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Abstract: Low-cost sustainable biomass availability in the European Union may not be able to meet 
increasing demand; exploring the option of importing biomass is therefore imperative for the years to 
come. This article assesses sustainable biomass export potential from Brazil, Colombia, Indonesia, 
Kenya, Ukraine, and the United States by applying a number of sustainability criteria. Only biomass 
types with the highest potential are selected, to take advantage of economies of scale, e.g. pulpwood, 
wood waste, and residues in the United States, and agricultural residues in Ukraine. This study found 
that, except for the United States, pellet markets in the sourcing regions are largely undeveloped. 
The export potential depends strongly on pellet mill capacity and assumed growth rates in the pellet 
industry. Results show that the United States, Ukraine, Indonesia, and Brazil offer the highest biomass 
export potential. In the Business As Usual 2030 scenario, up to 204 PJ could potentially be mobilized; 
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Introduction

I
n recent years, many countries have made efforts to 
reduce greenhouse gas (GHG) emissions and to become 
less dependent on fossil energy supply through increas-

ing renewable energy production.1,2 One means of achieving 
those objectives is to increase the share of bioenergy, and 
as a result the role of biomass and bioenergy has become 
increasingly apparent in the energy mix in most EU 
countries and other developed regions in the last decade. 
In December 2015, in the Paris Climate Agreement, 196 
nations agreed to introduce measures and policies to reduce 
GHG emissions globally and to decarbonize the global 
economy. As of today, 152 countries have ratified the agree-
ment in which developing renewable energy sources, includ-
ing biomass and energy efficiency, will play a key role.3

At present, many countries are increasingly deploying 
and implementing renewable energy options, including 
bioenergy.4 The European Union (EU) has collectively 
set a target to reach a share of 20% renewables in the 
final energy mix by 2020 and at least 27% by 2030. Japan, 
the largest importer of biomass outside the EU, has set 
a 22–24% renewables target share by 20305 whilst South 
Korea, the second largest importer of biomass outside the 
EU, aims for an 11% share of renewable energy in the over-
all energy mix by 2035.6 Globally, biomass is the largest 
renewable energy source, and will continue to play a sig-
nificant role in decarbonizing the energy system.7 Wood 
pellets, e.g. pre-processed products from various solid 
biomass feedstocks, have been used increasingly for power 
generation in many countries in recent decades and can 
provide a stable source of low-carbon electricity. Biomass 
used for heat has grown more slowly due to limited policy 
support. Renewable energy in the EU, in general, will 
be increasingly market oriented and untapped potential 
needs to be exploited.1,2,5,8,9

To safeguard sustainable production and use of solid bio-
mass for bioenergy as identified in various national renewa-
ble energy targets in the EU,4,5,6 sustainability requirements 
are to be applied. Within the EU, the European Commission 
(EC) issued a proposal for the new Renewable Energy 
Directive in 2016 to reinforce the existing EU sustainabil-
ity criteria for bioenergy by extending their scope to cover 
biomass and biogas for heating, cooling and electricity gen-
eration.8 Sustainability requirements of solid biomass used 
for heat and power production have already been imple-
mented in a number of EC Member States such as Belgium, 
Denmark, the Netherlands and the United Kingdom, the 
main importers of solid biomass in the EU.

The EU is currently the largest producer and net 
importer of wood pellets.10,11 In 2015, 20.3 Mt wood pellets 
were consumed, of which 7.2 Mt were imported. By 2020, 
EU wood pellet imports from third countries are expected 
to be in the range of 15–30 Mt.11 EU imports of wood pel-
lets from non-EU countries in 2014 mainly came from the 
US (59%), Canada (20%) and Eastern European countries 
(19%).12 In most scenarios with ambitious climate change 
mitigation targets, solid biomass use in the next decades 
is expected to increase.7,13–15 These scenarios show that 
that, by 2030, the main exporting regions will likely be 
the same as today: United States, Canada, and Russia. 
By 2040, top-down models indicate a broadening of the 
main exporting regions, with an increasing role for Latin 
America, Oceania, and Africa.13,14

With increasing demand for wood pellets and other solid 
biomass in the EU but also in other parts of the world such 
as Japan, South Korea, and India, additional domestic and 
imported resources will be needed. Focusing on domestic 
but also on new non-EU import regions is rational as this 
could reduce the energy dependence of Europe on particu-
lar regions and could help to mobilize unused, sustain-
ably sourced, residual resources. This article focuses on 

in the High Export scenario this could increase to 1423 PJ, with 89% of the potential being available 
for costs ranging from 6.4 to 15 €/GJ. These potentials meet the European Commission requirements 
for a 70% reduction in greenhouse gas emissions set in the Renewable Energy Directive. The total 
export potentials do not reflect the net possible import potentials to the European Union, as biomass 
could be imported to other countries where there is a demand for it, where less strict sustainability 
requirements are applied, and which are proximate to the sourcing regions, notably South Korea, 
Japan, and China. © 2018 The Authors. Biofuels, Bioproducts, and Biorefining published by Society of 
Chemical Industry and John Wiley & Sons, Ltd.

Keywords: sustainable biomass potential; sustainability criteria; wood pellet price; GHG emissions; 
energy policy; supply chain analysis; sourcing country; biomass trade



295

Modeling and Analysis: Sustainable overseas biomass for EU ambitions T Mai-Moulin et al.

© 2018 The Authors. Biofuels, Bioproducts, Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd.   
|  Biofuels, Bioprod. Bioref. 13:293–324 (2019); DOI: 10.1002/bbb

sustainable solid biomass potential, particularly residual 
biomass sources, in non-EU regions. It follows a bottom-
up approach and takes sustainability constraints, current 
alternative local use of biomass, and other local barriers 
into account. 

Main objective 

The main objective of this paper is to investigate six 
selected prospective international sourcing regions with 
promising sustainable biomass potentials that may be 
mobilized and exported to the EU between 2020 and 2030. 
This investigation includes the following tasks:

• Assessment of sustainable export potentials: an initial 
review of lignocellulosic biomass potential in various 
countries revealed that a number of countries have 
high agricultural potential and/or forestry residues and 
land availability for bioenergy crops. Six different case-
study regions were selected based on data availability 
and local contacts; high expected biomass potentials; 
promising logistic infrastructure and intercontinental 
transport; variation of socio-economic and environ-
mental constraints. The six case studies, on five differ-
ent continents, are Kenya, Indonesia, Colombia, Brazil, 
the United States, and Ukraine. 

• Analysis of the cost and GHG emissions along the sup-
ply chain: cost supply curves and GHG supply curves 
were generated for biomass produced in the six case 
study regions and transported to the port of Rotterdam 
in the Netherlands. 

Methodology

The potentials assessed in this analysis include the techni-
cal potential of lignocellulosic biomass, the sustainable 
potential calculated by including sustainability crite-
ria, the sustainable surplus potential, which considers 
domestic demand in sourcing countries, and the export 
potential, which is the amount of sustainable biomass 
that could be available for export to other world regions 
such as the EU (Fig. 1). A general and comparable assess-
ment approach for potentials was applied in all case-study 
regions, allowing for a comparison of sustainable export 
potential, based on similar criteria17 (Fritsche et al., 
accepted for publication).18 

To qualify the lignocellulosic biomass that can be 
mobilized for exports, a number of pre-requisites were 
formulated:18

• Sustainable sourcing is a precondition for all exported 
lignocellulosic biomass, and for all domestically sourced 
biomass the sustainability principles and criteria that 
are already implemented in the EU are considered.

• Local demand for both energy and material purposes 
has priority over export. Thus, domestic demand 
for biomass should be satisfied first before exploring 
exporting options. This avoids distortions of local 
markets.

• Emissions from the entire supply chains of biomass 
should lead to substantial chain reductions in compari-
son to the fossil-fuel equivalence.

Figure 1. Methodology to calculate the different potentials.
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• Performance-based sustainability requirements need 
to be applied to the entire value chain (including pro-
duction and logistics) up to the import harbor.

The following section briefly discusses the methodology 
applied to calculate the potentials, supply chain costs, and 
supply-chain GHG emissions (Fritsche et al., accepted for 
publication).16 

Methodology to calculate potentials

The first methodological step was the selection of the 
case-study regions with the highest biomass potential 
within different countries, and the potential mix of bio-
mass resources to be analyzed per region (see Fig. 1 and 
Appendix A for more details). 

In the six case studies, different feedstocks were 
included, following local opportunities (Table 1). Primary 
agricultural residues are residues generated in the field 
during harvesting processes, whereas secondary residues 
are generated at the processing stage. Primary forestry 
residues are residues originating from harvesting or forest-
management practices, such as logging residues and thin-
nings, typically left behind in either natural or plantation 
forests. Secondary forestry residues originate from the 
processing of forest products and include, for instance, 
saw-mill residues. Dedicated energy biomass is the pro-
duction of either energy crops such as switchgrass or mis-
canthus, or forestry biomass, dedicated to the production 
of (solid) biofuels.19

Kenya was the first case study in which the methodology 
was applied, including an investigation of all types of bio-
mass, agricultural residues, energy crops, and forest resi-
dues. This case study, however, showed very limited poten-
tial from energy crops and forest residues, after which 
it was concluded that the remaining case studies would 
focused on the most promising potentials in the respective 
regions. For the Brazil case study, the availability of agri-
cultural and forestry statistics allowed for the inclusion 
of both these feedstock types. In Indonesia, more than 

50% of the land is covered by natural forests, which are 
protected for biodiversity reasons. Considering the sus-
tainability risks in Indonesia, only residues from certified 
palm plantation areas or land under governmental support 
were included.20 In Colombia, although more than half 
the land is covered by forests, the potential for forestry 
biomass is assumed to be low because most of the forests 
are biodiversity-rich, protected areas. For this reason, the 
Colombian case study focused solely on agricultural resi-
dues (Elbersen et al., accepted for publication).21 In the 
case of the Ukraine, there was access to detailed data on 
the potential for energy crops.22 For other case studies this 
data was not available. In the US case study the calculated 
potential was based on existing practices. By far the larg-
est share of pellets produced in the case study region in 
the United States is produced from forestry residues and 
forestry products such as roundwood. The US case study 
therefore focused on these residues.23 

In the second step, the technical potential was calcu-
lated, which follows the definition of potentials in the 
Biomass Energy Europe project,24 and is defined as the 
terrestrial biomass considered available under the cur-
rent techno-structural framework conditions with current 
technological possibilities (such as harvesting technologies, 
infrastructure and accessibility and processing technolo-
gies), while also taking into account spatial confinements 
due to other land uses (such as food, feed and fiber produc-
tion, and nature reserves). The technical potentials (PT) 
in the different case-study regions were calculated using 
Eqn (1) based on production statistics of agricultural and 
forestry products combined with residue-to-product ratios 
(RPR), or from literature on the production of solid bio-
mass or residues per hectare. 

  PT = Ai × Yi × RPR × Ei (1)

where Ai is the crop area of crop i in the case-study region, 
Yi represents the yield of crop i in the case-study region, 
RPR is the residue-to-product ratio, and Ei is the energy 
content of crop i in the case-study region (LHV). 

Table 1. Feedstocks included in case-study countries.
Brazil Colombia Indonesia Kenya United States Ukraine

Agricultural residues Primary X X X X X

Secondary X X X

Forestry residues Primary X X X

Secondary X X

Dedicated energy biomass Agriculture X

Forestry X
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The sustainable potential (PS), defined as the share of 
the technical potential that meets environmental, eco-
nomic, and social sustainability criteria,24 was calculated 
in the third step. An assessment was made per region 
and feedstock, based on literature and local expert opin-
ions, of the sustainable land availability and sustainable 
recovery factor (SRF) of residues and energy crops. By 
applying restrictions on the harvestable area and remov-
able biomass shares, the sustainable potential was calcu-
lated using Eqn (2). The basic sustainability requirements 
included in all case studies are closely aligned with the 
requirements of the Renewable Energy Directive (RED).25 
Additional specific requirements were included in some 
case studies based on data availability and relevant local 
sustainability criteria. The residue-to-product ratio, 
energy content per feedstock, and sustainable recovery 
factors used per case-study country and feedstock are pre-
sented in Appendix B.

 PS = PT × (1–LS ) × SRFi (2)

where LS is the fraction of land excluded because of sus-
tainability criteria (such as high biodiversity areas) and 
SRFi represents the sustainable recovery factor of crop i 
in the case study region, the factor of residues that can be 
extracted while meeting sustainability criteria. 

The surplus potential (PSS) was calculated in the fourth 
step. This was defined as the potential that could be availa-
ble for export to other regions, after subtracting current and 
expected future local demand for biomass for material and 
energy applications, covering industrial and residential use. 
Based on local expert opinions, the percentage of primary 
and secondary residues used locally was subtracted from 
the sustainable potential to form the sustainable surplus 
potential. The local demand in the different case studies is 
presented in Appendix C:

  PSS = PS – LDi (3)

where LDi represents the local demand of crop i in the 
case-study region. 

In the fifth step, the export potential (PE) was calcu-
lated, defined as the potential that could be exported, 
taking into account requirements such as the availability 
of transport infrastructure and pre-treatment plants. 
Lignocellulosic biomass needs to be pre-treated and den-
sified before it can be transported across long distances. 
This is done, among other reasons, to reduce safety risks 
related to self-heating and microbial hazards, but also 
to improve handling properties and reduce the cost and 
energy requirements of transport. As default pre-treat-

ment technology, pelletization of woody and agricultural 
biomass was assumed as this is the pre-treatment technol-
ogy most commonly used for solid biomass.26 The future 
pelletization capacity was estimated by analyzing current 
capacities (if any) and growth curves of production capac-
ity in the respective countries and by considering potential 
capacity growth rates. The availability of pellet production 
facilities was taken into account as a limiting factor to cal-
culate the export potential:

 PE = MIN (PSS, CYP) (4)

where CYP is the pelletizing capacity in the case-study 
region. 

In the final step, to calculate the costs and GHG emis-
sions of exported biomass, transport routes from case-
study regions to the EU were designed and calculated. 
The port of Rotterdam was chosen as the import point, 
because of its central location in the EU and the good port 
facilities, making it an interesting potential import hub for 
biomass energy carriers. Based on the export potential, the 
cost of delivering biomass to the port of Rotterdam, and 
the emitted GHG emissions, were calculated, including 
feedstock cultivation, pellet production, inland transport, 
and transport to Rotterdam. Cost supply curves and GHG 
supply curves were generated to account for differences 
between different supply regions and feedstocks. 

Supply-chain cost calculation

Supply-chain costs were calculated using Eqn (5) by tak-
ing several components along the chain into account, 
while combining country-specific data and uniform cost 
assumptions. 

 CD = CP + CTdf + CPt + CTdp + CTi + CH (5)

where CD is the total production cost of biomass residues, 
CP is the cost of feedstock production, CTdf is the cost of 
domestic transport from the fields to pre-treatment facili-
ties, CPt represents the cost of pre-treatment, CTdp is the 
cost of domestic transport from pre-treatment facilities to 
the export location, CTi is the cost of international trans-
port from export locations to the port of Rotterdam, and 
CH represents the cost of handling and storage. 

Most of these cost parameters were taken from the lit-
erature. In some cases, field research and interviews with 
experts provided country-specific parameters. The cost 
factors used in the different case-study countries can be 
found in Appendix D.

The transport cost to the pre-treatment facilities (CTdf) 
was calculated by including road transport over 50 km. 
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The production cost of pellets (CPt) is based on Ehrig  
et al.27 Cost of some consumables, such as spare parts, 
was included based on Pirraglia et al.28 The cost structure 
of pre-treatment is assumed to be similar in the different 
case studies. In most of the case study countries, there is 
no large-scale pellet production yet, making it difficult to 
assess potential cost; the decision was therefore made to 
base the cost for all countries on the same data sources. 
A number of country-specific cost factors are included in 
all case studies, such as the cost for electricity, labor, and 
feedstock. In the Colombian case study, data limitations 
prevented the calculation of cost based on country-specific 
factors. Instead, total pelletization costs are assumed based 
on the other case studies. 

The cost of transporting pellets to export ports was cal-
culated by taking the distance from weighted centers of 
regions to export ports. For most case-study regions this 
was done based on a first-level administrative division 
(typically state level); for the United States, this was done 
on a second-level basis (i.e. county level). Road transport 
was assumed in most of the case studies, as rail networks 
are often not developed, or very poorly developed. For the 
Ukraine and the United States, rail transport is a viable 
option for some locations. For these two countries, it was 
possible to calculate the transport cost in more detail by 
making use of the existing BIT-UU model.29 The BIT-UU 
model is a GIS-based biomass transport model with an 
intermodal network structure of road, rail, inland water-
ways, short sea shipping in Europe, and ocean shipping. 
The model combines linear optimization of the allocation 
between supply and demand nodes with global input data 
on cost for transport of lignocellulosic biomass. The cost of 
international transport (CTi) was calculated by making use 
of the BIT-UU model where possible. For countries that 
are not included in this model, these costs were calculated 
through a web-based sea-freight calculator.30 

Supply chain GHG calculation

To determine GHG emissions for each stage of the sup-
ply chain, global warming potentials were estimated from 
electricity, fuels, and materials use. The calculation of 
GHG emissions closely followed the EC approach.2 When 
actual data were not available, default values provided by 
the EC and other references were applied.2,31

The GHG emissions are calculated according to Eqn 6: 

  E = Eec + Es + Ep + Edt + Eit (6)

where Eec is the emissions from cultivation (applied only 
for energy crops), Es represents the emissions from nutri-

ent replacement (including emissions from production 
and use of fertilizer to compensate for biomass removal 
which leads to the emissions of GHGs via chemicals use), 
Ep are the emissions from pre-treatment (including chip-
ping, drying and pelletization), Edt are the emissions from 
domestic transport, and Eit are the emissions from inter-
continental transport to the port of Rotterdam. 

Analysis of potential GHG savings was made by com-
paring emission avoidance in relation to production of 
electricity and heat from fossil resources. In order to 
compare the emission savings with fossil fuel alternatives, 
the RED was used. Where forest or agriculture residues 
are considered, the required GHG emission savings in the 
EC are in principle at least 70% compared to fossil fuel 
alternatives. However, lower savings can occur for short-
rotation coppices (e.g. eucalyptus in tropical countries), in 
case of low fertilizer use in agriculture, and when natural 
gas is used for drying pellets.31 It is therefore considered 
to be good practice for existing bioenergy installations to 
achieve GHG savings of at least 70% compared to the fossil 
fuels comparators. This equates to lifecycle emissions of 
less than or equal to 12.8 gCO2eq /MJel for electricity and 
34.1 gCO2eq/MJel for generated heat. In the more ambi-
tious EC pathway the GHG savings should be 80% lower, 
equal to 10.6 gCO2eq /MJel for electricity and 28.4 gCO2eq./
MJel for generated heat in a co-firing heat-and-power plant 
(CHP).31,32 (An industrial CHP using conventional hard 
coal for electricity production has GHG emissions of 261.5 
kgCO2equivalent/GJelectricity. A CHP based on ORC 
technology has an electrical and thermal efficiency equal 
to 16.3% and 69.6%, based on low heating value of wood 
pellets.)

Scenario development

One of the key aims of the analysis presented in this paper 
was to investigate future markets and opportunities for 
sustainable biomass feedstocks. This depends on aspects 
such as technological and economic developments and 
changes in climate, energy, agricultural, and business poli-
cies. To anticipate the possible changes in biomass trade, 
and market developments, two scenarios were designed for 
2020 and 2030. 

The Business as Usual (BAU) scenario was based on 
a continuation of historic and current trends. The BAU 
scenario was built on current and expected policies in cli-
mate and environmental policies in the sourcing regions. 
Historic feedstock production trends in most countries 
show an increase in production area and yield. These 
trends were assumed to continue in the BAU scenario. The 
sustainable potential calculations were based on  current 
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feedstock extraction rates, taking into account existing 
sustainability restrictions. The domestic demand for dif-
ferent feedstocks was estimated using statistics where 
possible, and in consultation with local field experts 
otherwise. The BAU scenario takes into account trends 
in local use, for instance local use of residues for energy 
production. Continuation of pellet production capacity 
growth trends is applied in the BAU scenario where pos-
sible. In case the growth of production capacity is unclear, 
the growth of pellet plant capacity is based on worldwide 
growth estimates. 

The high export (HE) scenario explored options under 
which larger volumes of sustainably produced biomass 
might become available for export. These may include an 
assessment of possibilities to increase the yields of biomass 
production, of additional land availability for biomass 
production, and of reduced local demand for biomass. 
Agricultural and forestry production was assumed to fol-
low optimistic growth trends, including improved yields 
as a result of better management practices and higher fer-
tilizer use. 

For the calculation of the surplus potential, the lower 
ranges of expert assessment of local demand of feedstock 
were used. The growth rates for pellet plant capacity were 
assumed to be higher in the HE scenario. As a maximum 
growth rate, recent historic growth rates in the United 
States are taken, which showed a very high increase from 
160 ktonne in 2006 to 4800 ktonne in 2013.33 The growth 
rates in specific case-study countries are modeled to US 
growth rates, starting from the period with similar total 
production volume. 

Case study assumptions and specific 
adaptations

The calculation of potentials in each case study was largely 
determined by the availability of statistical data, literature 
and access to local experts. Assumptions were made based 
on literature and expert consultations. In some case stud-
ies, it was necessary to diverge from the general method-
ology due to data limitations or case-specific situations, 
which justified an adapted, more suitable, approach. The 
most important case-specific adaptations to the general 
methodology will be discussed below. 

In Brazil, the technical potential was restricted by land 
suitability, consisting of technical and non-technical 
constraints, according to Verstegen, Van der Hilst and 
Woltjer.34 This entailed the partial inclusion of certain 
restrictions in the additional technical potential towards 
2030. This restriction had a larger effect in the HE 

 scenario, considering the assumptions of larger increases 
in yields and agricultural areas.

In Colombia, the calculation of the sustainable poten-
tial fully excluded oil palm trunks and leaves, as experts 
deemed collection to be prohibitively costly. This could 
limit the sustainable potential by more than just the 
residue fraction needed to cover sustainability criteria. 
Furthermore, as reliable information about pellet produc-
tion capacity was not available, pellet plant capacity was 
not considered as a limiting factor (Elbersen  
et al., accepted for publication).21 For this reason, the only 
results shown for Colombia were the surplus potentials, 
and not the export potentials. Cost supply curves were cal-
culated based on the surplus potentials. 

In Indonesia, the yield of agricultural crops in the HE 
scenario was assumed to be higher than in BAU and 
increased over time until 2030. At the same time, the rate 
of residue removal was supposed to increase, as fewer 
residues are needed for soil protection and to maintain 
soil organic carbon levels as a result of improved crop 
management.35 

In Kenya, as in the Colombia case study, pellet pro-
duction capacity was not considered as a limiting factor 
because data about pellet production was not available. 
Similarly, cost supply curves were calculated based on sur-
plus potentials.

In Ukraine, agricultural production has varied strongly 
in past years. Future investments in the agricultural sec-
tor in Ukraine are uncertain due to the difficult political 
and economic situation resulting from the Ukrainian 
Revolution of February 2014. The assumption was made 
that the total agricultural production volume remains 
unchanged both in the BAU and the HE scenario. The 
amount of residues needed to maintain SOC levels was 
modeled by applying the Rothamsted Carbon model to 
calculate the soil carbon balance.36–38 The model input 
was taken from the MITERRA-EUROPE model. The 
database used in this model is on the NUTS 2 level and 
includes relevant data such as land use, crop type, soil 
type, and topography.39 Data on soil organic carbon levels 
was retrieved from the European Soil Database.40 In the 
HE scenario, the assumption was made that the residue 
removal rate increases gradually until 2030 as a result of 
improved management practices, and the application of 
fertilizer, except for those regions in which the removal 
rate is 0%.22,41,42 In Ukraine, a significant potential for 
dedicated energy crops was assumed, based on a study by 
Van der Hilst et al.22 This study analyzed the bioenergy 
production potential in Ukraine as well as related GHG 
balances of land-use change. In this study the demand for 
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food and feed was calculated in a BAU and progressive 
scenario, in 2020 and 2030, as well as the land required to 
meet this demand. The bioenergy potential was calculated 
based on the production of switchgrass on land still avail-
able after accounting for this existing demand.

In the United States,43 the focus is on the south east 
of the US, which is the most important pellet exporting 
region within the US. Pellet production was based on for-
estry feedstocks, including logging residues, mill residues, 
and pulp logs, making up only a small percentage of the 
total wood market.44 By applying sustainability criteria 
only for wood used for energy purposes, the risk of leak-
age exists; wood sources meeting the criteria can be (re-)
allocated to biomass purposes, whereas non-sustainable 
sources could be used for other purposes not covered by 
sustainability schemes.17 This effect is to be avoided in 
order to ensure overall sustainable harvest practices. A 
slightly different approach was therefore used in the US 
case study. In the calculation of the sustainable potential, 
only the biomass used for pellets is limited by the sustain-
ability criteria. In the calculation of the surplus potential, 
however, the assumption was made that the entire domes-
tic demand for biomass, that is the existing wood market, 
must also meet the sustainability criteria.17 The availability 
of pellet equipment was not included in the calculation of 
the export potential. The pellet market in the United States 
is well developed; large historic growth rates have shown 
that the industry is capable of responding quickly to mar-
ket developments. The pellet plant capacity was therefore 
considered to develop in response to market developments 
and was not included as a limiting factor in the calculation 
of export potential.17

Data collection

Data for the calculation of the different potentials was 
gathered from a combination of sources. Statistical data on 
agricultural and forestry production was combined with 
data from literature, for instance, on sustainable restric-
tion. Regionally specific data was used as much as possible 
to calculate the different potentials. Data from literature 
was, where possible, supplemented by assessments from 
experts in the case-study regions. 

The technical potential in all case studies was based on 
production statistics on a state level, or higher resolu-
tion. The sustainable potential was in some cases based on 
regionally specific input, such as in the Ukraine and US 
case studies. In other case studies, such as in the Brazil 
study, data availability made it necessary to use default 
values for the entire case study. Data on the domestic 

demand of different crops was largely based on personal 
communications with local experts, and was assumed to 
be similar for all regions. 

Sensitivity analysis

The calculation of potentials, costs, and GHG emissions 
in the different case studies involved several assumptions 
and the use of uncertain data. The two different scenarios 
reflect the uncertainty in the future development of bio-
mass potentials, costs and GHG emissions. To further 
analyze the impacts of data uncertainty, sensitivity analy-
ses were carried out for the supply potentials, supply costs, 
and supply GHG emissions by varying several factors that 
strongly impacted the calculations.

The preferred method of obtaining minimum and 
maximum values for selected parameters is from the 
available literature. If no data could be found in the lit-
erature, a three-tier uncertainty system was applied, with 
low, medium, and high levels of uncertainty reflected in 
different uncertainty ranges of 10%, 25% and 50% for 
export potentials and costs; and of 5%, 10% and 20% for 
GHG emissions. The uncertainty for GHG emissions was 
assumed to be lower because, in practice, there is less fluc-
tuation in the three impacting factors used for GHG emis-
sions calculation (nutrient substitution, local transport and 
electricity use). In order to assess the level of uncertainty, 
interviews with experts, where possible from the specific 
case study regions, were used. 

Results

First, to show the results of applying the different method-
ological steps to calculate the export potential, the results 
from one case study are highlighted. To this end, the case 
study of Brazil is considered to be a good example for sev-
eral reasons. Most importantly, the availability of locally 
collected data allowed for the application of all the steps 
of the general methodology. Furthermore, the domes-
tic use of biomass, specifically for energy production, is 
increasing in this country. This results in clear differ-
ences between the scenarios and timelines as the domestic 
demand is increased. The situation in Brazil therefore 
shows the effect of applying different constraints, while 
varying these constraints in different scenarios. 

An analysis of the overall results of all the six case stud-
ies will then be shown, focusing on the differing export 
potentials under different timelines and scenarios, as well 
as the respective cost supply curves and the GHG supply 
curves. 
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Results from the Brazil case study

The technical potential of agricultural and forestry residues 
shows the importance of sugarcane residues, especially 
from São Paulo state, accounting for 43% of the total tech-
nical potential (see Appendix E for a map of all included 
states). The sustainable potential was calculated by applying 
a sustainable recovery factor (SRF); see Eqn 2. Sustainable 
recovery factor values for Brazil were obtained from litera-
ture research, and for sugarcane, cross-checked through 
interviews with local experts (Roozen A, personal commu-
nication).45–52 The SRFs obtained from the literature were 
derived from field experiments investigating the effects of 
residue removal on soil nutrient balance, soil erosion rates, 
and soil organic carbon percentages. The chosen SRFs rep-
resent a removal rate at which these sustainability indica-
tors are not negatively impacted. The SRFs are impacted by 
local conditions, such as soil type, slope, and climate; there 

is, however, no data available on geographically specific 
SRF factors. To overcome this problem, a default SRF was 
used for the entire case-study region, drawing from litera-
ture on sustainable residue removal in Brazil.52 This default 
can be considered conservative; case studies on the removal 
of rice, soybean, and corn residues in Brazil show removal 
rates that are higher than the default removal rates used in 
this study (Cervi, unpublished).53–55

The residue recovery limitation does not apply to pro-
cessing residues such as bagasse, rice and coffee husks, and 
orange peels, which can be 100% utilized. The sustain-
able recovery factors of the different feedstocks can be 
found in Appendix C. As the use of sugarcane bagasse is 
not restricted by sustainability criteria, the relative con-
tribution of sugarcane to the sustainable potential is even 
larger, with sugarcane bagasse accounting for 56% of the 
total potential (see Fig. 2). 

Figure 2. Technical potential current scenario in Brazil, per feedstock and region; techni-
cal, sustainable, and sustainable surplus current scenario in Brazil. 



302

T Mai-Moulin et al. Modeling and Analysis: Sustainable overseas biomass for EU ambitions

© 2018 The Authors. Biofuels, Bioproducts, Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd.   
|  Biofuels, Bioprod. Bioref. 13:293–324 (2019); DOI: 10.1002/bbb

Figure 2 shows the sustainable potential and sustain-
able surplus potential of the different residues in Brazil. 
Sugarcane bagasse is already used predominantly for the 
production of local electricity and heat. Currently 90% of 
the bagasse is used locally to provide electricity and heat 
to sugarcane mills, and excess electricity to the power grid 
(Roozen A, personal communication). The demand for local 
residues used to produce electricity is expected to increase 
significantly based on the expected increased contribution 
of bioelectricity to Brazil’s energy needs from 3% to 18%.56 

Considering this strong pull towards local use of sugar-
cane bagasse, the assumption was made that the remain-
ing residues that can technically be harvested will, in the 
future, be used locally as well. The additional assumption 
was made that residues that do not meet the quality stand-
ard required for local production of electricity or heat, will 
not meet the criteria required to produce pellets either, 
and are therefore considered unavailable. The local use of 
sugarcane bagasse was therefore assumed to increase to 
100% in the BAU 2030 scenario. 

Sugarcane straw has predominantly been burned in the 
fields in the past. In recent years, federal governments, 
with São Paulo being the first, have banned this practice 
to limit damage to the environment and surrounding vil-
lages.57 The common practice changed to piling up the 
sugarcane stalks in the fields. Partial straw removal from 
the fields for additional electricity production is beginning 
to take place. These trends, as considered by local experts, 
will result in increased local use of residues towards 
2030.58 To account for the uncertainty in these develop-
ments, domestic demand is varied: demand was assumed 
to increase from 0% in the current situation towards 50% 
in the BAU scenario, and 25% in the HE scenario in 2030. 
After considering the domestic demand for residues, the 
total sustainable surplus potential was reduced to just 17% 
of the sustainable potential in 2030 in the BAU scenario 
and 31% in the HE 2030 scenario. 

The last limitation applied was the availability of pellet 
plant capacity needed to densify the residues. The current 
potential was calculated based on the capacity of existing 
plants.59 The capacity in the case-study regions is currently 
630 ktonnes per year. A capacity factor of 80% was used to 
calculate the actual pellet-producing capacity. This is con-
sidered optimistic because, in reality, pellet plants often 
run at lower capacity because of supply limitations.60

As data about expected growth rates of pellet production 
capacity was not available, estimations about future capac-
ity in the BAU scenario were based on world-wide pellet 
capacity developments expected between 2015 and 2023.61 
This growth was expected to continue until 2030. For the 

HE scenario the assumption was made that the pellet plant 
capacity increases with growth rates modeled after the his-
torical pellet capacity growth in the United States.33 This 
results in an annual export potential of 71 PJ in the BAU 
scenario and 411 PJ in the HE scenario in 2030. 

The newly added pellet capacity was assumed to be 
divided according to the surplus potential in each state. 
Until 2020, pellets were assumed to be produced from for-
estry residues; the sustainable surplus forestry potential 
exceeds the pellet plant capacity. After 2020, agricultural 
residues were assumed to make up a share of 30% of the 
additional pellet production capacity, increasing in some 
states where there is a limited supply of forestry residues. 

Limiting factors

The extent to which specific constraints limit the various 
potentials varies between case studies, reflecting, amongst 
other things, differences in sustainability concerns, 
domestic uses of biomass and the maturity of wood pellet 
production markets. In this section, the main limiting fac-
tors per case-study country are discussed. 

In Brazil the potential is limited by the local use of sug-
arcane residues for the generation of heat and electricity, 
corn stover and cassava straw for cattle feed, rice and coffee 
husk for chicken bedding, and orange peel for citrus pulp 
pellets (Roozen A, personal communication).62–67 A lack 
of railway infrastructure increases the cost of pellet export 
and the export potential is limited by the lack of pre-treat-
ment technology; the existing pellet capacity is very small 
in Brazil and the focus is on ethanol instead of pellets.59

In Colombia the potential is reduced by the use of palm 
residues for compost production and the use of sugarcane 
bagasse for co-generation to generate process energy in 
sugar and ethanol mills. Poor infrastructure limits the 
mobilization of field residues, increasing the cost of trans-
porting pellets from inland areas. High mineral and mois-
ture content of residues limits the production of pellets. A 
lack of pellet plant capacity limits the export potential in 
general, no pellet plants exist in Colombia as of yet, and 
data on pellet capacity development is lacking (Elbersen  
et al., accepted for publication).21

The potential from Indonesia is limited by the local use 
of palm residues for electricity production at palm-oil 
mills and the use of palm fronds as fertilizer at palm-plan-
tation sites. Sustainability concerns of expanding palm 
plantation areas, especially at areas not under governmen-
tal support, result in excluding these areas from the sus-
tainable potential. No pellet plants exist in the investigated 
regions in Indonesia, limiting the export potential. At the 
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same time, capacity is assumed to grow at a fast pace, con-
sidering the possibility of integrating pellet production in 
existing and growing oil mills.35

In Kenya, avoiding soil erosion and nutrient depletion 
is an important issue, resulting in a low SRF. The use of 
agricultural residues for cattle feed, and forest residues for 
cooking, reduces the surplus potential. Large distances from 
production regions to the Mombasa port, and poor quality 
of infrastructure, increase the cost of exporting pellets. No 
pellet plants exist in Kenya and no data is available on pellet 
capacity development, limiting the export potential.68–70 

In some regions in Ukraine the SRF factor is low. In 
many regions 100% of the maize straw can be removed, 
with stubbles, chaff, and below-ground carbon being suf-
ficient to maintain SOC levels. Removal levels for barley 
straw are generally low, however – below 45%. Levels for 
rapeseed, sunflower, and wheat vary between 0% and 100% 
per region. Historic growth rates of pre-treatment capacity 
are low, therefore pellet capacity is assumed to remain a 
strong limiting factor.71

In the United States, sustainability requirements are 
considered to apply to the entire US wood market, forming 
the main limiting factor. This is in order to avoid nutrient 
depletion and biodiversity loss and to avoid unsustainable 
shifts in harvest practices.17

Combined case study results

Results show a very large technical potential for lignocel-
lulosic biomass supply in 2030, especially in the form of 

energy crops from the Ukraine and agricultural residues 
from Brazil, as seen in Fig. 3. Due to several restrictions 
applied in this study, the sustainable, sustainable surplus, 
and export potentials are considerably smaller. In the BAU 
scenarios, the local demand for biomass forms the largest 
restricting factor, with the pre-treatment capacity being an 
important limitation as well. In the HE export, the limited 
increase over time of pre-treatment capacity forms the 
main limitation. 

The overall export potential increases strongly in the HE 
scenario towards 2030, due to the high assumed annual 
growth rates of pellet production capacity. In 2030, in the 
HE scenario, Brazil contributes 26% to the total potential, 
Indonesia 20%, the United States 29%, and Ukraine 14%. 
As the export potential could not be assessed in the case 
studies of Colombia and Kenya, these countries are left out 
of consideration. 

Cost supply curves

When looking at the cost supply curves (Fig. 4 and Fig. 5) 
there is a large difference between the case studies. The 
least expensive lignocellulosic biomass can be imported 
from Ukraine, the cheapest residues being 6.4 €/GJ. 
Delivery costs from Indonesia (from 11.8 €/GJ) and Brazil 
(from €10.8/GJ) are significantly higher. The cost of ligno-
cellulosic biomass from the United States in the HE sce-
nario starts off reasonably low at €7.8/GJ and stays under 
15 €/GJ for 400 PJ (about 89% of the total export poten-
tial).17 The steep increase in costs towards the end of the 

Figure 3. Technical, sustainable, sustainable surplus and export potentials in the differ-
ent case study countries – BAU 2030 and HE 2030.
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US cost supply curve is the result of the modeling of costs 
of forest thinnings from areas with poor or no road access. 
Increased ‘distance to road’ results in very expensive bio-
mass, which in reality would not likely be harvested, but 

is still available for use.17,72 The US case study furthermore 
includes incremental costs for additional feedstock supply, 
resulting in a sharp increase in feedstock cost towards the 
maximum supply potential as identified in this case study. 

Figure 4. Cost supply curves of export potential (Brazil, Kenya, Ukraine – solid lines) 
and sustainable surplus potential (Colombia, Kenya – dashed lines) delivered to the Port 
of Rotterdam in the BAU 2030 scenario.

Figure 5. Cost supply curves of export potential (Brazil, Kenya, Ukraine, United State – 
solid lines) and sustainable surplus potential (Colombia, Kenya – dashed lines) delivered 
to the Port of Rotterdam in the HE 2030 scenario.
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Greenhouse gas emission curves

The calculations of GHG emissions show that average 
emissions from the United States are the lowest, emissions 
from Kenya, Ukraine, Brazil and Colombia are higher, 
but the highest values are for Indonesia (Fig. 6). In the 
Colombia case study, the emissions of pre-treatment were 
assumed to be zero as residues were considered to be used 
for the production of energy for plant operation and main-
tenance activities, which resulted in no GHG emissions. 
In practice, there are still emissions due to diesel use for 
machinery and the use of electricity from the national grid 
in the pre-treatment plants. In order to easily compare 
the results with other case studies, a GHG emissions fac-
tor from electricity production was taken into account in 
Colombia, following the BioGrace II default values.32

With shorter intercontinental transport routes to the 
import harbor of Rotterdam, Ukraine has the lowest inter-
national transport emissions. Indonesia has the highest 
transport emissions, due to the long transport distance 
to the EU. The emissions from local transport are high-
est in Kenya and Brazil. In both countries, the state of 
infrastructure is poor and the distance between sourcing 
regions to the export harbors is large. Emissions from 
pre-treatment plants are highest in the United States 
and Ukraine, mainly due to the high electricity emission 
coefficients in those countries. Emissions from nutrient 
substitution are highest in Indonesia and Ukraine due to 
higher fertilizer use to substitute the removed residues for 
soil organic carbon. The United States is the only country 

where cultivation and harvesting are taken into account, 
since the collection of forest residues is a well-regulated 
activity in which emitted GHG emissions are recorded.

In both BAU 2030 and HE 2030, the potential supply 
from all the case studies meets the current 70% and pro-
posed 80% cut-off reference for heat as set by the current 
and recasted EC Renewable Energy Directive (34.1 and 
28.4 kg CO2/GJ respectively in co-firing heat and power 
plants). When using the current 70% cut-off reference for 
electricity (12.8 CO2/GJ), as defined in the current RED,8 
all potentials from Indonesia and most potentials from 
Kenya and Brazil are above the GHG reduction limit for 
heat production, as can be seen in Fig. 7. When using the 
proposed 80% reference for electricity (10.7 CO2/GJ) in the 
recasted RED, 80% of total potentials are not qualified to 
be exported to the EU. The share of the potential that does 
not meet this threshold will not likely be mobilized to the 
EU in the future if strict GHG emission reductions are 
applied.

Sensitivity analysis

Sustainable surplus potential

The uncertainty analysis is based on the sustainable 
surplus potential, because this was assessed for all the 
countries. The export potential as calculated in this study 
depends solely on the pelletization capacity as limiting 
factor and would therefore not show the impact of varying 
parameters. The three factors that have the highest impact 

Figure 6. Average GHG emissions of solid biomass supply chains in different case study 
countries.
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Figure 8. Total surplus potential uncertainty ranges of the six case studies – based on the BAU 2030 potential (left) and HE 
2030 potential (right).

Figure 7. Greenhouse gas supply curves of export potential (Brazil, Kenya, Ukraine, United States – solid lines) and sustainable 
surplus potential (Colombia, Kenya – dashed lines) delivered to the Port of Rotterdam – BAU 2030 (left) and HE 2030 (right).
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on the sustainable surplus potential, the RPR, the SRF, and 
the LD, were varied in this sensitivity analyses.

For the Ukraine case study, the RPR is varied with the 
highest and lowest value within Europe,73 resulting in a 
variation between 81–137%. For the SRF, a lower value was 
used based on a European commission report, resulting in 
a potential of 91% of the reference potential.73 For the LD, 
as the lower end of the range, the reference value was used 
combined with the assumption that residues are traded 
across regions. The higher end of the range uses an alter-
native estimate from the European Commission of 14.5% 
instead of 31%, resulting in a variation between 87–133%.73 

The RPR variation in Brazil for all crops was modeled after 
data of the range of Cassava availability, between 144 and 
257% of the product.63 The SRF in Brazil is highly uncer-
tain, as referenced by a variation of corn stover removal in 
literature between 20% and 100%.74,75 Alternative sources 

also provided data on sugarcane tops and straw SRF values 
of 65% of the reference value and soybean straw SRF values 
of 144% of the reference values.76 To reflect this large uncer-
tainty, a variation of 50% for non-process residues was used. 
The availability of residues was varied with 35% based on 
assumption used by Portugal-Pereira et al.76 

For the US case study it was not possible to assess the 
data uncertainty in the literature, since the parameters 
were the result of several overlapping, spatially explicit 
datasets. It was not possible to use literature to assess the 
data uncertainty at this detailed spatial level. The pellet-
production industry is well established in the United 
States, so the uncertainty of residue availability as well as 
the demand for paper, paperboard, and panels is consid-
ered low. The RPR and LD are therefore varied by 10%. 
The SRF is considered somewhat more uncertain, consid-
ering the difficulties of determining local sustainability 

Figure 9. Sensitivity of five case studies (excluding Colombia) for different cost parameters. 
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Figure 10. Uncertainty ranges cost supply curves – BAU 2030.

Figure 11. Uncertainty ranges cost supply curves – HE 2030.

concerns based on a high-level spatial analyses. As a result, 
the SRF is varied by 25%.

In Colombia, the RPR and SRF values of palm and sugar 
cane residues are clearly undetermined as residues are 
estimated based on the total quantity per ha in Colombia. 
Those values are considered based mainly on the studies 
of palm residues in Indonesia and Malaysia, with ranges 
of 82–127% and 74–112% respectively. Local demand was 
estimated based on the project field interviews with a range 
of 86–114% (Elbersen et al., accepted for publication).21  

In Kenya, interviews with representatives of Ministries of 
Agriculture and Energy as well as meetings with farmers in 

various regions of the country have resulted in an average 
RPR range of 82–127% and LD range of 77–136%.77 Regarding 
the SRF, no data were available for Kenyan case studies. 
However, SRF references were taken into considerations from 
Mozambique and South African data with similar local con-
ditions of agricultural cultivation and harvesting.68,69,78

For the Indonesian case study, the average RPR was esti-
mated based on studies of palm-oil residue potentials for 
both Indonesia and Malaysia (of similar climate and agri-
cultural conditions),79,80 resulting in a variation between 
80–124%. Regarding the SRF value, a range of 74–112% 
was applied based on the studies on palm oil residues used 
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in both Indonesia and Central Kalimantan.80,81 Based on 
studies on Malaysian local use of palm residues, the LD 
was varied between 94% and 115%.82

The combined effect of varying the parameters on the 
potentials in the BAU 2030 and HE 2030 scenarios is shown 
in Fig. 8. 

Costs

There are large degrees of uncertainty in the use of differ-
ent cost factors. It was not possible to assess the cost factors 
through detailed field research in the different case studies 
or literature review. To show the impact of cost assump-
tions, five varying parameters were considered: electricity 
cost, transport cost (from pre-treatment facilities to import 
ports), pre-processing cost (including cost of feedstock, 
collection and transport to pre-treatment facilities), pellet 
plant capital cost, and labor cost. The cost of electricity is 
considered relatively less uncertain, and is varied by only 
10%. Capital cost of pellet plants is considered the most 
uncertain, as mentioned in expert interviews, and is varied 
by 50%. The other factors are varied by 25%. 

Figure 9 shows the impact of changing different param-
eters in the different case studies. Colombia was not 

included because this cost calculation could not be based 
on country-specific parameters. Cost calculation in the 
United States includes incremental feedstock cost, result-
ing in a sharp increase towards the end of the cost supply 
curve. For the sake of showing the sensitivity to impacts 
on the largest part of the United States’ cost supply chain, 
and to align these results with the methodology followed 
in the other case studies, a cut-off is applied at 15 €/GJ, 
corresponding to 89% of the total potential. The results of 
sensitivity analyses of the different case-study countries 
can be found in Appendix H. 

The combined effect of varying the different parameters 
(varied with respectively 10%, 25% and 50% as explained 
above) is shown as a cost-supply curve uncertainty range 
for the BAU 2030 scenario in Fig. 10 and for the HE 2030 
scenario in Fig. 11. 

GHG emissions

The three key factors impacting the GHG emissions that 
strongly depend on local conditions are nutrient substitu-
tion, transport emissions and electricity production emis-
sions.32,64,65,83,85–87 Research and consultation with stake-
holders were also carried out to investigate to what extent 

Figure 12. Sensitivity of six case studies for different GHG emissions parameters. 
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Figure 14. Uncertainty ranges GHG emission curves – HE 
2030.

Figure 13. Uncertainty ranges GHG emission curves – BAU 
2030.

also electricity emission factor is less uncertain, so they are 
set at 5% for comparison and uncertainty analysis. 

The results of sensitivity analysis for the different case 
study countries can be found in Appendix I. The combined 
effects of GHG emissions are presented in Fig. 12. Figure 13 
and Fig. 14 show the total GHG emission uncertainty ranges 
for the five case studies in the BAU 2030 (no export poten-
tials available for the United States under this timeline) and 
for the six case studies in HE 2030. In the current situation, 
the largest part of the export potentials from the sourcing 
countries meet the EU 80% GHG emission reduction for 
heat production and 70% GHG emissions reduction for 
electricity production, as can be seen in Fig. 13. Figure 14 
shows that most potentials would be eliminated under the 
strictest EU GHG emissions limit if three impacting fac-
tors are all included (except for some parts from Ukraine, 
the US and Colombia). Figure 14 also indicates that if lower 
nutrients, less fossil fuels, and grid electricity are used in the 
local supply chains, a higher quantity of biomass qualifies 
for export from Ukraine, the United States, and Colombia. 

Discussion and conclusions

Discussion

Future export perspective

In the United States, given the interlinkages between the 
pellet industry and the conventional (in particular sawmill-
ing) wood industry, the pellet industry can only flourish 
if the traditional industry flourishes.87 The pellet industry 
is expected to expand significantly if the conventional for-
est product use increases, as this would lead to increasing 
levels of low-quality round-wood and residues becom-
ing available. However, these dynamics are not explicitly 
accounted for in the present analysis. Domestic demand, 
together with EU sustainability constraints, also plays an 
important role in determining whether export potentials 
will be available from the United States. In the BAU 2030 
case, due to higher local demand and stricter application 
of sustainability requirements for sustainable biomass 
exported to the EU, export potentials are equal to zero. In 
the HE 2030 scenario there is high availability of biomass 
for export. In order to reach these export quantities, pel-
letization capacity needs to be expanded, requiring trust by 
the industry that demand (in the United States, the EU or 
other export markets) will steadily increase. 

In Ukraine, forest residues are not included in the poten-
tial estimation as in practice they are not mobilized and 
there are no incentives to change this situation. The qual-
ity of the road networks in Ukraine limits accessibility to 

ranges of these factors reflect changes in GHG emissions. The 
study then considered that in Ukraine, Indonesia, Kenya, 
Brazil and Colombia, variation in nutrient substitution and 
local transport is ± 20% (low: −20% and high: +20%). This is 
explained by using nutrients to boost crop yields; and a low 
quality of infrastructure, which results in high GHG emis-
sions per kilometer. Electricity use has a range of ±10% (low: 
−10% and high: +10%), which reflects changes in electricity 
use in the sourcing regions. With a similar consideration for 
local transport in the United States, transport emissions are 
also set at ± 20%. However, nutrient substitution is currently 
not applied for the use of forest biomass in the United States, 
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certain areas, especially during certain weather conditions. 
This is included in the calculation of cost supply curves in 
the form of high transport cost per kilometer, but is not 
included as a limiting factor for the calculation of poten-
tials. The lack of pellet plant capacity in Ukraine strongly 
limits the export potential. Investments in the bioenergy 
sector in Ukraine, as a result of increased demand for solid 
biofuels in Europe, could reduce this barrier. However, the 
current political situation may hinder investments. 

In Brazil, potentials increase from the current situation 
towards 2030. Current agricultural practices of leaving 
large amounts of residues in the field, if positively changed 
by collecting part of those residues, could add to the sur-
plus potential over time. If the bioenergy sector in Brazil 
develops, it could make a significant contribution to socio-
economic developments in Brazil  strengthen the renew-
able energy sector in both Brazil and the EU.

In Colombia, the investigation indicated that more 
investments in the bioenergy sector would be needed. 
Calculated potentials are lower than actual potentials as a 
result of excluding inland regions where transport costs are 
too high. Investments in accessible infrastructure would 
increase the potential for solid biomass mobilization both 
for local and export uses. In Indonesia, palm residues such 
as fronds or empty fruit bunches are currently largely left 
as waste in the fields and at oil mills. Palm residues are cur-
rently free of charge; in the future, feedstock cost might be 
added once palm residues become commercialized. Costs 
might also be higher if the certification of the Roundtable 
on Sustainable Palm Oil would be implemented to provide 
sustainability compliance of palm plantation. It was dif-
ficult to predict local consumption of palm residues in 
Indonesia. It is considered likely that palm residues will be 
largely attributed to export due to the established supply 
chains of the palm industry. Local households could mobi-
lize other local alternative energy carriers such as rice straw 
and husk and corn stover. 

In Kenya, aggregate biomass potentials decrease over time 
as food demand, woody biomass deficit, and livestock nutri-
tional needs are projected to increase towards 2030. Some 
agricultural yields in sub-Saharan Africa are projected to 
decrease, caused predominantly by lack of water, soil loss, 
and land degradation.88 Proper farming practices could help 
to boost agricultural production and thereby also result in 
more residue production. Kenya is not considered a suitable 
country for energy crop cultivation as many attempts failed 
to boost biofuel production in the country. There is resist-
ance from local NGOs; there are conflicts between locals, 
and governmental corruption is an issue. Overall, Kenya 
does not seem to be a suitable export country until these 

issues are resolved. This could differ for other sub-Saharan 
countries. For example, in another study, van der Hilst and 
Batidzirai find substantial biomass export potentials for 
Mozambique while applying a similar methodology.19,78 

This study found that, in certain regions, the poor state of 
infrastructure, logistic conditions, and pre-treatment capac-
ity limits the availability of solid biomass to be mobilized 
for export. These barriers furthermore result in high costs 
and high GHG emissions in some regions. If these chal-
lenges are to be overcome, costs and GHG emissions will be 
reduced and access to feedstocks in remote regions could be 
achieved, leading to the availability of higher export poten-
tials, with more competitive costs and lower GHG emissions.

If sustainability requirements, are being implemented 
or established in certain countries, the market price and 
global trade of solid biomass might change from one coun-
try to another. Countries with no or loose sustainability 
requirements will more likely import certain shares of 
biomass compared to countries with strict sustainability 
requirements. More research is necessary to more accu-
rately predict the future global trade of solid biomass for 
the bioenergy sectors in different countries. 

Differences in local demand for biomass feedstock, sus-
tainability criteria, and different levels of market maturity 
result in different levels of feedstock availability for export. 
For easy comparison of costs and GHG emissions, the 
assumption was made that most feedstocks are suitable for 
pelletization. In reality, agricultural residues may require 
additional pretreatment compared to biomass originating 
from forestry (e.g. washing to remove corrosive elements), 
or may require pre-treatment through pyrolysis or tor-
refaction. Those assumptions may also lead to lower or 
higher biomass availability for export, as well as changed 
cost supply curves and emissions supply curves. 

As a result of limited data availability and difficulties in 
consulting local stakeholders regarding national policy 
focus and local markets, results need to be interpreted with 
a degree of uncertainty. Market prices for biomass used for 
bioenergy production were not stable in the last two years 
and it is difficult to predict market trends in the future. 

Other global demand for biomass

So far, this paper has implicitly assumed that all export 
potentials are available to the European Union. However, 
the demand for solid biomass for bioenergy is predicted 
to increase elsewhere too, until 2030.7,13 Matzenberger 
et al.14 have studied three global integrated assessment 
models, GFPM, TIMER and POLES, and have assessed 
the (implicit) global biomass trade streams in these mod-
els. This study shows that Europe will still be the main 
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importing region for bioenergy by 2030. At the same time 
there are emerging countries competing for lignocellulosic 
biomass resources with the EU, notably India, Japan, and 
South Korea. The latter two have recently started to import 
biomass for energy. Simply based on the geographic vicin-
ity, it is possible that the Indonesian resource potentials will 
be used in East Asia rather than being exported to the EU. 

While this study has focused on the six case studies, initial 
investigations of potentials have indicated that countries 
such as Canada, Russia, Mozambique, Argentina, Vietnam, 
India and China also have high potentials of lignocellulosic 
biomass for both local use and export. Canada produces 48 
PJ of wood pellets/year and 90% of this quantity is currently 
exported.89,90 Canada also implements sustainable forest 
management, aiming to meet environmental, social, and eco-
nomic requirements for lignocellulosic biomass, and is cur-
rently a leader in third-party certified forests.90 Russia is an 
exporter of wood pellet and has high potential resulting from 
its large forest industry,14,15 although the current political 
situation has limited its export capacity. According to van der 
Hilst and Batidzirai,19,78 Mozambique has potential for up to 
2.7 PJ of combined agricultural and forestry residues as well 
as potentials of 1.6–7.0 EJ from energy crops. Although local 
uses of food and feed have not been carefully investigated in 
this study, Mozambique probably has the potential to export 
biomass.19,69,78 Vietnam is currently the leading export of 
wood pellets to South Korea and Japan, with more than 18 PJ 
of wood pellets exported in the last three years,89 and is cur-
rently the highest exporting country of solid biomass in Asia. 

From this perspective, further investigation in these 
countries together with this study will provide a more 
comprehensive overview of the potential global trade of 
solid biomass. Given the existence of additional demand 
for biomass in other world regions and potential addi-
tional exporters to the EU not included in this paper, the 
projected biomass import potentials in this study should 
be seen as examples to illustrate the order of magnitude 
and conditions for import, not as solid projections.

Conclusion

Results for the six case studies have shown that the sus-
tainable export potential of lignocellulosic biomass is cur-
rently limited. However, depending on specific country 
conditions, the study also shows that sustainable export 
potentials may increase in the future in most countries, 
particularly in the HE scenario.

Ukraine, Indonesia, and Brazil may become promising 
sourcing countries in the future as potentials increase from 
18, 0 and 9 PJ in the current situation to 203, 356 and 411 

PJ respectively in the HE 2030 scenario. On the other hand, 
potentials in the United States decrease to almost zero in 
2030 in the BAU scenario when sustainability criteria are 
applied to the whole forest sector instead of just the pellet 
sector. Such assumptions were not made in the other case 
studies. When sustainability criteria are only applied to 
the pellet sector, the export potentials from the south-east 
United States may become the largest of all case studies 
increasing to 452 PJ in the HE 2030 scenario. Potentials in 
Kenya and Colombia increase only moderately compared 
to other countries from 20 and 29 PJ in the current situa-
tion to 68 and 93 PJ respectively in the HE 2030 scenario.

The feasibility of importing lignocellulosic biomass to the 
EU is limited by costs. When comparing the estimated costs 
of solid biomass export from the different sourcing coun-
tries with the global average market prices in the last five 
years, it can be seen that this is one of the main limiting fac-
tors. The costs of solid biomass from Ukraine are relatively 
low, ranging from 6.4 €/GJ to 11.8 €/GJ. This can mainly be 
explained by the shorter transport distance from Ukraine 
to the port of Rotterdam. Interestingly, Colombia is three 
times farther from the Netherlands than Ukraine but costs 
from Colombia are calculated to be between 6.5 and 9.2 €/
GJ as a result of cheap feedstock and low pellet-production 
cost. In the United States, the costs range between 7.4 €/GJ 
to 35.0 €/GJ; the high end of the range is the result of the 
increased cost of collecting residues when approaching the 
maximum potential, resulting in 89% of the potential rang-
ing between 7.4 €/GJ and 15.0 €/GJ and the other 10% rang-
ing between 15 €/GJ to 35.0 €/GJ. As a result of long-dis-
tance intercontinental transport, as well as expensive inland 
transport, Brazil and Indonesia bear higher cost ranges, 
from 10.8 €/GJ to 15.3 €/GJ and 11.6 €/GJ to 16.2 €/GJ. 

The market price of wood pellets in the Netherlands 
between 2009 and 2016 ranged between 6.3 €/GJ to 8.0 €/
GJ, which is considered representative for the international 
wood pellet market value.91 It can be seen that lignocellulosic 
biofuels from the six case-study countries are not likely to be 
exported under the low-end of this price range. Under the 
high-end price, a small potential of 15.7 PJ in the BAU 2030 
or 94.4 PJ in the HE 2030 could be exported. In both sce-
narios this can be attributed to potentials from Ukraine. In 
all other case studies, calculated supply costs exceed 8.0 €/GJ. 
If the market price were to increase to 10 €/GJ, the import 
potential meeting this threshold would increase to 34.2 PJ in 
the BAU 2030 scenario and 308 PJ in the HE 2030 scenario.

This study also shows that GHG emissions are currently 
not a critical issue in the countries investigated for bio-
mass to be qualified for export to the EU. The potentials 
from all the six countries comply with the requirements 
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for 70% GHG reduction compared to fossil fuel-based heat 
and electricity production, as recommended in the EU.83 
This can be explained by the fact that the largest part of 
the potentials is mobilized from agricultural and forest 
residues where emissions from cultivation are exempted. 
Pre-treament plants partly use lignocellulosic biomass 
to produce electricity for their operations. Pre-treatment 
emissions are therefore also partly exempted. 

If the requirements of GHG emissions are strengthened 
up to an 80% reduction, as identified in the proposed 
RED,8 only the potentials in the United States, Ukraine and 
Colombia, and part of the potentials in Kenya and Brazil, 
meet the sustainability requirements for heat production. 
The potentials are particularly limited regarding biomass 
used for electricity production, in this case only part of the 
potentials from the United States, Ukraine, and Brazil meet 
the reduction criterion. This is mainly due to intercontinen-
tal and local transport, which accounts for a large share of 
the GHG emissions, especially from countries far away from 
the European Union. In Indonesia, Ukraine and Kenya, 
large amounts of fertilizers need to be used for nutrient sub-
stitution, which also causes higher total emissions. 

Despite these constraints, it can be concluded that sub-
stantial sustainable biomass export potentials currently 
exist, and one of the biggest constraints is currently to 
mobilize these potentials. The results presented in this 
study were used in the BioSustain study, research at EU 
level to analyze potential future intra-EU and extra-EU 
biomass supply scenarios. The BioSustain results show 
that the potential from the case studies included in the 
Biotrade2020+ study could cover 32% of the extra-EU 
demand for biomass in 2020 and 69% in 2030.92
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Appendix

Appendix A. Classification of feedstocks
Agricultural resources

Primary Crop residues from major crops – corn stover, small grain straw, and others 
Grains (corn and soybeans) used for ethanol, biodiesel, and bio products 
Perennial grasses 
Perennial woody crops

Secondary Animal manures
Food/feed processing residues

Tertiary Municipal solid waste and post-consumer residues and landfill gases

Forest resources

Primary Logging residues from conventional harvest operations and residues from forest management and land clearing operations
Removal of excess biomass (fuel treatments) from

Secondary Primary wood processing mill residues
Secondary wood processing mill residues
Pulping liquors (black liquor)

Tertiary Urban wood residues – construction and demolition debris, tree trimmings, packaging wastes and consumer durables

Appendix B. RPR and LHV values and SRF
Feedstock RPR (t/t) LHV (MJ/kg) (%) SRF (%)

Brazil Sugarcane tops/straw 0.3494 17.3895 5046

Sugarcane bagasse 0.3094 17.7196 10047

Soybean straw 1.4094 12.3896 2548

Corn stalk 0.7897 17.4546 3048–50

Corn cob 0.2265 16.2847 3048,50–52 

Corn husk 0.2047 12.0096 3048,50–52

Cassava straw 0.8094 17.5096 3048,50–52 

Rice straw 1.4894 16.0296 2548

Rice husk 0.2294 14.1798 100

Coffee husk 0.2194 17.7195 100

Orange peel 0.5099 17.11100 100

Field residues 0.15101,102 19.05103 52.553

Paper and cellulose production residues 0.11750,51 18.1852 100

Sawmill and furniture industry residues 0.382565,98,104 18.18100 100

RPR (t/t) HHV (MJ/kg) SRF (%)105

Colombia Sugarcane trash 3.26106 18.69107 50–70a

Oil palm shell 0.22108 21.5109 83–92b

Oil palm fiber 0.63106 19.2109 83–92b

Oil palm empty fruit bunch 1.06106 17.9109 83–92b

Sugarcane bagasse 2.68106 19.37107 100

RPR (%)81,84 LHV (MJ/kg)81 SRF (%)81,84

Indonesia Palm EFB 21.07 18.88 95

Palm shell 4.29 20.09 85

Palm fiber 15.42 19.06 85

Dry quantity(t/ha)

Palm frond 10.88 15.72 100

Palm trunk 2.48 17.47 100
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RPR (t/t)70,72,110–112 LHV (MJ/kg)70,81,113–115 SRF (%)70,81,113–115

Kenya Bagasse 0.38 12.93 40

Sugarcane stalks and leaves 0.22 16.61 9

Molasses 0.04 8.50 100

Sisal ball 4.10c 14.85 83c

Sisal bogas 19.80d 14.85 100d

Coffee husk 0.24e 14.10 83e

Coffee pulp 2.42e 0.01 100e

Coconut husk 1.10 17.66 100

Rice straw 2.19 13.45 3

Rice husk 0.29 16.17 100

Offcuts and chips (share in timber waste) 57,5%71,116 19.2106,117–119 81

Sawdust (share in timber waste) 19,5%g, 71 16.8106,116–118 0

RPR (t/t) LHV (MJ/kg) SRF (%)f

Ukraine Barley 0.8 13.6120 (wet) 0–100

Maize 1.3 7.6120 0–100

Rapeseed 1.8 14.3120 0–100

Sunflower 1.9 5.7120 0–100

Wheat 1 13.3120 0–100

Primary forestry residues 16.0 0–75

Secondary forestry residues 17.9 0–75

RPR LHV (MJ/kg, wet) SRF (%)74

US Mill residue g 6.95 100

Logging residue g 6.95 50–67a

Softwood biomass g 6.95 h

Hardwood biomass g 6.95 h

Other removals g 6.95 50
aVaries per scenario.
bVaries per scenario, total for oil-palm residues (including empty fruit bunch, fiber and shell).
cThis price is calculated based on data from Real Vipingo sisal estate in Kilifi County. Each year 300 ha is harvested; 3000 plants are pro-
duced per ha, with a sisal ball weighing 20 kg. Fiber production was 5100 t in 2014. 
dThe lower limit of sisal bogas RPR is provided by Real Vipingo’s estate measurements. 
eData from Kofinaf (coffee mill) in Kiambu County.
fVaries per region in Ukraine, calculated using spatial data on soil type, production intensity, crop type, and climate.
gCalculated using spatial date on forest product removal (on county level) from the US Forest Service Timber Products Output (TPO) data-
base (USDA-USFS 2015).
hVaries per region in the United States, calculated using spatial data on protected areas of conservation significance, rarity-weighted spe-
cies richness and forest types (taking into account exclusion of gum-cypress and a 10% exclusion of oak-pine forest types).121

Appendix B. Continued



321

Modeling and Analysis: Sustainable overseas biomass for EU ambitions T Mai-Moulin et al.

© 2018 The Authors. Biofuels, Bioproducts, Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd.   
|  Biofuels, Bioprod. Bioref. 13:293–324 (2019); DOI: 10.1002/bbb

Appendix C. Local demand (share not available) (%)
Current 2020 BAU 2020 HE 2030 BAU 2030 HE

Brazil Sugarcane bagasse 90 100 90 100 90

Sugarcane tops/straw 0 0 0 50 25

Soybeans straw 0 10 0 30 0

Corn stover 60 60 50 60 30

Cassava straw 100 100 100 100 100

Rice straw 0 0 0 0 0

Rice husk 75 85 67 100 67

Coffee husk 100 100 100 100 100

Oranges peel 100 100 100 100 100

Forestry field 0-15 0-5 0-40 0-25

Paper & cellulose production 75 70 85 70

Lumber processing 75 70 85 70

Ukraine Combined residues (straw) 31 31 15.5 31 15.5

Colombia Sugar cane trash 0 5 10 20 10

Palm EFB 36 10 15 10 15

Palm shell 9 3 10 5 10

Palm fibre 25 2 10 5 10

Indonesia Palm frond 0 0 10 10 15

Palm trunk 0 0 10 10 15

Palm EFB 10 10 15 15 20

Palm shell 10 10 15 15 20

Palm fibre 10 10 10 15 20

Kenya Bagasse 0 0 0 0 0

Sugarcane stalks & leaves 6 4 4 6 6

Molasses 50 50 50 50 50

Sisal ball 0 0 0 0 0

Sisal bogas 0 0 0 0 0

Coffee husk 100 100 100 100 100

Coffee pulp 100 100 100 100 100

Coconut husk 17 16 16 16 16

Rice straw 0 0 0 0 0

Rice husk 7 5 5 7 7

Off-cuts & chips (share in timber waste) 21 18 18 21 21

Sawdust (share in timber waste) 100 100 100 100 100

US Forest biomass 69 73 63 76 57
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Appendix D. Cost factors & country specific cost factors
Brazil Colombiaa Kenya Indonesia Ukraine United States

Feed-stock Moisture content (fresh) % 50 50 50 73 50 50

Moisture content (dry) % 8.5 8.5 8.5 7 8.5 8.5

Cal. Value after drying MJ / kg ar (LHV) 16.35 16.35 16 16.35 16 16

Interest rate (IRR)% 10 10 10 10 10

Pellet plant Scale MT/year 120,000 120,000 120,000 120,000

Operating hours h/year 7,000 7,000 7,000 7,000

Electricity price € /MWh 121.9 49.6 73.4 14.5 60.0

Labour € /h 8.1 0.5 1.1 1.8 25.0

Heat source Biomass Biomass Biomass Biomass Biomass Biomass 

Pelletizing cost €/t 58.9 50 55.9 79.4 58.9 107.9

Transport Distance to pellet plant km 50 110 55 b i

Transport cost (truck) € /km/t 0.09 0.08 0.16 0.42 b 0.071c 

Truck loading 1.50

Transport cost (train) € /km/t  0.16 b 0.03

Harbor cost € /t 7.26 21.50 1.46 0.37 b b

Ocean cost 15 / 20

Profit % 10% 10 10 10% 10%

Agri residues Field processing € /t field site 12.1 21.25/32.3d 2.04 3.36 12.1

Forest residues Field processing € /t field site 20.0 2.04 20.0 e

Energy crops Field processing € /t field site 12.1 12.1
aDue to data limitations it was not possible to use country-specific factors for Columbia to calculate the pellet production cost; instead 
total pelletizing costs were assumed
bFor these two countries, it was possible to calculate the transport cost in more detail by making use of the existing BIT-UU model 30. In 
the case of Ukraine, transport cost from any point in the Ukraine until the Port of Rotterdam could be calculated. In the case of the US, the 
BIT-UU model included transport cost from several export ports to the Port of Rotterdam. ArcGIS was used to calculate the transport dis-
tance from each included spatially explicit location until the export ports. Combining the least cost combination resulted in the total cost. 
cCalculated based on 122, with time cost and variable cost taken from data about trucks in the EU.  
dBiomass cost, including cleaning of trash. 
eCost are taken from the Billion Ton Update 74. This study reports increasing production costs with increased mobilization of biomass, and 
represents the cost of mobilization. This is considered more realistic in a well-developed market such as the US, instead of using delivery cost.  

Appendix E. States included in the Brazil case study 

Appendix F. National electricity emission 
coefficients
Country Electricity emission coefficient gCO2-eq/MJ123

United States 180

Ukraine 167

Colombia 45

Brazil 31

Indonesia 296

Kenya 81
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Appendix G. Other emissions factors
Nutrient substitution - emission factor chemicals33

Fertilizer CO2 CH4 N2O CO2-eq.

N  kg/t 2,670.87 6.94 2.10 0

P2O5 kg/t 1,459.04 3.73 0.00 0

K2O kg/t 409.20 0.17 0.00 0

Pesticides kg/t 6,650.33 10.03 1.68 7,402.33

Pre-treatment33

CO2 CH4 N2O CO2-eq.

Cultivation g/MJ wood pellets 0.842 0.0000088 0.0000368 0.85

Chipping g/MJ wood pellets 0.248 0.0000026 0.0000109 0.25

Drying g/MJ wood pellets 0.070 0.0000007 0.0000031 0.07

Pellet Mill g/MJ wood pellets 0.146 0.0000015 0.0000064 0.15

Pellet Mill MJ/MJ wood pellets 0.050

Appendix H. Impacting factors to total supply chain costs (in €/GJ)
Country Impacting factor 50% 75% 90% 100% 110% 125% 150%

Brazil Electricity 12.7 12.9 13.1

Transport 11.8 12.4 12.9 13.3 14.0

Pre-processing 11.8 12.5 12.9 13.3 13.9

Capital 12.0 12.4 12.7 12.9 13.1 13.3 13.8

Labour 12.9 12.9 12.9 12.9 12.9

Indonesia Electricity 13.5 13.6 13.6

Transport 12.0 13.0 13.6 14.2 15.1

Pre-processing 12.5 13.1 13.6 14.0 14.6

Capital 12.5 13.0 13.3 13.6 13.8 14.1 14.6

Labour 13.5 13.6 13.6 13.6 13.6

Kenya Electricity 11.9 12.0 12.1

Transport 10.0 11.2 12.0 12.8 14.0

Pre-processing 11.8 11.9 12.0 12.1 12.3

Capital 11.1 11.6 11.8 12.0 12.2 12.4 12.9

Labour 12.0 12.0 12.0 12.0 12.0

Ukraine Electricity 8.8 8.8 8.8

Transport 8.3 8.6 8.8 9.0 9.3

Pre-processing 7.8 8.4 8.8 9.2 9.8

Capital 7.9 8.3 8.6 8.8 9.0 9.2 9.7

Labour 8.8 8.8 8.8 8.8 8.8

The US Electricity 11.6 11.7 11.8

Transport 11.0 11.4 11.7 12.0 12.4

Pre-processing 10.7 11.3 11.7 12.1 12.7

Capital 11.0 11.4 11.6 11.7 11.8 12.0 12.4

Labour 11.6 11.7 11.7 11.7 11.8
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Appendix I. Impacting factors to total GHG 
emissions (kg CO2/GJ)
Country Impacting factor Low range Base 

case
High 
range

Brazil Nutrient substitution 12.4 12.9 13.7

Local Transport 12.1 12.9 14.0

Electricity 13.0 12.9 13.1

Colombia Nutrient substitution 10.3 11.1 12.3

Local Transport 11.1 11.1 11.5

Electricity 11.2 11.1 11.4

Indonesia Nutrient substitution 13.5 14.8 16.1

Local Transport 14.6 14.8 15.0

Electricity 14.7 14.8 14.9

Kenya Nutrient substitution 12.7 13.3 13.8

Local Transport 12.7 13.3 13.9

Electricity 13.2 13.3 13.4

Ukraine Nutrient substitution 6.5 7.3 8.1

Local Transport 7.3 7.3 7.3

Electricity 7.1 7.3 7.5

The US Nutrient substitution 8.6 8.7 8.7

Local Transport 8.3 8.7 9.0

Electricity 8.5 8.7 8.8


