops on soil organic
carbon sequestration, GHG emissions, water quality and ecosystem
services (Harris et al., 2015; Styles et al., 2015; Chimento et al., 2016;
Ferchaud et al., 2016; Milner et al., 2016). As for biodiversity, studies
focused on assessing the impacts on the diversity and abundance of
insects, e.g. pollinating insects (Stanley and Stout, 2013), beetles and
spiders (Dauber et al., 2015). In addition, to evaluate and facilitate
establishing miscanthus plantations on contaminated soils and wet-
lands, mineral uptake, productivity potential, and pollutant removal
efficiency were determined (Ollivier et al., 2012; Pavel et al., 2014;
Toscano et al., 2015) and new phytoremediation techniques were in-
vestigated (Firmin et al., 2015).

Despite the high potential and environmental features of mis-
canthus, its large-scale plantation is limited by several socio-economic
factors. To overcome these barriers, a better understanding of farmer's
willingness was needed (Bocquého and Jacquet, 2010; Sherrington and
Moran, 2010). Furthermore, economics of miscanthus production were
investigated and evaluated at different crop development stages
(Krasuska and Rosenqvist, 2012). The sensitivity of the profitability to
agronomic and economic assumptions was explored (Witzel and Finger,
2016; Mantziaris et al., 2017) in deterministic and stochastic cases (Ben
Fradj et al., 2016; Ben Fradj and Jayet, 2018). While some researchers
tested several environmental policy assumptions (Bourgeois et al.,
2014) to widespread its production, others pointed out the importance
of introducing miscanthus to the greening measures of the common
agricultural policy (CAP) for more innovative and effective instruments
(Emmerling and Pude, 2017).

3.2.4. From 2018 until now: towards greener, more sustainable and cost-
efficient production routes

The reader can notice that the number of miscanthus-related pub-
lications started to decline as of 2018 (Fig. 2), thereby pulling the re-
search from the peak down towards the trough of disillusionment just
as in the hype cycle. In fact, researchers are making several re-adjust-
ment to come up with innovative answers to expressions of suspicion
regarding the interest of miscanthus from agronomic, environmental,
socio-economic and technological views. In addition, the research
context has been triggered by two international action plans within
UNFCCC, namely the Sustainable Development Goals (SDGs) adopted
in 2015 and the Paris Agreement signed in 2016 as well as by the EU
challenges defined in the updated bioeconomy strategy seeking to de-
velop a circular economy and build a carbon-neutral future. Climate
change is the common denominator shared by all these actions, trap-
ping many countries into its vicious circle, and thus threatening present
and future generations. In interaction with 6 out of 17 SDGs, the Paris
Agreement has emerged to reduce collectively harmful activities to the
environment, while maintaining a global average temperature increase
below 2 °C and limit the temperature rise to 1.5 °C. Moreover, as part of
the bioeconomy strategy, many research projects and collaborations
saw the light to address the issues of natural resource and crop man-
agement related to sustainable and low carbon production of biomass as
well as to identify promising bio-based value chains towards achieving
a resource-efficient circular economy. In this regard, miscanthus is
being given much interest to develop promising bio-products and bio-
based value chains (Kraska et al., 2018; Ogunsona et al., 2018; Záleská
et al., 2018; Giorcelli et al., 2019; Kolanowski et al., 2019) that require
cross-compliance with the standards of circular economy, so that EU
plans for the bio-economy can be satisfied.

Since long-term results start being available, modelling and quan-
titative assessments have been increasingly carried out to assess the
environmental impacts of miscanthus cultivation on soil quality and
land use patterns with greater consideration for below-groundC and N ,
and N O2 emissions. For instance, the assessments have not been focused
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on analysing only the seasonal dynamics of below-ground biomass to
estimate C:N ratios for SOC stabilisation (Poeplau et al., 2019), but also
the impact of miscanthus cultivation on SOC stocks and sequestration
(Hu et al., 2018). While Ledo et al. (2018) have presented a generic
model for carbon balance and GHG emissions calculations related to
farm systems combining energy and food crops, Holder et al. (2019)
have taken into account N O2 emissions during establishment phase to
assess the impacts of land use change from pasture to miscanthus.
Furthermore, for better contribution to sustainable development, mis-
canthus should be cultivated on marginal land which is less suitable for
conventional crop production (Lewandowski, 2015). However, on
marginal areas, yield potential cannot be attained because of the abiotic
stresses (drought, slope, flooding, etc.) and the lack of essential nu-
trients (Clifton-Brown et al., 2019). This has brought into question the
environmental and economic sustainability of ethanol and biogas pro-
duced from miscanthus cultivated on marginal land. LCA have, there-
fore, been performed to compare the environmental impacts of ethanol
processed through different pre-treatment pathways (Lask et al., 2019),
and combined with cost analysis to assess the environmental and eco-
nomic performance of miscanthus for biogas production (Wagner et al.,
2019). The research has also been oriented towards coping with the
factors limiting miscanthus growth, either through investigating new
approaches in searching of mechanisms of cold tolerance (Bilska-Kos
et al., 2018) or through testing new crop management (Ashman et al.,
2018).

To limit the negative impacts of heavy metals present in

contaminated soils, phytoremediation using perennial energy crops,
more precisely miscanthus, seems to be an effective pathway. In this
regard, several studies have been conducted to determine the re-
mediation peculiarities and the miscanthus-related growth factors
(Nurzhanova et al., 2019; Andrejic et al., 2018), and to characterise the
fuel properties (Werle et al., 2019) as well. The metabolism production
of below-ground parts, and of rhizosphere bacterial communities have
been also assessed under different contaminated conditions (Pham
et al., 2018). In addition, Liber et al. (2018) have identified the growth
parameters influencing the transfer of heavy metals from the soil to
above-ground parts of miscanthus with the aim to evaluate its metal
extraction capacity. In this regard, it is demonstrated that miscanthus is
“an efficient metal excluder” (Karer et al., 2018). To improve the SOC
stock of degraded areas under miscanthus plantation, application of
biowaste and by-products is strongly recommended, and thus re-
presenting a successful model for rational management of available
resources (Placek-Lapaj et al., 2019; Grobelak et al., 2018).

Many studies have shed light on other different remediation tech-
niques to restore contaminated soils, via application of biochar as an
improver for metal stabilisation because of its high C content.
Regarding miscanthus biochar, microorganisms’ activities are rather
conditioned by the available C of biochar than by its pH, particularly in
very acidic soils (Luo et al., 2018). In terms of effectiveness, it is shown
that its application reduces efficiently metal concentrations (Janus
et al., 2018; Shen et al., 2018) in different plant parts, and therefore
improves the biomass yield (Shahbaz et al., 2018). Moreover,

Fig. 5. Map of author keyword co-occurrence network built based on fractional counting method. The weight attribute is represented by the number of keyword
occurrences, and attraction and repulsion parameters are set to 1 and 0, respectively. Clusters are displayed with different colours according to their weight. Stated by
a decreasing order, the nodes are: M. giganteus referred to as miscanthus (red, 624 occurrences), biomass (blue, 234 occurrences), energy crops (purple, 172
occurrences), bioenergy (pear green, 151), switchgrass (orange, 89 occurrences), yield (green, 53 occurrences), biochar (brown, 52 occurrences), giant reed (cyan, 29
occurrences), biomass gasification (pink, 25 occurrences), and perennial grasses (soap orange,15 occurrences). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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miscanthus biochar can be used not only as a bio-fertiliser to supply bio-
available Silicon responsible for stress alleviation and improvement of
photosynthetic activity (Li et al., 2018a,b), but also as a fixative of
antibiotics available in pig manure (Ngigi et al., 2019). As for its impact
on global warming, although miscanthus biochar is suitable for C se-
questration in temperate soils under future climate driven by elevated
temperature, it may lead to increased N O2 emissions thereby raising
soil GHG emissions (Bamminger et al., 2018).

3.3. Analysis of miscanthus-related research orientation

Here, keyword network maps provide the reader with information
on the evolution of the scientific jargon related to miscanthus, and the
fields in which the latter is more used. According to the bibliometric
analysis of our references’ sample, out of 4718 identified keywords,
only 179 meet the minimum threshold of 5 occurrences. For each of
these keywords, the strength of co-occurrence links is computed. 120
selected keywords that represent the greatest total weight, were dis-
played (see Fig. 5).

Ten clusters are formed around the most frequently occurring key-
words. Stated by a decreasing order of the number of occurrences
(Table 1, in Appendix A), these nodes are: M. giganteus referred to as
miscanthus, biomass, energy crops, bioenergy, switchgrass, yield, bio-
char, giant reed, biomass gasification and perennial grasses. Accord-
ingly, certain features of miscanthus are discussed hereinafter.

3.3.1. Is M. giganteus a viable energy source?
For sustainability reasons, M. giganteus is promoted to be grown on

marginal and low carbon stock areas in order to limit Food vs. Fuel
competition. However, its large-scale extension is limited, requiring
expansive establishment phase (rhizome). Besides, farmers are re-
luctant to change their cropping system, particularly when they should
reserve a parcel of land for a long rotation period (Ben Fradj and Jayet,
2018). Moreover, crop yield potential is usually sensitive to soil quality
so that yield records on marginal land are low. The lower the yield, the
more averse is the farmer to plant the crop (Ben Fradj and Jayet, 2018).
This leads inevitably to an impasse when this crop is required to be
produced and managed sustainably. In addition, due to climate change,
periodic drought periods may occur and plants growing on marginal
land will frequently face water stress episodes (Quinn et al., 2015).
Consequently, a deficit in water availability, characterised by pre-
cipitation and soil water supply, explains 70% of miscanthus annual
yield variation in the growing season (Richter et al., 2008). Irrigation
may therefore be an unsustainable solution to insuring high yield po-
tential and stable technical performance in diverse environments (Van
der Weijde et al., 2017).

To overcome these agronomic and economic barriers, several stu-
dies showed that growing miscanthus is more cost-effective by enhan-
cing the yield potential and the cultivation methods and by decreasing
the plantation cost. Other Miscanthus sp. and hybrids were then studied
to improve their establishment conditions, having more or less the same
yield potential and, above all, a better water-use efficiency and cheaper
vegetative multiplication phase (Lewandowski et al., 2016). Further-
more, the chemical composition of biomass differs according to harvest
date, i.e. early harvest (from October to December) and late harvest
(from February to April), thereby affecting the yield quality and, con-
sequently, the end-use. At early harvest, the yield is higher than at late
harvest. However, early harvested biomass represents a strong moisture
content, thereby being more compatible with biorefinery processes, e.g.
anaerobic digestion, than combustion. Kiesel and Lewandowski (2017)
reported a high methane yield of 6000 cubic meters per hectare (m3/
ha) for a harvest in October. Uellendahl et al. (2008) proved that the
conversion or pre-treated biomass from miscanthus into biogas is ben-
eficial in terms of costs and energy. This may be a more cost-efficient
option for farmers to produce miscanthus, since they can directly de-
liver the harvest to biogas plants with low storage costs (Wahid et al.,

2015). With high and stable yields, early harvested miscanthus may
therefore improve the sustainability of biogas sector by substituting for
annual energy crops, e.g. maize (Kiesel and Lewandowski, 2017).
M. giganteus is the most suitable genotype having the best silage quality
(Mangold et al., 2019), considering the higher methane yield of ensiled
biomass than that of non ensiled biomass.

3.3.2. An environmentally-friendly energy crop
Miscanthus is characterised by an efficient nutrients uptake due to

its perennial rhizome system in which nutrients are first accumulated at
the end of the vegetative cycle and then translocated to aerial parts in
the spring (Amougou et al., 2011). In the case of late harvest, the mulch
formed by dead leaves is gradually decomposed and returns nutrients to
the soil, thus helping to build and sustain soil organic matter, and
consequently decreasing fertiliser inputs (Cadoux et al., 2012). All these
characteristics make miscanthus a promising candidate for the pro-
duction under low-input patterns. However, mineral fertilisation may
hence be considered to maintain high production levels during the life
span (Cadoux et al., 2012; Dufossé et al., 2014), since some nutrients
are removed at harvest, which may lead to a long-term exhaustion of
soil nutrient stocks (Dufossé et al., 2014).

Miscanthus has been recognised as a crop whose cultivation is
characterised by low GHG emissions as well as high potential of C se-
questration in soil. The main reason for lower GHG emissions is N
fertiliser application which is the most important management practice
determining GHG balance (Behnke et al., 2012). However, significant
variability can be observed in soil C sequestration. The pH has a sig-
nificant influence on C retention in soil. The net balance of miscanthus
is largely dependent on the region, indicating the importance of local C
management in the soil (Borzecka-Walker et al., 2008, 2012; Hansen
et al., 2004; Beuch et al., 2001; Zimmermann et al., 2012; Zatta et al.,
2014). Production of miscanthus drives iLUC related to relocation of
food production, and consequently affects GHG emission mitigation
resulted from fossil energy substitution. In this sense, to prevent these
side effects, Gerssen-Gondelach et al. (2015) highlighted the need for
an integrated approach to iLUC mitigation, combining governance and
policies and monitoring the implementation measures.

3.3.3. Miscanthus-based biofuel
Although, miscanthus has been promoted as an excellent biomass

for energy conversion, there are still some barriers to leverage bioe-
nergy market opportunities. Given that this crop is new to farmers, its
cultivation requires further knowledge and technical equipment that
most farmers do not have (Lewandowski et al., 2016), which limits its
popularity as a biomass crop. Furthermore, depending on socio-eco-
nomic factors (education, age, farming type, farm size), the willingness
to grow new perennial energy crop is currently low (Gedikoglu, 2015).
The potential supply depends also on farmer's perception of the risks
related to these crops and of the amount and security of the financial
return (Bocquého and Jacquet, 2010; Sherrington and Moran, 2010). In
addition, unlike annual crops, miscanthus is not integrated into a
structured biomass market, which makes farmers more concerned
about selling their products at an expected price (Sherrington and
Moran, 2010). All these factors make farmers reluctant to change the
familiar cropping-system by integrating a new and economically un-
attractive crop characterised by a long lifespan and involving reg-
ulatory risk deriving from agricultural and energy policies (Sherrington
and Moran, 2010). Farmers will be only willing to cultivate miscanthus
if long-term and appropriate contracts with energy transformers are
available and guaranteed by the government (Sherrington and Moran,
2010). In more recent study, Adams and Lindegaard (2016) found that
the development of a “confident long-term bioenergy industry” mainly
relies on: (1) developing small-scale innovation projects using estab-
lished technologies, (2) a phased integration of perennial energy crops
to ensure a regular development of local supply, (3) balancing supply
measures and demand incentives, (4) providing grants with respect to
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Fig. 6. Map of country co-authorship network
built basing on fractional counting method.
The weight attribute is represented by the
number of publications, and attraction and
repulsion parameters are set to 2 and 0, re-
spectively. Clusters are displayed with dif-
ferent colours according to their weight. The
nodes are: United States of America (blue, 488
documents), United Kingdom (pear green, 257
documents), Germany (purple, 167 docu-
ments), France (red, 138 documents), Italy
(green, 77 documents), and South Africa (cyan,
7 documents). (For interpretation of the refer-
ences to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 7. Map of average publication production
per year in the country co-authorship network
built basing on fractional counting method.
The weight attribute is represented by the
number of publications, and attraction and
repulsion parameters are set to 2 and 0, re-
spectively. Stated by a decreasing order, the
nodes are: United States of America (488
documents), United Kingdom (257 docu-
ments), Germany (167 documents), France
(138 documents), and Italy (77 documents).
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infrastructure size, (5) the design of establishment grant schemes which
effectively manage the cashflows and are connected to final user mar-
kets, and finally, (6) enhancing the competitiveness of local supply over
imports.

To accelerate the development of miscanthus-based fuel sector,
certain problems related to quality must be overcome. Despite the crop
being a high quality feedstock for cellulosic biofuel production, the
decisive quality factors are very sensitive to the combined effect of
water stress-marginal land, determining the technico-economic effi-
ciency of the production of fuel from miscanthus (Van der Weijde et al.,
2017). The cell wall composition and fuel combustion quality also de-
pend on agronomic treatments. The higher N fertiliser, the lower
feedstock quality. Indeed, high N rates distort the cell wall structure
and increase the bulk of N and ash in harvested biomass (Hodgson
et al., 2010) and, therefore, cause fouling problems (Baxter et al.,
2014). In this sense, it was reported that late-harvested miscanthus,
managed with low N inputs, provides a higher fuel quality than that in
early harvest, but results in lower yield. Farmers may then add N to
improve yields, thereby reducing fuel quality. In this case, pre-treat-
ment strategies and changes in boiler system are thus required to pre-
vent from ash-related issues during the combustion process (Baxter
et al., 2014).

3.3.4. Biomass conversion technologies
Two main biomass conversion technologies were reported in lit-

erature during the last two decades, i.e. direct combustion and ther-
mochemical process. While the former is traditionally used for co-firing
biomass with coal, the latter is based on four technological routes:

pyrolysis, gasification, combustion, and liquefaction, thereby leading to
two different, yet complimentary, types of biomass refining, namely
lignocellulosic and syngas biorefineries (Dahmen et al., 2019). Bio-
based chemicals and materials can be processed from both types. Pro-
ducing syngas requires a complete decomposition by gasification under
high temperature conditions (Dahmen et al., 2017). This makes syngas
synthesis more flexible towards feedstock type and quality than lig-
nocellulosic biorefinery. Since the latter exploits the molecular struc-
ture of all biomass components, feedstock type and quality define the
refining processes used to preserve the required molecules.

Much interest was given to pyrolysis since it is a prior step in
combustion and gasification processes, resulting in the production of
charcoal (biochar), bio-oil and syngas, precisely when oxygen is lacking
and temperature levels are ranging between 300–700 °C. According to
Gaunt and Lehmann (2008), biochars resulted from slow pyrolysis of
miscanthus have good potential for energy production, with 2–7MJ/MJ
greater than that of corn-based ethanol. It is also found that land ap-
plication of biochar reduces GHG emissions by two to five folds
(2–19Mg CO2 ha 1 y 1) over an exclusive use for fossil energy off-sets,
and the retention of carbon (C) in biochar explains 41–64% of this
reduction. Bio-oil resulted from fast pyrolysis has similar cost as dis-
tillate fuel and processing cost of baled miscanthus is slightly different
from that of woodchips (Rogers and Brammer, 2012). Utilised for
electricity generation, bio-oil can be transported and stocked, thereby
offering the possibility to decouple pyrolysis from generation for better
process optimisation. In this regard, Rogers and Brammer (2009)
showed that the above-mentioned strategy would be cost-effective only
in case of large generation plants. Mainly consisted of Carbon monoxide

Fig. 8. Spatial distribution of number of papers produced in the EU during the last three decades.
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(CO) and Hydrogen (H2), the syngas can be treated by chemical and
microbial processes to produce gaseous and hydrocarbon fuels, and fine
chemicals (Dahmen et al., 2017). However, the production of these
synthetic materials and chemicals is still complex and cost-intensive.

3.3.5. Lignin
The chemical composition of miscanthus is a limiting factor in op-

timizing biomass conversion to biochemicals and bioenergy. Being a
lignocellulosic feedstock, miscanthus consists of three main chemical
components: (1) cellulose, principal resource for bio-based materials
and energy, (2) hemicellulose, protecting the former from enzymatic
hydrolysis, and (3) lignin, the main component responsible for mis-
canthus recalcitrance to chemical and enzymatic degradation. Brosse
et al. (2012) emphasized the importance of better understanding of the
chemical composition as well as the different pre-treatment mechan-
isms to develop future cost-effective technologies in a biorefinery ap-
proach allowing an optimum use of all miscanthus’ components.

Information on the lignin structure is of utmost importance for the
development of strategies regarding bio-based applications (Rohde
et al., 2019). Being a complex polymer, lignin consists of three mono-
mers: p hydroxyphenyl, guaiacyl and syringyl, joined by esther and C-C
bonds. Grass lignin is generally a mixture of these monomers
(Gellerstedt and Henriksson, 2008). In a recent study, Rohde et al.
(2019) illustrated how the molecular sorting of heterogeneous lignin
types (softwood Kraft, miscanthus and poplar) into fractions is im-
portant for bio-material applications. It is shown that, unlike softwood
Kraft, Miscanthus lignin does not contain sulphur. However, N content
varies from 0% to 1.2% according to fractions. Furthermore, the choice
of miscanthus lignin-based applications is conditioned upon molar mass

and functional groups (aliphatic and phenolic OH-groups). Compared
with softwood Kraft and poplar, miscanthus lignin has lower molar
mass and higher phenolic OH-group. On the one hand, besides polymer
production, lignin with low molar mass might be relevant for bioscience
and medicine industries because of its high antioxidant traits (Calvo-
Flores et al., 2015). On the other hand, lignin with high phenolic OH-
group is suitable for modification reactions resulting in the formation of
polyol used for polyurethane synthesis (Ahvazi et al., 2011).

Several pre-treatment technologies were reported aiming to sepa-
rate the constituents and to break down the lignin, thereby enhancing
enzymatic hydrolysis. Dilute acid and hydrolysis, steam explosion, and
organosolv, among other pre-treatments, were assessed with the aim to
increase enzymatic digestibility. For a better optimisation of biomass
conversion, combinations of pre-treatments were tested. For instance,
Brosse et al. (2009) pointed out the importance of pre-soaking step to
enhance the dissolution of lignin and then digestibility of cellulose by
enzymes. Sørensen et al. (2008) reported the efficacy of acid pre-
soaking and direct enzymatic hydrolysis prior to wet oxidation to ob-
tain high sugar yields for bioethanol production. Later, Alriols et al.
(2010) combined organosolv and membrane ultrafiltration to extract
the different component fractions and, therefore, to optimise the frac-
tionation procedure for increased yields and efficient solvent recovery
and energy consumption.

Nonetheless, most of these strategies require expansive installations
and thorough processes, and produce large amounts of hazardous
wastes, so that they can have negative economic and environmental
impacts at a large-scale level. Biological and microwave pre-treatments
are then seen as more cost-efficient and environmentally-friendly al-
ternative strategies. Accordingly, the efficacy of micro-organisms and

Fig. 9. Evolution of funded publications on miscanthus according to the research field from 2002 to 2018 in France.
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bacteria as biological agents were explored (Kalinoski et al., 2017; Liu
et al., 2015) to enhance the energy efficiency of bio-processes. As re-
gards the microwave pre-treatment, new pathways are being tested for
an effective break-down of the biomass structure by, for instance, using
water as solvent and eliminating the formed hazardous waste in the
treatment process (Irmak et al., 2018).

3.3.6. Impacts on biodiversity
Several studies on perennial grasses, miscanthus in particular, re-

ported its potential to increase wildlife resources in case of LUC, but
this strongly depends on the type of management at field scale.
According to Felten and Emmerling (2011), earthworm populations are
more diverse and higher in miscanthus stands than that in arable land,
likewise in grasslands and fallow land. Although earthworm, feeding on
miscanthus low N leaf litter, have been found to loose mass, the ground
litter cover provides an advantageous niche for protection from pre-
dators. Miscanthus stands contain also high diversity levels of flies and
beetles as well as birds species (Semere and Slater, 2007a,b) in summer
(Bellamy et al., 2009) and winter. However, this latter finding diverges
from predictions made in Western Europe since habitat preference and
bird densities differ from those of Central and Eastern Europe
(Kaczmarek et al., 2019). Dauber et al. (2015) showed that when
miscanthus is planted on grasslands, it offers higher levels of biodi-
versity in comparison to the case when it is planted on arable land. In
general, these studies emphasized the importance of miscanthus in the
agricultural landscape to maintain high levels of biodiversity and to

help the soil to recover from intensive production, given its low che-
micals requirements and mechanical pressure, and its long lifespan
(McCalmont et al., 2017).

3.4. Analysis of countries collaboration network

During the last decade, policies on research have been established to
advance the shift towards bio-based economy. Thereafter, innovation
and enhancement of scientific knowledge became key priorities in the
EU. Yet the success of innovation and its transfer depends on the in-
teraction between numerous actors from government, and research and
industrial communities. National and international collaborations have
consequently been set up for better resource use and knowledge sharing
through the creation of research and development support programmes
(El-Chichakli et al., 2016). In what follows, the collaboration network
at the international level is therefore presented for better capture of the
interactions between the countries.

In the co-authorship network, countries are represented by separate
vertices. 84 countries have been identified. Grouped into 5 clusters,
only 41 countries meet the threshold of 5 documents per country
(Table 2, in Appendix A). According to Fig. 6, Major five clusters are
formed around 5 pivotal countries’ actors, i.e. United States of America
(USA), United Kingdom (UK), Germany (DE), France (FR), and Italy
(IT). It also reveals that the research on miscanthus is mainly led by two
blocks, i.e. EU and US. For both sides, co-authorships with Japan,
China, and South Korea are important. The country's weight in the EU

Fig. 10. Public and Private institutions dedicated to funding research on miscanthus from 2002 to 2018 in France.
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network determined by means of a Degree Centrality measure (the
number of ties a node has to other nodes in the network) indicates 10
central actors with high degrees (Table 3, in Appendix A). These
countries are, in decreasing order of importance, UK, DE, FR, Ireland
(IE), NL, Denmark (DK), Poland (PL), Italy (IT), Spain (ES), and Sweden
(SE). One can also notice, from the thickness of edges, that the links
between nodes differ in number and in font. The thicker the link, the
larger the co-authorships. For instance, co-authorships are important
within Europe, particularly in the cases of UK DE, UK IE, DE IE,
DE NL, and UK FR (see Table 4 in Appendix A for the abbreviation
list of countries’ names). Likewise, bilateral co-authorships are frequent
between UK USA, DE USA, PL USA, ES USA, UK CN, and
UK KR.

Within the EU, the least recent studies were mainly carried out in
DK, NL and ES, followed by DE, IE and UK (Fig. 7). However, the ex-
perience on miscanthus is quite recent (since 2010) in the other Eur-
opean countries. It is, therefore, important to point out that inequalities
in terms of productivity still exist in Europe. Fig. 8 shows clearly the
regional disparities in terms of number of publications between the
North, the Centre and the South of Europe. Indeed, Miscanthus sp. were
first introduced in the Central Europe, exposed to more or less the same
climatic and soil conditions as their native land. Some years later, re-
search was conducted to study and improve species’ adaptation to
Mediterranean environments (South) characterised by limited water
supply (Cosentino et al., 2007). Furthermore, miscanthus was first
promoted in countries with insufficient forest resources (e.g. UK and
DN). That explains the low number of publications in countries char-
acterised by high wood supply (i.e. FI and SE).

The orientation of research on miscanthus strongly depends on
country's own strategies and priorities. In general, the efforts were
pushed towards 10 major research fields which are: biodiversity, bio-
mass composition, biomass treatment, crop management, economics,
environmental impact, nutrient mobilisation, plant resistance, soil
pollution mitigation, and yield potential assessment. In what follows,
papers are then classified according to these categories, for better un-
derstanding of the relationship between funding and research orienta-
tions.

3.5. Analysis of research funding

In the EU, efforts have been made throughout the years in devel-
oping miscanthus-related research to reduce productivity gap between
countries. This comes together in an imaginary vision (Levidow et al.,
2012) which makes Europe the most competitive and vigorous knowl-
edge-based economy on the one hand, and socially cohesive region on
the other (EU Council, 2000). As a matter of fact, a large research and
development policy has been taken into place with the main objective
to enable the take-off of a promising sector, thereby joining the race for
competitive and breakthrough technologies (Levidow et al., 2012).
Different research and development (R&D) programmes have been in-
deed launched between European countries as well as with countries
representing competitive threat to the European market, in the context
of fighting global warming. Thus, funds have been awarded and col-
laborations have been established to transfer the knowledge and know-
how, and to enhance networking.

At the country level, research is increasingly being driven by com-
petitive and diverse funding mechanisms providing more efficient and
productive environments among different entities/subunits, i.e. gov-
ernment departments, research centres, and universities. In such enti-
ties, research funding is generally composed of public research grants
and programme/project-based funds provided by public funding
schemes (regional, national, or supra-national) as well as by industrial
contracts and grants. As for miscanthus, research orientation and

funding mechanisms differ according to governments’ priorities and
strategies. Thus, a closer look at the distribution of funding among re-
search areas at the country level is necessary. Being one of the European
leaders in miscanthus production with more than 4500 ha, France is
then selected.

In this sense, an analysis of the relationship between funding
sources and research fields is provided. The allocation of research areas
and funding from 2002 to 2018 is then shown in Figs. 9 and 10 . 121
papers are clustered into 10 field categories and 20 funding institutions.
Because of the multidisciplinary of miscanthus-related research, one
paper can belong to more than one field and be funded by more than
one institution. While field categories are inferred on the basis of
journal title, authors and editors’ keywords and abstract, funding
sources are aggregated into 20 main institution types. The database is
summarised in Table 5 (in Appendix B). In line with the international
interest, miscanthus-related research in France shows the same evolu-
tion during the last decade (Fig. 9). Most of the studies were led by
public research institutes, e.g. the National Institute for Agricultural
Research (INRA), collaborating with domestic and foreign organisations
and opening funding from various institutions. Fixed-length R&D pro-
jects and programmes were therefore launched with specific goal or-
ientations. During the period between 2010 and 2018, the main funding
sources were from regional councils (RC, 17%), public investment
banks (15%), national funding agencies (13%), and EC (10%). The re-
search was more focused on biomass treatment (33% of the total
number of studies), soil remediation (16%), crop management (15%),
environmental impact (11%), and yield potential assessment (10%).

Dealing with elaborating the regional climate-air-energy scheme,
regional councils (e.g. RC of Picardie, Lorraine and Champagne-
Ardenne) were the most involved in the development of miscanthus
production at the regional level, thereby orienting their research plans
towards basic and industrial fields dealing with crop management and
biomass conversion (Fig. 10). Likewise, the National Research Agency
(ANR) funded several studies, most of them dedicated to industrial
applications and soil recovery, as part of academic-industry partner-
ships to make researchers’ needs more compatible with public research
and innovation policy. As regards the European funds, they were mostly
awarded within EU's Seventh Framework Programme for Research,
Technological Development and Demonstration (FP7) and mainly fo-
cused on improving the yield potential.

The French Public Investment Bank, namely BPIFrance, partly
funded the most emblematic project, i.e. FUTUROL. Led by PROCET-
HOL 2G firm, the project was launched in 2008 with the main aim of
optimising 2G ethanol production technologies based on lignocellulosic
resources. For an environmental and economic optimisation of the
production process, many resources have been tested ranging from
woody sources, i.e. poplar and willow, to non-food crops, i.e. mis-
canthus and switchgrass. Inaugurated at the end of October 2011, the
industrial pilot prototype is located in the ARD (Agro-industry Research
and Development) industrial Pomacle-Bazancourt biorefinery site, in
the North-East of France. It has benefited from the support of 11 major
partners covering the entire chain from plant to the final use, i.e. R&D
actors, industrials, and financial actors. While this partnership has re-
sulted in an environmentally and economically viable process, the
successful enzyme production by the ARD Demostrator BioDémo (lo-
cated at the same site) has emphasized the role of biorefinery in the
production of more efficient and effective technologies.

One of several pilot-demonstration (PD) sites in Europe, ARD-in-
dustrial Pomacle-Bazancourt biorefinery site is achieving a remarkable
success, thereby transposing and enhancing the role and effectiveness of
biorefinery approach. This achievement was conditioned upon the key
role of actor networks and institutional environment (Hellsmark et al.,
2016). Policy is also a key factor influencing public funding and
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collaborations in the network, thereby shaping research (Policy Re-
search). Though policy-makers can use the available knowledge or rely
on funding of research to implement more effective policies (Policy
Research). From other perspectives, the relationship between policy
and research is more complex than might be expected (Boswell and
Smith, 2017), mutually influencing each other in the sense that
knowledge does not only address governance issues, but also causes
further ones (Policy Research).

3.6. Orientation of miscanthus-related research in the future

Years of research and innovation efforts have shown the promising
potential of miscanthus for bioenergy and bio-based sectors. Different
applications of miscanthus are reported ranging from cofiring, heating,
power generation, building materials, to animal bedding (Lewandowski
et al., 2018). For instance, miscanthus biomass is primarily used for
combustion to generate electricity, heat, and combined heat and elec-
tricity (Lewandowski et al., 2018). While biogas production from mis-
canthus is being explored, it is expected that miscanthus becomes a
major feedstock to produce biofuels in the short-term due to the in-
creasing number of lignocellulosic biofuel refineries (Lewandowski
et al., 2018). In addition to biofuel production, those latter enable the
conversion of miscanthus biomass into chemicals that can be used in
several applications in food, bioscience, pharmaceutical, and poly-
urethane industries.

In Germany, building and packaging materials, for example bricks,
fibreboards, and plant pots, are the most dominant use applications
(Lewandowski et al., 2018). In France, according to France Miscanthus
(www.france-miscanthus.org), sustainable miscanthus mulch is being
used in horticulture. In fact, besides limiting weeds, miscanthus mulch
replaces chemical herbicides and does not cause soil acidification due to
its neutral pH (France Miscanthus, 2020b). Miscanthus is also used for
animal bedding as a litter for poultry, horses, cattle and pets. Due to its
high water absorption, miscanthus litter prevents ammonia formation,
thereby ensuring good hygiene and sanitary conditions for animals
(France Miscanthus, 2020a). Moreover, the crop shows high potential
for phytoremediation of saline and contaminated soils and water, and
thus represents an efficient and inexpensive strategy to, for instance,
stabilise salt concentrations and remove metals (Pidlisnyuk et al., 2014;
Karer et al., 2018).

Further applications were reported by numerous studies, such as
light weight concrete (Pude et al., 2005), fibre, pulp and paper
(Wegener, 1992; Kordsachia et al., 1993; Papatheofanous et al., 1995;
Iglesias et al., 1996; Vega et al., 1997; Oggiano et al., 1997), charcoal
(Szabó et al., 1996) and biodegradable geotextiles (Verkade and
Kuijper, 1996). Miscanthus shreds, ships and fibers can be used as al-
ternative substrates to Rockwool in soilless culture for horticultural
crops (Kraska et al., 2018). Besides, the application of miscanthus
biochar can be extended to other fields, including the production of bio-
based materials, and can be considered as an eco-friendly and cost-ef-
fective substitute, for instance, to carbon fillers in composite (Giorcelli
et al., 2019). While miscanthus-based ashes can be used for manu-
facturing construction composite (Záleská et al., 2018), carbon mate-
rials obtained from miscanthus waste are suitable for energy storage
making possible the production of electrochemical capacitors
(Kolanowski et al., 2019). Interestingly, carbon from miscanthus fibers
shows remarkable potential to replace particular polyamides utilised in
the automotive industry (Ogunsona et al., 2018).

Miscanthus is considered as one of longer and more extensively
studied plant with an uneven interest in different countries. To devise,
promote and support strategies for the development of miscanthus-
based industries, it is recommended to broaden the common knowledge

regarding this crop. The follow-up of past and current orientation of
research on miscanthus was therefore imperative to highlight the areas
in which further research would still be needed to fully unlock the real
potential of this crop for the bio-economy, and thus coping with the
major bottlenecks of the entire sector. In this sense, the following
paragraphs provide some suggestions regarding the future orientation
of research on miscanthus.

Although the huge number of studies and experiments, the uptake of
miscanthus is still low. This is due to the lack of appropriate support
schemes and the low cost-effectiveness of cultivation routes and bio-
mass conversion techniques. To cope with these shortcomings, mis-
canthus-related research should henceforth be built around several
strategic orientations and transversal projects dictated by market op-
portunities and policies. Firstly, because of low profitability of M. gi-
ganteus during the establishment phase, research efforts should focus on
examining new planting and management techniques to overcome the
high plantation costs (rhizomes). On the one hand, several propagation
methods were so far tested such as micropropagation and propagation
via seeds. While the former is the most expansive technique of propa-
gating miscanthus, the latter, which is recommended for M. sinensis,
increases the risk of invasiveness (Mangold et al., 2018). For M. gi-
ganteus and M. sacchariflorus, it was shown that collar propagation is a
viable alternative to rhizome propagation, but options for improvement
of establishment success and storage of collars require further research
(Mangold et al., 2018). On the second hand, with respect to agricultural
constraints and ecological goals, establishing miscanthus under dif-
ferent crops can help the farmer to compensate the low miscanthus
yield in the first years. This allows also to develop sustainable biomass
supply chains on rural areas and enhance the implementation of local
bioeconomy sectors. The performance assessment of innovative crop-
ping system diversification was reported in few studies considering
“miscanthus-maize” and “grass-legume mixture” (Manevski et al.,
2018; von Cossel et al., 2019). Enhanced research efforts are then re-
quired to develop further cropping systems depending on soil types,
regions and market conditions to ensure an ecologically and econom-
ically sustainable substitution of fossil carbon.

In Europe, miscanthus area is still small. It approximates 20 000 ha
(Lewandowski et al., 2018), located predominately in the Eastern
countries (UK, Germany, and France) with suitable conditions for
miscanthus growth. By contrast, in Northern and Eastern countries,
miscanthus production is limited by cold, frost and drought stresses.
Several breeding programs have therefore been set to expand mis-
canthus production to diverse climatic and soil conditions, while en-
suring high yield levels (Lewandowski et al., 2018; Clifton-Brown et al.,
2019). Breeding efforts are mainly focusing on genotypes that can
outperform M. giganteus under cold and drought conditions with low
costs and inputs, e.g. M. sacchariflorus, M. sinensis, and hybrids
(Lewandowski et al., 2018). Metal and salinity are also major factors
that limit miscanthus growth. The use of miscanthus for phytor-
emediation of saline and heavy-metal contaminated soils is currently
being explored.

Soil contamination is one of the greatest threats facing European
soil resources. Highly contaminated soils cover 28.3% of the total sur-
face area of the EU-28 (Tóth et al., 2016). These soils can be exploited
for biofuel production since they are not suitable for food production.
Given its excellent features for both phytoremediation and biofuel
production, miscanthus could therefore be a promising candidate for
heavy-metal contaminated areas. Miscanthus could also be extended to
saline soils, which cover 11.8% of the total surface area of the EU-28
(Stavridou et al., 2017). Different approaches are currently explored to
search for mechanisms of tolerance, metal removal, and saline sta-
blisation, but in limited areas. Then, there is a need to characterise the
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pattern growth and development of miscanthus to a wide range of metal
and salt concentrations. In addition, the impacts of salinity and metal
stresses on fuel properties should be assessed to back up the anticipated
development of biofuel industry.

Given the wide range of potential bio-based applications of mis-
canthus, the competitiveness of different value chains should be thor-
oughly explored in order to meet current and future challenges of the
bioeconomy. In this regard, various approaches can be used to decide
upon the most promising and effective value chains, including meta-
analysis, multiple-criteria decision analysis (MCDA) and network ana-
lysis. For instance, meta-analysis can be performed to statistically
analyse and compare the performance of miscanthus for different end-
uses. It provides summary and precise performance estimates for policy-
makers and stakeholders seeking information about the effectiveness of
specific end-uses. Since stakeholders and policy-makers generally deal
with a large number of studies on which they need to support their
decision, the estimates facilitate the decision and policy making pro-
cesses.

Based on environmental, technical, economic and social indicators,
the MCDA framework is useful to support the identification of sus-
tainable bio-based value chains towards achieving a resource-efficient
circular economy, both at local and national levels. In this regard,
Lokesh et al. (2018) have presented a methodological approach for the
selection and mapping of the most promising circular value chains. The
methodology used enables a systematic analysis and transparency given
that a series of decisive parameters is dissimilarly weighted by the
various actors involved in the entire value chain. The selected bio-based
value chains are firstly identified and ranked based on selection criteria
that are relevant for the application of circular economy principles.
Secondly, they are mapped to investigate the scope and performance of
bio-based business models.

Network analysis can be used as a tool for investigation of countries’
strategies regarding the development of the bioeconomy. The approach
serves to comprehend the ties within and between value chains that
might result from cascading use of biomass. It also allows to identify the
different actors involved in the value chains and to capture the links
between them as well. Such approach was used in (Scheiterle et al.,
2018) to analyse the opportunities and challenges facing the sugarcane-
based value chains in Brazil's bioeconomy. Using two conceptual tools,
i.e. “biomass-based value web” and “national innovation system”, the
authors highlighted the drivers and barriers affecting the international
competitiveness of sugar and ethanol sectors and suggested potential
solutions to foster the development of sugarcane-based value chains.

4. Conclusion

In this study, a comprehensive review regarding the research status
of a promising biomass species for bio-based industries, was provided
based on published material. Miscanthus was selected since it is one of
the longer and more extensively studied perennial non-food crop with
an uneven development in different countries. The analysis and dis-
cussion were framed using Social Network Analysis performed on more
than 2000 articles, completed with a systematic review to make sense
out of numerous pieces of information. Collaboration and co-occur-
rence networks as well as research funding have revealed the most
important actors and research fields in which miscanthus has been
given much interest. By this token, we were able to underline the key
factors in propelling its development in the emerging circular bioec-
onomy context. Economic, environmental, energy and geopolitical
concerns have shaped the development of the miscanthus sector.

This work contributes to articulate and broaden the common
knowledge regarding miscanthus. For this purpose, the status of mis-
canthus-related research was updated and the major bottlenecks as well
the dynamics of the entire sector were identified as detailed in the
discussion section. The goal was to shed also light upon the large
spectrum of sustainable final uses driven by innovative applications.
Furthermore, this research can inspire similar exercises in the field of
second generation biomass crops completing the puzzle in order to
assess the relative contribution of miscanthus in the universe of lig-
nocellulosic perennial non-food crops. Such study would assist stake-
holders in following up on past and current research orientation and to
pinpoint the areas in which further research would still be needed to
fully unlock the promising potential of these crops for the bioeconomy.
This can be beneficial both to scientific teams to target their research
plan but also to the governing bodies to prepare oriented strategic
documents as a component in Research and Innovation Agendas in
Europe and elsewhere.
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Appendix A

Network name: countries.net Actors: 41
In undirected networks, the DC index is the sum of edges attached to a node u. In directed networks, the index is the sum of outbound arcs from

node u to all adjacent nodes (also called “outDegree Centrality”). If the network is weighted, the DC score is the sum of weights of outbound edges
from node u to all adjacent nodes. Note: To compute inDegree Centrality, use the Degree Prestige measure. DC’ is the standardized index (DC divided
by N 1 (non-valued nets) or by sumDC (valued nets)).

DC range: 0 DC
DC’ range: 0 DC’ 1
DC Sum=922.000000
Max DC’= 0.187636 (node 40) Min DC’= 0.001085 (node 15) DC’ classes= 25
DC’ Sum=1.000000 DC’ Mean= 0.024390 DC’ Variance=0.001270
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Table 1
Representation of author keywords’ network.

Keywords x y Cluster Links Total link strength Occurrences

Miscanthus 0.1123 0.0227 1 114 521 624
Lignin 0.8962 0.3121 1 36 52 55
Ethanol 0.6178 0.4057 1 35 38 42
Pretreatment 0.7993 0.4264 1 35 36 38
Lignocellulose 0.9197 0.0677 1 28 28 31
Cellulose 0.7411 0.1083 1 32 27 29
Enzymatic hydrolysis 0.9468 0.1974 1 21 24 26
Biorefinery 0.7307 0.21 1 23 15 16
Delignification 0.7911 0.005 1 13 13 14
Cell wall 0.4853 0.1892 1 21 11 11
Saccharification 1.0353 0.2668 1 12 11 11
Hemicellulose 1.0558 0.0192 1 11 10 10
Steam explosion 1.0593 0.3836 1 13 9 10
Wheat straw 0.7977 0.7688 1 10 9 10
Carbohydrates 0.5079 0.2531 1 19 9 9
Pellets 0.9523 0.5859 1 8 6 9
Fermentation 0.8232 0.6278 1 10 7 8
Organosolv 0.9185 0.5852 1 13 8 8
Autohydrolysis 1.1924 0.6104 1 8 7 7
Fractionation 1.067 0.615 1 8 7 7
Kinetics 0.7012 0.3197 1 13 7 7

Yield 0.0107 0.1105 2 42 50 53
Life-cycle assessment 0.0179 0.5142 2 38 38 39
Anaerobic digestion 0.3588 0.6162 2 31 23 26
GHG emissions 0.0438 0.3388 2 26 21 21
Sustainability 0.1304 0.4423 2 31 20 21
Biogas 0.2201 0.7199 2 22 16 17
Rhizome 0.2091 0.5315 2 19 14 17
Perennial crops 0.0561 0.6576 2 23 12 14
Energy balance 0.2486 0.399 2 16 11 11
Establishment 0.0659 0.7855 2 12 11 11
Biomass crop 0.4181 0.1961 2 10 10 10
Harvest date 0.2468 0.6294 2 11 10 10
Potassium 0.1634 0.4462 2 14 8 9
Agriculture 0.1104 0.629 2 12 7 8
Biomass quality 0.3961 0.2364 2 19 8 8
Methane yield 0.4224 0.6167 2 9 7 8
Genotypes 0.1242 0.3782 2 13 7 7
Harvest time 0.2008 0.3104 2 11 7 7

Biomass 0.2548 0.2872 3 87 208 234
Biofuels 0.0252 0.1252 3 79 94 108
Pyrolysis 0.2174 0.7982 3 25 28 28
Combustion 0.4213 0.7788 3 25 25 26
Bio-oil 0.0729 0.8223 3 13 18 19
Fast pyrolysis 0.0797 0.6333 3 12 15 19
Ash 0.4087 0.8604 3 10 10 10
Energy 0.2433 1.0054 3 11 9 10
Emissions 0.1643 1.0326 3 8 8 9
Productivity 0.1955 0.5975 3 14 8 9
Quality 0.6022 0.8384 3 14 7 7
QTL 0.6978 0.9907 3 6 6 6
Supply chain 0.1606 0.7219 3 12 6 6

Bioenergy 0.3374 0.346 4 78 139 151
Miscanthus sinensis 0.0931 0.1207 4 54 80 132
Modelling 0.1998 0.2197 4 40 44 45
Miscanthus sacchariflorus 0.8707 0.1882 4 20 22 33
Marginal land 0.5426 0.7036 4 18 18 19
Climate change 0.4472 0.4814 4 23 16 17
Genetic diversity 1.162 0.27 4 7 11 11
Miscanthus lutarioriparius 1.0214 0.4633 4 10 8 11
Senescence 0.7316 0.227 4 13 10 11
Sugarcane 1.2371 0.1994 4 15 10 11
Poaceae 1.046 0.1844 4 6 7 9
Maize stover 0.9399 0.0144 4 11 7 7
Saccharum complex 1.3217 0.2289 4 2 4 6

Energy crops 0.1531 0.089 5 88 143 172
Soil carbon 0.5428 0.2018 5 31 32 37
Carbon sequestration 0.6735 0.157 5 28 28 30
Greenhouse gas 0.0906 0.0069 5 41 25 25
Short rotation coppice 0.2219 0.0692 5 28 20 21

(continued on next page)
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Table 1 (continued)

Keywords x y Cluster Links Total link strength Occurrences

Land use 0.4731 0.3081 5 19 16 17
Nitrous oxide 0.0002 0.0061 5 23 15 16
Carbon 0.0222 0.3029 5 21 9 9
Decomposition 0.3646 0.0377 5 18 7 9
Methane 0.1579 0.1399 5 16 8 8
Carbon dioxide 0.2469 0.0131 5 18 7 7
Furfural 0.9223 0.07 5 7 7 7

Giant reed 0.1027 0.3077 6 40 28 29
Photosynthesis 0.5372 0.1272 6 30 25 26
Nitrogen 0.0575 0.4321 6 29 23 25
Feedstock 0.1688 0.2455 6 23 12 14
Cold tolerance 0.6796 0.0096 6 17 12 12
Biomass production 0.4157 0.2272 6 13 10 11
Plant growth 0.4529 0.3946 6 17 11 11
Chlorophyll fluorescence 0.248 0.2507 6 9 8 9
Nutrients 0.3759 0.4501 6 11 6 8
Saccharum 0.5573 0.0095 6 10 8 8
Soil organic matter 0.6226 0.4107 6 7 5 8
Wastewater treatment 0.2986 0.4121 6 7 5 7

Switchgrass 0.3715 0.0926 7 59 87 89
Land use change 0.5592 0.4737 7 37 36 37
Grassland 0.592 0.3501 7 27 21 23
Willow 0.2888 0.6135 7 31 22 22
Maize 0.582 0.5841 7 32 21 21
Drought 0.8055 0.5238 7 17 9 11
Ecosystem services 0.8011 0.3855 7 19 9 10
Eddy covariance 0.8377 0.7018 7 14 8 8
Evapotranspiration 0.8107 0.7772 7 12 6 7
Poplar 0.1443 0.9212 7 11 7 7
Water use efficiency 0.6891 0.7552 7 14 7 7

Biochar 0.386 0.7069 8 29 37 52
Remediation 0.6288 0.7281 8 23 32 35
Heavy metals 0.621 0.8226 8 19 27 31
Sewage sludge 0.2746 0.8608 8 14 11 12
Cadmium 0.8089 0.5702 8 11 8 8
Torrefaction 0.0968 0.707 8 8 8 8
Hydrochar 0.326 0.6293 8 9 7 7
Soil contamination 0.8577 0.7786 8 7 6 7
Slow pyrolysis 0.2619 1.0236 8 5 5 6
Soil 0.4877 0.5286 8 16 6 6
Zinc 0.8677 0.7114 8 7 6 6

Biomass gasification 0.5591 0.4014 9 20 21 25
Renewable energy 0.3575 0.3236 9 30 24 25
Economics 0.6539 0.531 9 13 10 10
Coal 0.8003 0.3845 9 12 6 6
Hydrogen 0.9197 0.3847 9 7 6 6

Biodiversity 0.1984 0.8564 10 10 11 14
Chemical composition 0.2934 0.1397 10 15 10 10
Perennial grasses 0.0787 0.2984 10 20 13 15

Table 2
Representation of countries’ network.

Country x y Cluster Links Total link strength Documents Citations

Austria 0.749 0.3564 1 15 8.6669 24 484
Belgium 0.3785 0.0896 1 16 15.0003 33 502
Czech republic 0.5731 0.6487 1 10 13.6665 23 212
Finland 0.621 0.2081 1 10 7.0002 9 212
France 0.0541 0.2654 1 25 49.9996 138 1917
Norway 0.2992 0.4415 1 14 11.9999 12 46
Poland 0.4544 0.3855 1 20 34 138 1155
Romania 0.8585 0.4347 1 2 3 11 49
Russian federation 0.2178 0.2183 1 15 9.0003 17 146
Turkey 0.2317 0.6323 1 8 4.0003 12 182
Ukraine 0.4346 0.7149 1 9 6.0003 8 17
Vietnam 0.1001 0.6373 1 4 5 5 10

(continued on next page)
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Table 2 (continued)

Country x y Cluster Links Total link strength Documents Citations

Brazil 0.0919 0.802 2 9 23.9999 25 755
Croatia 0.8562 0.4366 2 3 5.0001 12 216
Denmark 0.4766 0.1806 2 22 37 70 2166
Greece 0.4388 0.8862 2 9 15 17 206
Hungary 0.4086 1.0462 2 3 2 7 238
Italy 0.309 0.6501 2 25 30.9998 77 2400
Netherlands 0.3161 0.232 2 30 47.9999 65 2225
Portugal 0.3155 0.4551 2 11 9.9999 12 250
Spain 0.6394 0.3611 2 14 27.0001 57 1611
Sweden 0.7297 0.0723 2 17 17.9998 22 973
Switzerland 0.5259 0.5901 2 9 9.9999 15 201

Australia 1.2063 0.1564 3 10 12 13 446
Canada 0.9023 0.2732 3 15 23.9999 49 532
India 1.3049 0.3707 3 5 13 21 160
Japan 0.6672 0.1395 3 18 53.9999 231 3137
South Korea 0.5756 0.5992 3 18 34.9998 102 1365
Taiwan 0.5034 0.4282 3 14 7.9999 33 515
Thailand 0.6895 0.4387 3 7 8 9 100
United States 0.378 0.0391 3 34 184.0001 488 11 494

China 0.607 0.3983 4 26 95 209 2632
Hong Kong 1.0485 0.6636 4 5 5.9999 6 147
Malaysia 0.7538 0.0675 4 7 5 5 53
New Zealand 0.8973 0.0334 4 5 3 6 27
Pakistan 0.7501 0.2723 4 12 9.9998 11 107
United Kingdom 0.2126 0.0859 4 33 114 257 7794

Germany 0.076 0.2464 5 32 84.6665 167 4801
Ireland 0.0455 0.6195 5 18 48.0001 99 3643
Luxembourg 0.1149 0.0581 5 3 2.9999 5 37

South Africa 0.0963 0.9384 6 4 4.9999 7 85

Table 3
Degree centrality of countries’ network.

Node Label DC DC’ %DC’

1 Australia 10 0.010846 1.084599
2 Austria 6 0.006508 0.650759
3 Belgium 9 0.009761 0.976139
4 Brazil 20 0.021692 2.169197
5 Canada 20 0.021692 2.169197
6 China 85 0.092191 9.219089
7 Croatia 3 0.003254 0.32538
8 Czech Republic 10 0.010846 1.084599
9 Denmark 28 0.030369 3.036876
10 Finland 3 0.003254 0.32538
11 France 44 0.047722 4.772234
12 Germany 74 0.08026 8.02603
13 Greece 12 0.013015 1.301518
14 Hong Kong 5 0.005423 0.542299
15 Hungary 1 0.001085 0.10846
16 India 13 0.0141 1.409978
17 Ireland 41 0.044469 4.446855
18 Italy 23 0.024946 2.494577
19 Japan 48 0.052061 5.206074
20 Luxembourg 2 0.002169 0.21692
21 Malaysia 3 0.003254 0.32538
22 Netherlands 37 0.04013 4.013015
23 New Zealand 2 0.002169 0.21692
24 Norway 6 0.006508 0.650759
25 Pakistan 6 0.006508 0.650759
26 Poland 27 0.029284 2.928416
27 Portugal 8 0.008677 0.867679
28 Romania 3 0.003254 0.32538
29 Russian 4 0.004338 0.433839

(continued on next page)
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Appendix B

Table 3 (continued)

Node Label DC DC’ %DC’

30 South Africa 3 0.003254 0.32538
31 South Korea 30 0.032538 3.253796
32 Spain 23 0.024946 2.494577
33 Sweden 14 0.015184 1.518438
34 Switzerland 8 0.008677 0.867679
35 Taiwan 5 0.005423 0.542299
36 Thailand 6 0.006508 0.650759
37 Turkey 2 0.002169 0.21692
38 Ukraine 3 0.003254 0.32538
39 United Kingdom 98 0.106291 10.629067
40 United States 173 0.187636 18.763557
41 Vietnam 4 0.004338 0.433839

Table 4
Abbreviation list of countries’ names.

Label Abbreviation

Australia AT
Austria AU
Belgium BE
Brazil BR
Canada CA
China CN
Croatia HR
Czech Republic CZ
Denmark DK
Finland FI
France FR
Germany DE
Greece GR
Hong Kong HK
Hungary HU
India IN
Ireland IE
Italy IT
Japan JP
Luxembourg LU
Malaysia MY
Netherlands NL
New Zealand NZ
Norway NO
Pakistan PK
Poland PL
Portugal PT
Romania RO
Russian Federation RU
South Africa ZA
South Korea KR
Spain ES
Sweden SE
Switzerland CH
Taiwan TW
Thailand TH
Turkey TR
Ukraine UA
United Kingdom UK
United States USA
Vietnam VN
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