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Abstract
Energy crops on marginal lands are seen as an interesting option to increase bio-
mass contribution to the primary energy mix. However, in the literature there 
is currently a lack of integrated assessments of margin land availability, energy 
crop production potential and supply chain optimisation. Assessing the potential 
and the cost of these resources in a given region is therefore a difficult task. This 
work also emphasises the importance on a clear definition and discussion about 
marginal lands and the related ethical issues embedded in the concept to ensure 
positive societal impacts of the results. This study proposes a methodology to esti-
mate and analyse, in terms of economic costs, the potential of miscanthus grown 
on marginal lands from the production to the final point of use. Different datasets 
are assembled and a supply chain optimisation model is developed to minimize 
the total cost of the system. Miscanthus is used as a representative energy crop 
for the Belgian and French case studies. High temperature heat demand is con-
sidered as final use. The miscanthus can be traded by truck either in the form of 
chips or pellets. The results show that the miscanthus on marginal lands could 
supply high temperature heat up to 38 TWh in France and 1.4 TWh in Belgium 
with an average cost of around 50 €/t. The different sensitivity analyses showed 
that the yield variation has the strongest influence on the final cost, together with 
the distances and the cost of production of miscanthus. The main pattern ob-
served is the local consumption of miscanthus chips and export of the surplus (if 
any) to the neighbouring regions. Pellets are only of marginal interest for France 
and are never observed for Belgium. Distances and availability of sufficient feed-
stocks are the two main parameters impacting the production of pellets.
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1   |   INTRODUCTION

Biomass plays a key role in the energy transition re-
quired to mitigate climate change (Chum et al.,  2011; 
IEA,  2021). Indeed, this versatile resource can signifi-
cantly contribute to the supply of the different energy 
needs: heat, transport and electricity, as well as to the 
non-energy demand (Daioglou et al.,  2015). The bot-
tleneck for a more extensive deployment of biomass in 
the energy transition is the availability of a sustainable 
feedstock and the development of the related supply 
chains (Alakangas et al., 2012; PricewaterhouseCoopers 
et al., 2017; Smeets et al., 2004). Therefore, it is import-
ant to carefully study the potential of biomass produc-
tion considering sustainability aspects and the required 
supply chains. Among the different biomass production 
options, energy crops are considered as an important one 
to increase the current biomass production (European 
Commission, 2018; Material Economics, 2021). Indeed, 
energy crops cover a large share of the bioenergy po-
tential in many studies (Faaij, 2018; Smeets et al., 2004; 
WWF, 2011). Beringer et al. (2011) have estimated that 
energy crops can represent between one-fifth to more 
than half of the global bioenergy potential depending 
on the assumptions of land management. However, con-
cerns have been raised on the sustainability of energy 
crops, mainly in relation to the potential land compe-
tition with food crops (Beringer et al.,  2011). To avoid 
this land competition, the concept of marginal lands has 
gained attention as a solution for growing energy crops 
(European Commission, 2018; Mehmood et al., 2017).

According to Elbersen et al. (2018), the EU28 has more 
than 60 MHa of marginal lands (i.e. ~21% of EU28 agri-
cultural area). In the recent work of Vera et al. (2021), the 
authors estimated that around 20 MHa of marginal lands 
would be available in 2030 that respect the sustainabil-
ity criteria of the Renewable Energy Directive from the 
European Commission (RED II), a three-fold reduction 
compared with the estimates of (Elbersen et al., 2018). The 
project S2biom estimates the European marginal lands 
available at around 25  MHa (S2Biom,  2016). In Gerwin 
et al. (2018) the marginal lands in Europe were estimated 
at around 58 MHa. This illustrates the large range of es-
timations for marginal lands, and this is even more pro-
nounced on a worldwide scale with estimations from 200 
up to nearly 1600 MHa (Dauber et al., 2012). In order to be 
able to discuss its limits and implications, it is important 
to be aware of the methodology and the definition con-
sidered for marginal lands. In this work, the definition of 
marginal lands will be clearly stated and briefly discussed 
in order to stimulate further debate.

Among the energy crops compatible with marginal lands, 
lignocellulosic crops usually represent good candidates 

due to low maintenance requirements and their ability 
to grow on poorer soils (Mehmood et al.,  2017). Those 
energy crops include, among others, miscanthus, Reed 
Canary grass, switchgrass, Giant Reed, Willow or Poplar 
(Vera et al., 2021). They all present different characteris-
tics for production and final uses. The specific choice of 
the crop should thus consider both the production char-
acteristics (weather and soil conditions) and the final use 
(combustion, anaerobic digestion, oil extraction, etc.) 
(Vera et al.,  2021). Currently, around 0.1  Mha are used 
for lignocellulosic energy crops in the EU (Bioenergy 
Europe, 2019). According to the different scenarios elabo-
rated by the European Commission in the report “A clean 
planet for all”, the land area dedicated to energy crops 
should represent between 9 and 29 Mha in 2050 (European 
Commission, 2018). Such an amount would increase local 
renewable energy sources and improve energy indepen-
dence while developing rural activities and revenues 
(European Commission, 2018). However, it would also in-
duce land-use changes leading to potential controversies. 
Therefore, energy crops represent an important feedstock 
to consider carefully and discuss in the definition of future 
energy scenarios.

Miscanthus is recognized to be one of the energy 
crops with the greatest potential especially for combus-
tion as final use (Vera et al., 2021). Moreover, it is one 
of the most interesting crops to grow on the majority 
of the marginal lands in Europe (Elbersen et al., 2018). 
Still, in some regions Reed Canary Grass, Camelin, 
Willow or Poplar would probably be more adapted. To 
facilitate the analysis of this study, only miscanthus is 
considered. Miscanthus x giganteus, hereafter referred 
to as miscanthus, is a lignocellulosic perennial grass. It 
is a C4 plant with rhizomes, originating from Asia, that 
is cultivated over 15–25 years with an annual harvest 
from the second or third year (Gauthier & Somer, 2013; 
Pari,  2019). It has a large potential for producing bio-
mass due to its good yield and low maintenance re-
quirements (Jacobson et al.,  2013), with no (or low) 
fertilisation requirements (Seutin & Stilmant,  2020), 
which makes it a good candidate for marginal lands cul-
tivation. Miscanthus has also different environmental 
benefits. It can lower erosion risk, improve soil quality 
as it stores carbon in soil through rhizomes and leaf 
fall, and it has also positive effects on biodiversity by 
providing an environment for different species (birds, 
invertebrates or small mammals) (Murphy et al., 2013; 
Semere & Slater,  2007). The miscanthus can be har-
vested in autumn around September or in the follow-
ing spring around March when it is dry and when the 
leaves have fallen on the ground. The spring harvest is 
more suitable for combustion applications while the au-
tumn harvest is more suitable for anaerobic digestion in 
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biogas production, due to its higher moisture content 
(Kiesel et al.,  2017). The spring harvest has two main 
advantages: (i) there are fewer nutrients exported since 
the leaves stay on the field and (ii) the miscanthus is 
already dry with moisture lower than 20% (Gauthier & 
Somer, 2013). Considering those advantages and the fact 
that the overall efficiency is higher for miscanthus com-
bustion (with spring harvest) than for biogas production 
(with autumn harvest) (Kiesel et al.,  2017), this study 
considers only miscanthus from the spring harvest for 
combustion use.

In the literature, the studies on energy crops mostly 
focus on one single production field (Acaroǧlu & 
Aksoy, 2005; Amaducci et al., 2017; Mantineo et al., 2009), 
which is interesting for the production of experimental 
data and analyses, but does not allow for broader discus-
sion on a regional or (inter)national scale. Furthermore, 
studies on energy crops generally focus only on the pro-
duction aspect (Acaroǧlu & Aksoy,  2005; Amaducci 
et al., 2017; Dubis et al., 2020; Mantineo et al., 2009) with-
out considering the post-processing and the analysis of 
the final use within the complete supply chain. Yet, some 
works consider the post-processing of the energy crops for 
the production of advanced energy carriers, such as liq-
uid fuels, biogas or pellets (Fusi et al.,  2021; Jankowski 
et al.,  2016; Vera et al.,  2021). However, only a few pa-
pers include the final use of those fuels in the scope of 
the study (Kiesel et al., 2019). Therefore, in this work, a 
methodology is proposed and illustrated to study the en-
tire cycle of the energy crop, that is, from cultivation to the 
final uses at a national scale, including transport and po-
tential post-processing steps. France and Belgium are used 
as case studies in order to have two countries with differ-
ent size and thus different transportation distances. High-
temperature heat is the final use considered in this study. 
Indeed, it is one of the most relevant uses for biomass in 
the context of the energy transition (Colla et al.,  2022). 
Furthermore, handling miscanthus chips or pellets seems 
more feasible for industrial technologies rather than de-
centralised technologies (e.g. residential boilers or stoves) 
due to the specificity of the fuel (ash content and compo-
sition) (Daraban et al., 2015). Different datasets are used 
and assembled for the different steps of the methodol-
ogy. A supply chain optimisation model is developed to 
determine the exchanges required between the points of 
production and consumption. A sensitivity analysis is per-
formed to identify the key parameters that influence the 
total costs and the use of pellets. Thus, this work develops 
and demonstrates a replicable methodology to study the 
potential of energy crops on marginal lands from produc-
tion to consumption. This allows a more complete and co-
herent analysis of the potential role of sustainable energy 
crops in the energy transition.

2   |   MATERIALS AND METHODS

This section presents the methodology used, the different 
assumptions and the data considered. Figure  1 summa-
rizes the five steps involved in the computation of the cost-
optimal design of miscanthus supply chain. The analysis 
is achieved at the district level (named NUTS03 by the 
EU classification—Nomenclature of territorial units for 
statistics).

First, the marginal land considerations and data are 
presented in Section 2.1. The data related to miscanthus 
cultivation is presented in Section 2.2. The production is 
already an intermediary result used as input in the supply 
chain model, which is presented in Section 2.5. The final 
use of miscanthus chips for industrial heat is presented 
in Section 2.4. In addition, Section 2.3 presents additional 
data required for the supply chain model optimisation on 
the transportation costs and post-processing option (pel-
letisation). Finally, the uncertainty analysis is presented 
in Section 2.6.

2.1  |  Marginal lands definition and data

Many definitions of marginal lands co-exist (Shortall, 2013). 
Indeed, different thresholds of “marginality” can be con-
sidered and thus affect the estimates (Khanna et al., 2021; 
Mellor et al.,  2021). To ensure coherent discussion, it is 
therefore important to clearly state the definition and data 
considered. The data on marginal lands of this work are 
extracted from Vera et al. (2021) where the authors con-
sider data from the EU MAGIC project which are based 
on six main biophysical constraints (Elbersen et al., 2020) 
and they added a further filter to comply with the RED 

F I G U R E  1   Flowchart describing the steps involved in the pre-
process of the input data (1–4) fed into the optimization model (5). 
The optimization model aims at characterizing the exchanges in 
quantity, typology of carriers and associated final costs.
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II sustainability criteria (e.g. excluding agricultural areas). 
In the initial EU MAGIC project, which aims to map mar-
ginal lands where energy crops can be grown (Elbersen 
et al., 2020), marginal lands are defined as

Lands having limitations which in aggre-
gate are severe for sustained application of 
a given use and/or are sensitive to land deg-
radation, as a result of inappropriate human 
intervention, and/or have lost already part or 
all of their productive capacity as a result of 
inappropriate human intervention and also 
include contaminated and potentially con-
taminated sites that form a potential risk to 
humans, water, ecosystems, or other recep-
tors (Elbersen et al., 2020).

In their work, Vera et al. (2021) add around 30 criteria to 
exclude from the evaluation all lands that would not respect 
sustainability criteria from EU Renewable Energy Directive 
II. Those criteria relate to land-use risk, greenhouse gas emis-
sions savings, nature and biodiversity protection. According 
to those data (Vera et al., 2021), the marginal lands cover 
1.4% of the total French area. A large part of marginal lands 
is located in the southeast part of France (Figure 2), mainly 
corresponding to shrublands and open space suitable for 
energy crops. On the West coast the regions with large mar-
ginal lands are regions with established energy crops accord-
ing to the sorting of Vera et al. (2021). If the estimations of 
marginal lands used in the project EU MAGIC (Elbersen 
et al., 2020) are used without the additional sustainability 
filters from Vera et al. (2021), France would have 3.3 Mha of 
marginal lands, that is, 6% of the French continental terri-
tory which is around five times higher than the estimations 

from Vera et al. (2021). This would result in a much higher 
miscanthus potential with a major impact on the results in 
terms of production, total costs, and on the entire design of 
the supply chain. Therefore, preliminary work on a coherent 
definition of marginal lands is essential.

2.2  |  Miscanthus data collection

In this section, the data on the cultivation of miscanthus 
are presented and discussed, that is, economic costs and 
yield distribution based on the MiscanFor model.

2.2.1  |  Economic costs

The establishment/planting costs of a miscanthus crop 
represent an important part of the economic costs as il-
lustrated in Table 1 (all costs are expressed in euro for the 
year 2018). However, as opposed to harvesting operations, 
those operations take place only once during the total 
cycle, so in total harvesting operations costs are higher. 
The costs related to the establishment of the plantation 
include the purchase of the rhizomes, the ploughing, the 
soil conditioning or disking, the planting and the weed 
control. Only Miscanthus × giganteus is considered in 
this work with rhizomes propagation, but some studies 
analyse the possibility of a different form of miscanthus 
hybrid with seed propagation (Hastings et al.,  2017). 
Fertilisers are not used because they did not show any 
added value, while they implied additional costs (Seutin 
& Stilmant, 2020). The lifetime of the culture is considered 
to be 20 years even though some parcels are still produc-
tive after more than 20 years. An adapted potato planter is 
used for the planting. For the harvest, the miscanthus can 
be directly chopped with a self-propelled forage harvester 
as for maize, or it can be baled (Pari, 2019). In this study, 
the forage harvester was considered as it already produces 
chips that can be directly used for combustion or pelleti-
sation without the primary grinder. The year of planting 
and the following year, the miscanthus is not harvested, 

F I G U R E  2   Map with the percentage of marginal lands per 
NUTS3 region in France. Data source: Vera et al. (2021).

T A B L E  1   Economic costs for miscanthus cultivation from 
(Winkler et al., 2020)

Economic 
costs (€/ha)

Year of 
application

Rhizomes, planting, 
previous soil 
preparation and weed 
control

3743 1

Harvesting operations 451 2–20

Removals 115 20
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      |  369COLLA et al.

but can be chopped and left on site to improve soil qual-
ity (Bombeck & Gossiaux, 2016). Harvest efficiency is as-
sumed to be 90% (Styles & Jones, 2007).

2.2.2  |  Yield distribution

The yield of Miscanthus x. giganteus for the geographic 
area of France was determined by using the MiscanFor 
model (Hastings et al.,  2009) with a spatial resolution 
of 1 km × 1 km. MiscanFor is a plant growth model that 
uses genotype-specific parameters to predict yields of 
miscanthus (Miscanthus × giganteus or Miscanthus 
sinensis—with provision for other genotypes when data 
become available) or C4 grasses in a wide range of envi-
ronments. The MiscanFor model was developed from the 
MISCANMOD model (Clifton-Brown et al., 2004) by im-
proving process descriptions for light interception by the 
canopy and the impact of temperature and water stress on 
radiation use efficiency, genotype-specific process descrip-
tions for the plant growth phase, photo-period sensitivity, 
thermal time, temperature-dependent radiation-use effi-
ciency, drought and frost kill predictions, nutrient reparti-
tion to the rhizome, and moisture content at harvest are 
added. MiscanFor was successfully tested against yield 
observations (R2 = 0.84) from across the United Kingdom 
(UK) and Europe (Hastings et al., 2009).

This model has identified photoperiod sensitivity in ad-
dition to drought resistance and frost tolerance as param-
eters for crop improvement to extend the range of climatic 
conditions under which this crop can be grown econom-
ically. It requires the soil parameters of field capacity and 
wilting point to calculate the soil moisture deficit from 
the balance between actual evapo-transpiration and rain-
fall and soil organic carbon to estimate the change in soil 
carbon. The plant growth module is driven by air tem-
perature and incident photosynthetically active radiation 
(PAR). Changes in atmospheric carbon dioxide concen-
tration are not considered for C4 grasses as the impact is 
minimal (e.g. Leakey, 2009) and no published experiments 
exist for miscanthus. The plant available water sub-model 
is based on the proposed model by Campbell (1985) and 
used soil physical and chemical data extracted from the 
Harmonized World Soil Data (HWSD; Fischer et al., 2008).

The climate data used was the CRU TS v 4.05 (Harris 
et al., 2020) from which the historical meteorological pa-
rameters of maximum and minimum temperature, precip-
itation, evapotranspiration and cloud cover were extracted 
from 2000 to 2016 on a half-degree grid. PAR was calcu-
lated using the meteorological parameters and latitude. 
The MiscanFor model calculated the yield and soil car-
bon change for each year at each HWSD grid point using 
the temperature corrected for altitude from the difference 

between the altitude of each meteorological grid and the 
soil grids. The mean and standard deviation of the yields 
from the period 2000–2016 were calculated for each grid 
point and all the outputs mapped using ArcGIS.

From the map (Figure  3), the marginal land parcels 
identified by Vera et al. (2021) were added and intersected 
with the yield raster on QGIS. When a marginal land par-
cel covers several modelled yields, the minimum yield was 
considered (conservative approach). Each marginal land 
parcel was characterised by the modelled mean yield for 
a well-established crop. From the fourth year after planta-
tion, it is assumed that the mean yield is achieved, while 
yield is around 67% in the second year and 93% in the 
third year (Gauthier, 2013). The parcels where the mean 
yield is lower than 11 t/ha were excluded as the costs per 
ton would be too high. Indeed, the farm-gate costs would 
reach value higher than the lower range of the selling 
price referenced in Winkler et al. (2020) of around 70 €/t. 
Then, based on the combination of marginal lands and 
miscanthus yield data, miscanthus primary production 
is estimated and aggregated at NUTS03 level for the next 
steps of the study (supply chain optimization).

2.3  |  Post-processing and 
transport of miscanthus

For post-processing of the miscanthus feedstock, two  
options were evaluated: (i) using chips directly as they  
are produced from the harvest, and (ii) producing pel-
lets from the harvested chips. Pellets allow to increase  
the density of the feedstock and thus reduce the trans-
portation costs. The cost of the pellet plant and the  

F I G U R E  3   Map of miscanthus yield distribution, data are 
based on the MiscanFor results (average annual yield with 2000–
2016 climatic data). Urban, forest and wet areas are excluded.
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related scale effect due to size is illustrated in Figure  4.  
It integrates the capital investment (CAPEX) (Thek 
& Obernberger,  2012), the installation costs (33% of  
CAPEX) (Hoque et al.,  2013), the maintenance costs 
(3% of CAPEX) (Sultana et al.,  2010) and the operating  
costs (energy and labour) (Gauthier,  2013; Mupondwa 
et al., 2012). The related scale factor for the entire costs 
corresponds to 0.56, which is in the range presented by 
(Mupondwa et al., 2012). It is a pellet plant without dryer 
and primary grinder costs. Indeed, as the miscanthus  
feedstock is harvested as chips with low moisture con-
tent, those two steps can be saved theoretically (Fusi 
et al., 2021; Gauthier, 2013). This might be an optimistic  
assumption as drying is required if the moisture content 
of miscanthus feedstock is greater than 20% before pel-
letisation (Murphy et al., 2013). This needs to be kept in  
mind when analysing the results. From the miscanthus  
field and the pellet plants, transportation needs to be con-
sidered. Only road transportation is considered (Table 2).

2.4  |  Final use—High-temperature heat

The distribution of high temperature (HT) heat demand 
per NUTS03 region was based on the relative repartition 

of the industrial CO2 emissions used as a proxy from 
the European project “Hotmaps project” (Hotmaps pro-
ject,  2019). The total HT demand was extracted from 
the European Union's projections for 2030 (Ragwitz 
et al., 2016). The estimation is presented in Figure 5. The 
two regions with high consumption correspond to the 
industrial zones of Le Havre and Fos-sur-Mer with high 
concentration of refineries, and production plants of 
chemicals, cement, iron and steel, refineries. Industrial 
pellet boilers and chips boilers are assumed to have simi-
lar efficiencies (around 86%) (Moret et al., 2017).

2.5  |  Supply chain optimization

The map of France is divided in 94 cells corresponding to 
districts level (NUTS03 level) characterised by the param-
eters presented in Table 3. Based on the cost of produc-
tion and transport of chips and pellets, the optimization 
problem minimizes the total cost of the supply chain. 
Accordingly, the exchanges of miscanthus between the 
cells, and the size and location of the plants for the pro-
duction of pellets are identified. The distances are con-
sidered linear between cells' centroids but the impact 

F I G U R E  4   Variation of the cost of a plant for pellets 
production (independent of transport and feedstock costs) with the 
size of the plant.

Feedstock Value Unit Source

Pellets 0.082 €/km/t Suurs (2002); Sikkema 
et al. (2012); Hoque 
et al. (2013)

Chips 0.22 €/km/t Suurs (2002); Manzone 
and Balsari (2015); 
Yoshida and 
Takata (2019)

T A B L E  2   Road transport costs for 
pellets and chips

F I G U R E  5   High temperature (HT) heat demand repartition in 
NUTS03 region.
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      |  371COLLA et al.

of tortuosity and larger distance is analysed through 
the sensitivity analysis with a tortuosity factor. All the 
mathematical details of the model are provided in the 
Appendix, Equation  (1) represents the objective func-
tion of the optimization problem: minimisation of total 
costs of the system (from production, post-processing and 
transportations)

with 

•	 i is the cell among the 94 cells of the NUTS03 
discretization,

•	 j the carrier, that is, chips or pellets,

•	 Cj,i the total cost of production of carrier j in cell i,
•	Tj,i the total cost of transportation of carrier j in cell i.

For chips, the total cost of production depends on the 
costs of cultivation of miscanthus and on the marginal 
lands. For pellets, the total costs of production depend 
on the cost of the pellet plant and its size (depending 
on the availability of the feedstock as input). Note that 
all miscanthus is produced first in the form of chips; 
then, the model can decide to produce pellets from these 
chips or to transport them and use them as chips. The 
total cost of transportation depends on the quantity, the 
distances covered and the carrier transported (chips or 
pellets).

2.6  |  Sensitivity analysis

The different parameters are characterised by uncertain-
ties (or range of possible variation) for their deterministic 
value chosen for this case study. The purpose of the sen-
sitivity analysis is to evaluate the impact of the variation 
of those parameters on the average prices of miscanthus 
and on the production of pellets. In Table 4, the different 
parameters are presented with their deterministic value 
and the range of variation based on the literature. The 
variation for marginal lands is based on the observation 
that the initial estimate does not consider any logistical 

(1)min
∑

i∈NUTS03

∑

j∈ carrier

(

Cj,i + Tj,i
)

,

T A B L E  3   Parameters for each cell in the supply chain 
optimisation model

Parameter Unit

Area of marginal land ha

Weighted average yield MWh/ha/year

High temperature heat demand (as 
feedstock input to the boilers)

MWh

Radius (for internal transportation) km

Centroid location Geographical 
coordinates

T A B L E  4   Range of variation of parameters involved in the sensitivity analysis

Parameter Reference value
Variation 
range Justification and references

Chips 
transportation 
costs

0.22 €/t/km (cf. Table 2) ±18% Based on variation observed in Suurs (2002); Hoque et al. (2013); 
Manzone and Balsari (2015); Yoshida and Takata (2019)

Distances Euclidean distances  
(or radius for internal 
consumption)

±50% Tortuosity factor taken from Fan et al. (2011)

Heating demand Forecast for 2030  
(cf. Section 2.4)

±20% Chosen arbitrarily

Marginal lands 524,900 Ha for France  
(see Section 2.1)

−54% Based on the range of variation if only parcels with a minimum yield 
higher or equal to 20 t/ha

Miscanthus 
production 
costs

Cf. Table 1 ±15% 
(+10%)

Based on the range of variation presented in Winkler et al. (2020) 
and over-costs due to marginality conditions based on the costs 
presented in Soldatos (2015)

Miscanthus Yield Based on yield modelling 
from MISCANFOR  
(cf. Section 2.2.2)

±20% Interannual variation estimated by Hastings et al. (2009)

Pellet plants costs See Section 2.3 (cf. Figure 4) ±20% Based on distribution costs from Mupondwa et al. (2012) and the 
distribution estimated in Section 2.3

Pellets 
transportation 
costs

0.082 €/t/km (cf. Table 2) ±26% Based on variation observed in Suurs (2002); Sikkema et al. (2012), 
Hoque et al. (2013)

 17571707, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13030 by U

niversity O
f A

berdeen, W
iley O

nline L
ibrary on [14/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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or administrative hurdles, and thus represents the upper 
limit of marginal lands availability for energy crops. The 
range of variation in marginal land is therefore established 
on the basis of a restriction of available land considering 
a different minimum yield threshold required for growing 
energy crops, as explained in Table 4 and in Section 2.2.2.

A global sensitivity analysis (GSA) is performed to de-
termine the main influencing parameters on costs based 
on Sobol indices that quantified the contribution of each 
parameter to the variance of the objective. The RHEIA 
package is used in order to study the uncertainty and sen-
sitivity through a Polynomial Chaos Expansion surrogate 
modelling technique, of which a full description is pro-
vided in Coppitters et al. (2022). Secondly, a local sensitiv-
ity analysis is performed to assess the impact of parameter 
variation on the pellets production.

3   |   RESULTS

By combining the different datasets, we estimated the 
potential of production and characterized it in terms of 
costs. Afterwards, we applied the supply chain optimisa-
tion model to determine the typology of feedstock con-
sumed in each district and the typologies of exchanges. 
In this section, the results and the sensitivity analysis 
are presented and discussed to evaluate the contribu-
tion of miscanthus to the energy transition and the role 
of pelletisation in France. The results for Belgium (ob-
tained with the same methodology) are presented and 
discussed in a second step in comparison with the re-
sults for France.

3.1  |  Miscanthus production potential

The combination of the data of the marginal lands with 
the distribution of the miscanthus yield leads to the annual 
miscanthus potential per district, as illustrated in Figure 6a. 
The total potential of miscanthus on French marginal lands 
was estimated to 37.6 TWh/year on yield. Considering the 
boiler efficiency, this represents 27% of the process heat de-
mand in 2030 for France. The costs of production vary from 
28 €/t to 67 €/t maximum (Figure 6b) with a weighted aver-
age cost of 38 €/t. The highest costs are logically observed 
where the yields are the lowest and vice-versa.

From the production potential, the related production 
costs (Figure 6) and the map of the high temperature heat 
(Figure 5), the supply chain model can optimize the po-
tential post-process (pelletisation) and transport from pro-
duction to consumption points. The results are discussed 
in the following sections.

3.2  |  Miscanthus post-processing, 
transportation and total costs

The results of the optimization of the supply chain show 
that most exchanges are under the form of chips (Table 5). 
The main pattern observed is the following: the local 
consumption of chips is prioritised with an export of the 
surplus, in the form of chips, to the nearest neighbour-
ing districts (average distances of 85 km for exchanges be-
tween districts). If there is no local demand, then all the 
production of chips is exported to the nearest district with 
a HT heat demand to be satisfied. Only one pellet plant 
is installed (Figure 7) and 119 kt of pellets are produced 
and exchanged (per year). The mean distance covered 
with pellets is more than four times higher than the one 
for chips (Table 6).

F I G U R E  6   Miscanthus annual production in dry tons per 
NUTS03 region (a) and average miscanthus chips cost (b) in France 
with a NUTS03 discretisation.
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The final cost of miscanthus chips ranges from 34 € to 
95 €/t as illustrated in Figure  8 (transport to final point 
of use included). The weighted average cost for chips at 
the final point of use is of 50 €/t and production costs are 
around 38 €/t, with an average transport cost of 12 €/t.

The pellet cost ranges from 78 to 93 €/t, with the cul-
tivation cost (“production” in Figure  8) being the major 
part, from 42% to 50% depending on the transportation 
distances. Due to the large capacity of the production unit, 
the cost of pelletisation is in the lower range (cf. Figure 4): 
around 19 €/t, counting for 20%–24% of the final pellet 
prices. Transportation costs count for the remaining parts 
(26%–38%). Pellets present higher prices than the average 
price for chips (88 €/t vs. 50 €/t) and it counts for a marginal 
part of the total miscanthus used (1.4% of all miscanthus 
produced). The sensitivity analysis of Section  3.3 allows 
for a deeper analysis of the relevance of pelletisation.

3.3  |  Sensitivity analysis

Sensitivity analyses are presented in this section. First a 
Global Sensitivity Analysis (GSA) is performed to evalu-
ate the main impacting factors on the average miscanthus 
costs. Secondly, sensitivity analyses are performed look-
ing at the pellet production in order to assess the key fac-
tors that determine the suitability of pellets in the system.

3.3.1  |  GSA on miscanthus average costs

The GSA is performed looking at the variation of mis-
canthus average costs. Running the first order GSA al-
ready results with a leave-one-out error below 0.05. The 
different Sobol indices are presented in Table  7. The 
standard deviation represents 13% of the mean cost (cf. 
Table  7). The variation of the average cost is thus quite 
limited. However, it is interesting to note that the total 

T A B L E  5   Quantity of chips and pellets consumed locally (from 
internal production) or exchanged

Quantity (kt) Chips Pellets

Locally consumed 3927 —

Exchanged 4419 119

F I G U R E  7   Industrial heat satisfied by miscanthus and 
exchanges of miscanthus chips and pellets between cells in France.

T A B L E  6   Distances covered from production to consumption 
sites depending on miscanthus form

Distances (km) Chips Pellets

Mean 62 250

Min 20 148

Max 205 326

F I G U R E  8   Costs distribution of the miscanthus potential in 
the form of chips or pellets and breakdown of the costs between 
production and transport.

T A B L E  7   Sobol indices of the different parameters (quantifying 
the contribution of each parameter to the variance of the 
miscanthus average cost) and mean value and standard deviation 
of the average cost per MWh of miscanthus (from production to 
consumption points)

Sobol 
indices

Yield 0.39

Distances 0.32

Miscanthus production costs 0.26

Chips transportation costs 0.02

Heating demand ~0

Marginal lands ~0

Pellets transportation costs ~0

Pellet plants costs ~0

Mean value for the average cost (€/t) 56

Standard deviation 7.1
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quantity of miscanthus produced varies twice more than 
the average costs: 26% of variation (from 17 to 42 TWh). 
Meaning that the total miscanthus quantity is more sensi-
tive and thus more uncertain than the final costs.

3.3.2  |  Sensitivity on pellet production

In addition to the costs, it is interesting to look at the total 
quantity of pellets produced for the sensitivity analyses, 
in order to determine in which conditions producing pel-
lets is economically relevant. The following analyses was 
done considering the quantity of pellets as indicator. A 
local sensitivity analysis was run to evaluate the impact of 
each parameter on the total amount of pellets produced. 
Local sensitivity analysis is interesting to isolate the effect 
of each parameter variation. However, it does not capture 
the effect of combined variation for the different parame-
ters. Therefore, we performed a brute force approach (1000 
simulations) with random variations of all parameters 
based on their variation range (cf. Table 4 in Section 2.6) 
and the final quantity of pellets produced were analysed to 
spot the cases with or without pellet production.

For the local sensitivity analysis, the distances, the 
yield, the quantity of marginal lands and the chips 
transportation cost are positively correlated to the total 
amount of pellets produced (cf. Figure  9). On the other 
hand, the pellet plant cost, the pellet transportation cost 
and the heating demand are negatively correlated. With 
a higher heating demand, the ratio between miscanthus 
production and heating demand would be lower. This in-
duces lower proportion of heating demand satisfied and 
therefore more for local consumption, thus less surplus 
to export and shorter transportation distances to cover. 
Therefore, in this case pellet production is less relevant. 
Inversely, with a smaller heating demand the ratio be-
tween miscanthus production and heating demand would 
be higher. This would induce a higher proportion of heat-
ing demand satisfied, thus more feedstock available for 

export and longer transportation distances, and thus po-
tentially more relevance for pellet production. In general 
pellets production is quite sensitive to the heating demand 
scenario and the transportation distances, while in prac-
tice both relate to change in transportation distances. The 
miscanthus production costs do not impact the overall 
pellet production as it has similar influence on the total 
costs if the miscanthus is consumed as chips or pellets. 
In practice with a 20% variation in any of the parameters 
(excluding chips production costs), the pellets production 
falls to zero. The pellets production is thus quite sensitive 
to changes and its total share within the total miscanthus 
feedstock is quite small variating from 0% to 4%. This 
shows that the interest of pellet is quite marginal for this 
study case.

The analysis of the 1000 cases showed that the main 
impacting parameters are the yield, the marginal lands 
and the distances. Variations of those parameters create 
clear zones where no pellets are produced on one side, 
and where pellets are potentially produced on the other 
side. This distinction depends on different parameters 
combinations as illustrated in Figure  10 with distances 
and marginal land variations. The other combinations of 
parameters show a similar trend, that is, a large “no pellet 
zone” and a corner zone with potential pellet production. 
Interestingly, in Figure 10, with only the two parameters 
represented, there is no zone where pellets are automat-
ically produced. This zone appears when the different 
parameters influencing the feedstock availability are com-
bined (i.e. yield, marginal lands and heat demand) as 
shown in Figure 11. Figure 11 also shows that the specific 
combinations of those conditions are less likely to occur 

F I G U R E  9   Pellets production relative change in response to 
local variation of each parameter compared with baseline scenario.

F I G U R E  1 0   Plot of 1000 cases with random parameter 
variation based on variation range, highlighting the cases when 
pellets are produced (blue points) or not produced (red points) for 
the variation of distances and marginal lands. The conditions for 
which pellets are not produced are also highlighted with a red area 
(“no pellet zone”).
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considering the different ranges of variation: in 16% of the 
cases there is a small pellets production (up to 7% of total 
miscanthus production) versus 84% of the cases where 
there is no pellets production at all.

3.4  |  Belgian case study

Belgium was tested as case study in order to have a repre-
sentative case for a smaller country. In this case the mis-
canthus production could reach 1.4 TWh (cultivation on 
0.7% of the Belgian area). This represents 2% of industrial 
heat demand in 2030. Belgium has high industrial heat 
demand when compared to its size: the average demand 
per unit of area is nearly nine times higher than in France. 
Therefore, local consumption is even more dominant and 
exchanges between cells are limited and in the form of 
chips exclusively (Figure  12). The average costs for the 
1000 cases are estimated at 50.4 +/− 6.7 €/t, cheaper than 
for France because of smaller distances and no pellet pro-
duction. Indeed, pellets were never observed for the 1000 
cases of the sensitivity analysis.

4   |   DISCUSSION

The production of miscanthus on marginal lands esti-
mated by the methodology developed in this work should 
be considered as the upper bound values of what could 
be produced from marginal lands. Indeed, several aspects 
such as the specific logistic for each district (e.g. the exact 

shape and location of the parcels, etc.), or the administra-
tive barriers, among others, are not considered and would 
tend to decrease the potential of production.

Regarding the supply chain analysis, the results logi-
cally showed that the distances covered are larger for pel-
lets than for chips (Figure 7 and Table 6). However, the 
maximum distance travelled with chips is greater than the 
minimum distance for pellets, which shows that distance 
is not the only influencing parameter. Indeed, the need for 
large amount of feedstock is also important in order to set 
up a large pellet plant with lower costs (see Section 2.3). 
The availability of a large amount of feedstock is deter-
mined by two factors: (i) the potential of production of 
chips in the region (depending on the yield and the area 
of marginal land available) and (ii) the demand of high 
temperature heat that will induce the local consumption 
of chips. Thus, it is the surplus of feedstock available (i.e. 
local production minus local demand) that influences the 
availability of feedstock for pellet production. The im-
portance of this availability in pellet production was con-
firmed by the sensitivity analysis (Figure 11).

Regarding the economic costs, the highest final costs 
observed for miscanthus chips are due to the cultivation 
of miscanthus on land with low yield and long transporta-
tion distances, thus less convenient in terms of final costs. 
This is observed in the Finistère district (extreme West of 
France in Brittany) which presents the highest costs at the 
final point of use. This is due to relatively low yield, but 
mostly to a large distance from the point of use (205 km) 
and insufficient feedstock to produce pellets with a reduc-
tion of costs. In this case, the costs due to transportation 
represents more than half of total costs. Transportation 
distances and yield are indeed the main factors influenc-
ing the economic performances as stated by Soldatos in 
Soldatos (2015) and this is verified in the sensitivity anal-
ysis in Section 3.3. The range of miscanthus costs are in 
line with other publications (de la Rúa & Lechón, 2016; 
Gauthier, 2013; Khanna et al., 2008; Soldatos, 2015; Wang 
et al., 2012). In the work of Wang et al. (2012) for example, 

F I G U R E  1 1   Plot of 1000 cases with random combinations 
of parameter variation highlighting the cases when pellets are 
produced (blue dots) or not produced (red dots). Red area of the 
plot highlights the conditions for which pellets are not produced 
(“no pellet zone”) and blue area the conditions for which pellets 
are produced (“pellet zone”), based on the relative variation of 
distances and feedstock availability (combination of variation of 
yield, marginal lands and heat demand).

F I G U R E  1 2   Industrial heat demand satisfied by miscanthus 
and exchanges of miscanthus chips between cells in Belgium.
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the miscanthus farm-gate costs ranged in most of the 
cases between 43 and 68 €/t (with 2012 average exchange 
rate for GBP to Euro).

Discussing the profitability of miscanthus is always 
difficult as there is no reliable market price (Witzel & 
Finger,  2016). However, as in this study the miscanthus 
chips are used for industrial heat, the market price of 
industrial wood pellets could be used as an indicator. 
According to the Argus cif NWE, the wood pellet market 
price is varying between 120 and 210 €/t (EEX AG, 2018). 
Assuming that industrials will go for miscanthus chips 
only if it is cheaper than industrial wood pellets, this 
would mean that miscanthus chips could be competitive 
if market price is below 120 €/t which seems reasonable 
as the average final costs are around 50 €/t (transport 
included). In addition, in comparison with gas price for 
non-household consumers and excluding tax, miscanthus 
chips (considering average price) is 60% cheaper than gas 
(based on second-half of 2020 with data from Eurostat) 
(Eurostat, 2022). This would tend to make the miscanthus 
chips profitable, provided that the market conditions are 
reliable with sufficient supply for industrials which can 
be facilitated by appropriate policies (Stoof et al.,  2015). 
Additionally, the quality difference with classical wood 
chips for combustion purpose might induce over-cost for 
the boiler operation and maintenance (Iqbal et al., 2017), 
and that should be considered in the market analysis 
which is not the aim of the current study.

Looking at the sensitivity analysis on the costs, the 
main influencing uncertainties are the yield, the distances 
and the production costs, which is coherent with results 
from Soldatos (2015). Having higher production costs (e.g. 
due to over-costs related to the marginality condition of 
the lands) increases the importance of the yield on the 
final costs per unit produced. The other parameters vari-
ations have only minimal influence on the average cost. 
The uncertainties on the parameters related to pellets 
have very low influence on average costs as pellets repre-
sent a small share of the total costs.

The sensitivity analysis shows that the uncertainty on 
the total amount of miscanthus is twice higher than the 
uncertainty on the average costs. This means that even 
if the final quantity is more uncertain, the final cost per 
unit produced is estimated within an acceptable cost 
range. Indeed, there is 98% of probability to have the mis-
canthus final costs lower than 71 €/t (or 16 €/MWh) which 
seems to be a reasonable cost for heating fuel. In compar-
ison the natural gas price in France for non-household 
consumers in the second half of 2020 was of 28 €/MWh 
(Eurostat, 2022). However, having a large uncertainty on 
the total amount of miscanthus produced affects the re-
sults for pellet production as the availability of sufficient 
feedstock is a key factor for the installation of a pellet 

plant. This is confirmed by the sensitivity analysis that 
shows that considering the variation ranges of the dif-
ferent parameters (mainly related to distances and feed-
stock availability), it is more likely that no pellets appear 
in the system. Furthermore, if additional constraints on 
marginal lands exploitation are considered (e.g. logistics, 
administrative, etc.), this would decrease the feedstock 
availability and thus reduce further the pellet relevance.

In addition to the uncertainty on the relevance of pel-
let plants, the results clearly show that pellets, when pres-
ent, keep a marginal role in the overall system, and with 
higher final costs. Therefore, one can question the interest 
of those pellets. In this modelling framework, all the mis-
canthus on marginal lands with yield higher than 11 t/ha  
was forced to be produced and to be used. However, one 
could decide not to produce miscanthus if final costs are 
higher than a certain value. This result would tend to 
promote the use of miscanthus as long as pellets are not 
needed, that is, for local uses with limited transportation 
distances. For the French case study, around 35 TWh of 
miscanthus chips could be produced and consumed for 
final costs lower than 70 €/t. Furthermore, avoiding mis-
canthus production on marginal lands where the final 
costs are higher than 70 €/t would even tend to decrease 
the average costs as it could reduce the transport needed 
to dispose of the total amount of miscanthus (i.e. more 
local consumption). This would further strengthen the 
general pattern of miscanthus production and consump-
tion observed in this work. Indeed, for the different sim-
ulations, similar systems are observed: local consumption 
of chips, no (or small) pellets production, and exchanges 
between neighbouring regions with limited transporta-
tion distances.

Finally, the definition and considerations of marginal 
lands need to be discussed for ethical reasons and its im-
plication on the quantitative results. Indeed, the definition 
of “marginal land” affect the availability of miscanthus 
feedstock and thus influence the final estimates as well as 
the relevancy of pellet production as discussed previously. 
As observed and discussed by Khanna et al. (2021) there is 
no consensus on one single definition of marginal lands. 
The concept of marginal lands is in some ways subjective 
as the name suggests. Marginal literally means “small and 
not important” or “not part of a main or important group 
or situation” (Oxford University Press, 2022). In the litera-
ture on marginal lands for bioenergy production, the term 
marginal refers mostly to the second meaning. Therefore, 
its quantification depends directly on what is considered 
the main part of the land and the indicators on which 
this view is based (e.g. agricultural production, biodiver-
sity, landscape effect, etc.). In the literature, the margin-
ality of lands is usually assessed based on a productivist 
vision (Shortall, 2015). As mentioned by Shortall (2015), 
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the definition of marginal lands raises ethical issues that 
must be discussed and are notably dependent on one's 
perception of nature and its relationship with human so-
ciety (land-use, natural resources management, etc.). Not 
taking these ethical issues into account in the definition 
and quantification of marginal lands would conceal the 
different societal impacts associated with the vision under 
consideration. This would thus be the opposite of the 
holistic and multidisciplinary analysis which is needed 
to study sustainable biomass production (López-Bellido 
et al., 2014). The definition from the EU MAGIC project 
(Elbersen et al., 2020) is based on a definition that focuses 
only on biophysical constraints with a productivist point 
of view, in the sense that the only goal and indicator con-
sidered is the production (of biomass). This productivist 
vision presents its limitations for including sustainabil-
ity. Indeed, productivism presents inherent contradic-
tions with ecological sustainability, particularly because 
of the vision of nature considered only as a set of usable 
resources (Anderson,  2009; Heikkurinen et al.,  2021; 
Illich, 1983). This current study proposes a classical focus 
on biomass production but including sustainability crite-
ria from Vera et al. (2021). With those criteria, it broadens 
the vision—adding some considerations out of the clas-
sical productivist spectrum (e.g. nature and biodiversity 
protection). Yet the main focus is still on the production 
simply restricting the eligible zones to limits the impacts 
without deep reconsideration of the vision considered of 
nature. The productivist point of view could be confronted 
with alternative visions that induce a thorough rethinking 
of the classical conception of bioenergy and agriculture 
as discussed in the thesis of Shortall  (2015) or by Kazic 
and Dessendier  (2022). This discussion goes beyond a 
purely technical discussion and adds philosophical, an-
thropological and political dimensions which are import-
ant (Anderson,  2009; Ayre,  2015; Illich,  1983; Levidow 
et al., 2012; Shortall et al., 2019; Wilson, 2001), and would 
surely have an impact on the study of bioenergy potential 
(Shortall, 2015).

The developed methodology is a practical tool to es-
timate at a macro-scale the potential, the cost range re-
lated to the whole supply chain and general patterns for 
production, transportation and consumption. However, it 
does not consider some specificities at the local scale, such 
as exact location of marginal lands and industries which 
reduce accuracy of transportation distances costs. Yet, the 
sensitivity analysis allows to compensate for this lack of 
precision. Additionally, the current study proposes a first 
theoretical analysis without any influence of the market 
dynamics while in practice it can influence the consump-
tion pattern. Furthermore, the social, administrative, and 
environmental aspects need to be integrated to the evalu-
ation. Those different aspects are highly case dependent, 

data intensive and required adapted analyses at higher 
geographical resolution (local scale). For example, it is 
relevant to evaluate the impacts on the greenhouse gas 
emissions (fossil fuel substitution and carbon soil seques-
tration), on the employment, on the biodiversity or on the 
transportation infrastructure. All those aspects are im-
portant to consider before implementing miscanthus for 
energy and it requires an integrated and transdisciplinary 
assessment. Yet this methodology allows for a first esti-
mate and discussion on the potential role of miscanthus 
for national energy transition before digging into more 
specific cases.

5   |   CONCLUSION

Energy crops are an important option for increasing bio-
mass contribution to the energy supply. However, there is 
controversy about land-use competition for those crops. 
Therefore, the concept of marginal lands has gained at-
tention. Yet, the exact definition of marginal is subjec-
tive and needs to be carefully determined and discussed. 
The authors call for further interdisciplinary research 
to ensure positive societal impacts of energy crops on 
those marginal lands and ethical issues it may raise. In 
this work, we developed methodology to estimate the na-
tional potential of miscanthus (grown on marginal lands 
for industrial heating purposes), the cost range related to 
the whole supply chain and the general patterns for pro-
duction, transportation and consumption at the district 
resolution level. An optimization model of supply chain 
was designed in order to characterize the exchanges be-
tween production and consumption points. France and 
Belgium were taken as case studies. It was shown that 
miscanthus on marginal lands could supply up to 38 TWh 
for France and 1.4 TWh for Belgium. It represents 27% 
and 2% of the forecasted industrial heat demand in 2030 
for France and Belgium respectively. In general, chips 
are the most economical option as long as transportation 
distances are sufficiently small (less than ~150–200 km), 
with an average cost of 50 €/t. Pellets were shown only 
of marginal interest for specific conditions, represent-
ing 1.4% of the total miscanthus supply in France and 0% 
in Belgium (due to smaller transportation distances and 
higher internal consumption). The GSA showed that the 
yield variation has the strongest influence on final costs 
together with the distances and the miscanthus produc-
tion costs. It was shown that the general pattern of the 
system is robust: miscanthus cultivation for local con-
sumption in the form of chips with limited transportation 
distances. Furthermore, the pellet production is sensitive 
to transportation distances as well as to the availability of 
sufficient feedstock to ensure low pellet plant costs (scale 
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effect). In any case, the pellet quantity remains marginal 
in the 1000 different simulations of the sensitivity analy-
sis. Furthermore, considering the additional constraints 
of using marginal lands for energy crops (e.g. adminis-
trative, logistics or ecological), the relevance of pellets is 
even smaller. Therefore, the results suggest to avoid pel-
let production with miscanthus grown on marginal lands, 
and limit the cultivation of miscanthus on marginal lands 
using only the chips as the most economical option (i.e. 
promoting the local consumption). However, the option 
of using existing pellet plants to blend the woody feed-
stock with an alternative feedstock such as miscanthus 
can be an interesting option to study, depending on the 
local conditions and the technical features (Crawford 
et al., 2015; García et al., 2019).
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