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3 

 

1.1 Background 
 

Energy is essential for human development and for addressing sustainable socio-

economic development, poverty eradication, food security, health, climate change 

mitigation, conservation of ecosystems, peace and security [1-4]. However, most 

current energy systems remain inadequate to fulfil these demands as energy access 

remains poor [2,5], climate change mitigation targets remain unmet [6][4] and the 

depletion of fossil reserves is a concern [7][8]. Climate change mitigation remains an 

arduous challenge as at least 60% of global primary energy and 75% of electricity need 

to come from zero-carbon options by 2050 [1]. Hence, a radical transformation of the 

current energy systems is necessary in the long term. While there is a broad portfolio 

of technologies (e.g. wind, hydro, solar, geothermal, bioenergy, nuclear power, and 

carbon capture and storage-CCS) available to address the multiple sustainability 

challenges, biomass remains an important and competitive option [1,9]. An 

interesting prospect (with ability to address major energy-related societal challenges) 

is the co-utilisation of biomass with fossil fuels in integrated bio-refineries to produce 

energy carriers, electricity, and chemicals, in combination with carbon capture and 

storage (CCS) [10,11].  

1.2 Potential and global demand of biomass energy  
 
Biomass resources include organic materials derived from agricultural crops, forest 
products, aquatic plants, residues, manures and wastes [12],[13]. There are two main 
biomass resource types which are potential bioenergy feedstocks: biomass from 
forestry and agriculture. According to Hoogwijk et al. [12], the biomass resource base 
can be categorised into four interlinked levels: i.e. primary resources, primary 
residues, secondary residues and tertiary residues resources. 
 
According to the IPCC SRREN report [9], energy crops could provide the largest 
contribution to future biomass energy technical potential. For second generation 
bioenergy supplies, dedicated cellulosic energy crops have high potential as 
feedstocks. These crops include short-rotation woody crops such as eucalyptus and 
poplar or grasses such as miscanthus and switchgrass [14]. Apart from providing 
better returns in terms of biomass production per hectare, some fast-growing 
perennials can grow on degraded or marginal soils where food crop production is not 
optimal [15]. However, energy crops come with more contentious issues than forestry 
and agriculture residues (such as food-fuel conflicts and land use impacts). According 
to Chum et al. [9], of the 500 EJ/yr estimated technical bioenergy potential, about 100 
EJ/yr could come from agricultural and forestry residues. This part of the technical 
potential of biomass supply is relatively certain. Between 15 and 70 EJ is likely to 
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come from agricultural residues according to IPCC biomass energy deployment 
scenarios [9]. Residues are therefore likely to play an important role in future energy 
systems. Agricultural residues are considered to be less contentious, low cost, carry 
few risks [9,16,17] and thus represent an important energy resource for countries 
with a large agricultural production base. 
 
Biomass has potential to make a significant contribution to future sustainable energy 
systems, given its functional ability to directly substitute coal and oil in many 
applications [9,18-20]. Given the growing global demand for biomass especially in the 
power and heat sectors [21-23], driven by renewable energy targets and incentives 
[21,24], energy security and environmental objectives [9],[25] , it is anticipated that 
biomass energy use will grow considerably in the near future.  
 
The International Energy Agency (IEA) estimates that biomass will contribute about 
71.5 EJ to total global energy supply (under a Current Policies Scenario) in 2035 [26] 
and biomass contribution is expected to increase from current levels of 10% (about 50 
EJ) to about 18% (140 EJ) in 2050 (under the Blue Map scenario) [27]. IPCC SRREN [9] 
projects a range in bioenergy deployment of between 100 and 200 EJ by 2050, while 
the Global Energy Assessment [1] estimate bioenergy deployment 300 EJ in the 
second half of the century.  
Key biomass markets are currently centred around and likely to remain in Europe, 
North America and East Asia while major biomass production regions are located in 
North America, Russia, Scandinavia, South America, parts of Africa and Asia [24].  
Already, a burgeoning international solid biomass trade is evident: 18 Mt of solid 
biomass was traded in 2010 up from 3.5 Mt in 2000 (of which wood pellets trade 
increased from 0.5 Mt to 6.6 Mt over the same period) [21,28]. According to 
Hoefnagels [29], pellets demand in Europe alone could increase to 30 million tonnes 
per annum by 2020. 
 
Mobilising sustainable bioenergy supplies and supply chain analysis 

Sustainable bioenergy systems have potential to significantly substitute fossil energy 
carriers with corresponding reduction in GHG emissions, while also improving 
environmental and socio-economic services [9]. However, to mobilise large amounts 
of biomass feedstock, competitive feedstock supply and value chains need to be 
developed, based on identification of appropriate feedstock and conversion 
technologies. Logistics and transport are key components in the costs of biomass [30-
32] and major investments in infrastructure and capacity are required to realise the 
large scale biomass supplies [9]. Establishing this infrastructure is gradual and takes 
time, which also applies to the mobilisation of large volumes of biomass. These two 
aspects are interrelated and region specific due to the unique settings for biomass 
feedstock production and local infrastructure. In addition, there are many 
technological options for the production of supply of biomass. Pre-processing is 
especially an important determinant of delivered biomass feedstock cost [32-36], 
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given the characteristics of most biomass feedstocks (see below for more discussion). 
Full impact analysis also needs to be conducted to quantify the environmental and 
socio-economic impacts of different bioenergy supply chains, so as to optimise the 
delivery of biomass as well as assess the risks associated with each value chain. Thus, 
it is also imperative to assess the impacts of sustainability criteria on feedstock 
availability and cost. Furthermore, it is important to take into account site specific 
contexts as biomass value chains are dependent on various factors, geographical, 
environmental, and institutional. Given these concerns, there is need for examining 
entire biomass supply value chains so as to understand the many elements involved in 
bioenergy mobilisation.  

1.3 State of the art and knowledge gaps 
 
Estimating biomass resources – methodological issues 

Establishing and securing a sustainable biomass feedstock supply is a key pre-requisite 
for a functional and sustainable biobased economy. This makes assessments of 
biomass resource availability a critical part of the biomass value chain. Existing 
biomass energy resource assessments provide widely varying estimates and present 
different scenarios of the potential contribution of biomass to future energy systems. 
For example, Dornburg et al. [17] reviewed a range of studies and concluded that the 
technical bioenergy potential in 2050 could range from about 100 EJ using only 
residues up to an ultimate technical potential of 1500 EJ/yr when considering all types 
of feedstocks, and considering maximum deployment of agricultural intensification. 
Similar estimates are given in an International Energy Agency (IEA) study [37]. In the 
IPCC Special Report on Renewable Energy [9] it is concluded that in 2050, the total 
assessed bioenergy potential can range from below 50 EJ/yr (in scenarios with high 
future food and fibre demand, combined with lower agricultural productivity) to 
about 500 EJ/yr technical potential, taking key sustainability criteria (food, water, 
biodiversity) into account and a deployment rate of 100-300 EJ in 2050. Many other 
studies provide varying intermediate estimates, for example in 2050, Haberl et al. [13] 
estimated the global technical bioenergy potential to be 162 –267 EJ/yr while Beringer 
et al. [38] gives 126-216 EJ/yr.  
 
According to Hoogwijk et al. [12], Smeets et al. [39], Haberl et al. [13] and Thrän et al 
[40] these discrepancies in bioenergy potential estimates are caused by several 
factors, e.g.: 
 

 differences in objectives, scope/system boundaries and different time frames 

 differences in biomass resource types (e.g. energy crops, residues, etc.) 

 differences in type of biomass potentials (e.g. theoretical, technical, economic, 
sustainable, etc.)  

 use of a heterogeneous assortment of methodologies and approaches (due to a 
lack of a commonly accepted approach) 
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 use of a heterogeneity of datasets and scenario assumptions (due to missing 
empirical data).  
 

Given the lack of convergence in biomass resource assessments and difficulties 
encountered in attempts to harmonise study results, two issues emerge. First, to 
enable harmonisation of current bioenergy study results, there is need to develop a 
systematic approach to evaluating and qualifying current assessments by determining 
what factors have been included and excluded, as well as examining if key parameters 
employed in the analysis are within ‘reasonable’ deviation of commonly accepted 
values. Second, there is a need to provide an analytical framework to guide future 
biomass assessments so as to ensure that the critical factors influencing biomass 
availability as well as sustainability issues are taken into account. 
 
Agricultural residues 

With regards to agricultural and forestry residues, there is limited literature offering 
comprehensive methodology for assessing the crop residue harvesting and supply, 
while taking into account sustainability criteria (key being maintenance of soil fertility, 
nutrient and carbon levels as well as avoiding displacement of other competing uses 
of residues). For crop residues, some examples of international studies that evaluate 
sustainable crop residue removal include Junginger et al. [41], Gallagher et al. [42], 
Nelson et al. [43], Andrews [44] and Cosic et al. [45].  
 
Although regions with good biomass production possibilities are usually located in 
developing countries [12,13,46-49], conditions in these countries are usually not well 
studied. For many regions and particularly developing countries, the understanding of 
crop residues production and supply potential is limited. If agricultural residues are to 
be part of the biomass feedstock portfolio, then it is imperative that assessments be 
conducted to evaluate the technical, economic and environmental feasibility of their 
utilisation. Most available studies only evaluate part of the supply chain without 
assessing the economic feasibility of mobilising biomass to the market. Even then, the 
assessments employ crude methods, applying simple biomass removal rules that do 
not take into account sustainability criteria related to local circumstances (such as soil 
erosion control, soil organic carbon control and competing applications of biomass). In 
the case of South Africa, current studies (e.g. Cooper and Laing [50]; OECD/IEA [51]; 
Euler [52]) have also not attempted to develop cost supply chains at detailed spatial 
scale to capture unique local settings such as crop yields, soil types, rainfall, 
temperature, livestock and transport characteristics. Given the sensitivities around 
food production and maintaining sustainable agricultural production, it is necessary to 
develop a systematic methodology that can be applied in different settings to 
establish how much biomass can sustainably be mobilized from the farm while 
maintaining soil heath –so-called sustainable removal rate, but also what is 
economically feasible for bioenergy applications. 
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Supply chain logistics – the significance of pre-processing biomass 

Biomass has unique characteristics that necessitates pre-processing before it can be 
efficiently stored, transported or used in various applications currently designed for 
fossil fuels [53]. Table 1-1 compares some key characteristics of coal and various 
biomass types. Unlike fossil fuels which are mined at one location, biomass is often 
available seasonally in small quantities scattered over many locations [41],[54]. 
Biomass comes in various types and forms, and is therefore highly heterogeneous, 
which results in wide variations in combustion properties [20,55,56]. In addition, 
biomass usually has high moisture content and consequently low heating value [57-
60]. It is hydrophilic and biodegradable, posing storage problems [53,61]. Its 
combustion efficiency is lower than fossil fuels [60], which decreases the capacity of 
given systems. Furthermore, biomass is usually tough and fibrous and thus difficult to 
grind [18]. Biomass therefore often needs to be pre-treated to improve its 
characteristics and associated handling [34],[62],[63]. However, pretreatment costs 
are significant and can render biomass uneconomical [64]. 
 
Table 1-1: Characteristics of selected biomass types compared to coal 

 Lower 
heating 
value 
(MJ/kg) 

Moisture 
(%) 

Ash (%) Bulk 
density 
(kg/m

3
) 

Energy 
Density 
(bulk)/ GJ/m

3
 

Wheat straw 14.4 15 10.2 100 (bales) 1.4 
Switchgrass 18.9 10-15 5.4-6.9 140 (bales) 2.2 
Sawdust 15.2 6-30 0.5-1.1 160 2.4 
Wood chips 17-18 30-55 0.7-10 200-450 2.2-4 
Wood Pellets 16-17 5-10 0.4-1 550-700 7.8-10.5 
Torrefied wood 19-23 1-5 < 3 180-300 3.5-6 
Torrefied 
pellets 

19-23 1-5 < 3 750-850 15-18 

Charcoal 30-35 5-10 < 6 170-220 5-8 
Coal 17-33 6.5-12 10-40 800-850 25-40 

Source: [60],[65],[66],[67],[68],[53]. 

Pretreatment of biomass is necessary to improve logistic efficiency of the supply 
chain. It includes baling or bundling (for agricultural and forestry residues), sizing (into 
chips), drying, torrefying, milling, and densification into conventional (white) pellets 
(WPs), briquettes, torrefied pellets (TOPS), pyrolysis oil as well as conversion to 
Fischer Tropsch (FT) fuels or bio-synthetic natural gas (bioSNG). Hence, an important 
logistical question is to identify combination(s) of pre-treatment options which can 
best upgrade biomass properties for optimal downstream logistics. 
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Given the global distribution of biomass production regions and key markets [9], pre-
processing biomass plays an important role in improving biomass supply chain 
economics, and enables biomass to be delivered to the market cost-effectively with 
lower downstream investments [32][33,36]. This would also allow access to remote 
biomass resources and improve the potential of biomass. 
 
Pelletising biomass is currently the most important pretreatment approach for solid 
biomass, but this only partly improves the handling. Wood pellets (WPs) still have 
many drawbacks because pelletising only improves the energy density of raw biomass 
from 2-4 GJ/m

3
 [60] to about 7-10 GJ/m

3
 [65] but this is still relatively low compared 

to coal (25-40 GJ/m
3
). Other disadvantages (outlined above) remain unresolved [69].  

 
Torrefaction (combined with pelletisation) is a promising biomass pretreatment 
technology which has potential to produce a homogeneous biomass carrier with 
improved energy density and combustion characteristics, and whose properties 
closely match those of low grade coal [18][19,20],[18]. This would allow co-firing with 
higher percentages of biomass than is currently possible with wood pellets [69,70]. 
Previous research has shown that torrefaction improves the physical characteristics of 
biomass [71],[72],[59],[73], reduces the energy requirement for fine grinding of 
biomass [74],[75],[76],[20], improves the co-gasification process of biomass 
[70],[59],[77],[54],[78],[79] and has potential to improve the performance of biomass 
energy supply chains [33,34],[35],[36],[80],[81],[32]. However, scientific knowledge on 
the performance of different torrefaction technologies is limited and publicly available 
information on the characteristics and cost of delivered torrefied biomass is not 
consistent

1
 [82],[69],[83]. 

 
Thus it is important to provide insights into state of the art prospects of the 
commercial utilisation of torrefaction technology for biomass pre-treatment over time 
(as the technology is under development). This includes evaluating the economic 
performance of torrefaction, for both the short and long term as well as assessing the 
process performance characteristics. Coupled to the detailed technology assessment, 
it is also important to investigate the impact of torrefaction on the technical, 
economic and GHG performance of bioenergy supply chains, and compare it with 
other pre-processing technologies such as conventional pelletisation in different 
settings to enable the selection of optimal supply pathways of biomass. 
 
                                                                 
1
 Most developers do not provide detailed reports on the performance of their technologies 

and optimisation of process conditions is still an on-going challenge [96]. There are varying 
claims on the hydrophobicity, stability and long term storage possibilities of torrefied pellets, 
even at same process conditions [82]. It is also not clear if densifying torrefied biomass is more 
costly than densifying pulverised wood. There is no detailed inventory of investment costs for 
existing technologies and it is difficult to compare investment costs since it is not known what 
costs have been taken into account in each case. For example, indirect costs, construction 
contingency, etc. may or may not be included in reported costs. 
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Value chains-large scale supply of advanced fuels and synthetic natural gas 
 
If local economics are attractive, gasification and upgrading of biomass early in the 
supply chain into secondary energy carriers such as FT fuels and bioSNG can be 
beneficial and cost effective, especially for subsequent international transportation to 
the final market, as the logistical capacity is significantly reduced (shipping and 
handling costs are reduced compared to solid biomass). However, establishing large 
scale conversion in major biomass feedstock production regions (typically in 
developing countries) involves significant risk, capital costs may be higher and 
infrastructure may be required to exporting these secondary energy carriers. For 
bioSNG, costly dedicated liquefaction terminals would need to be established for 
exporting liquefied SNG (LNG). 
 
Limited analysis has been done to assess the impact of pre-processing (e.g. 
torrefaction and bioSNG) on the performance of bioenergy value chains [84,85]. 
Studies that have analysed torrefaction supply chains studies include Bergman [36], 
Zwart et al. [86], Uslu et al. [32], Magalhaes et al. [87] and Kabir and Kumar [88]. 
Those earlier studies were however crude with respect to biomass production, local 
logistics, and performance of pre-processing and final conversion facilities. At present, 
more detailed data on spatial distribution of biomass, local logistics and performance 
of torrefaction and final conversion facilities are available. For bioSNG, a few studies 
focussing mainly on bioSNG conversion techno-economics have been conducted to-
date. Examples include Zwart et al. [89], Gassner and Maréchal [90], Cozens and 
Manson-Whitton [91], Carbo et al. [10], Gassner and Maréchal [92], Heyne and Harvey 
[93], van der Meijden et al. [94] and Ahrenfeldt et al. [95]. However, none of these 
studies assess the techno-economic performance of the complete value chain

2
 of 

bioSNG production. 
 
It is important to evaluate the techno-economics of the entire value chain to enable 
the identification of optimisation opportunities and comparison of different supply 
chain pathways, so that the supply pathway with the best performance can be 
identified. Several supply configurations are possible. The shortage of locally produced 
biomass in main biomass energy demand centres (such as Western Europe) 
necessitates the import of biomass from regions with high biomass feedstock 
production potential. Principal possibilities include import of solid biomass with final 
conversion in the Western Europe. Alternatively, final conversion of biomass into 
secondary energy carriers (such as SNG or FT fuels) in the biomass producing country, 
and shipped to the final market. Where international distances are shorter, pipelines 

                                                                 
2
 A typical international value chain of SNG includes feedstock production, pre-processing of 

raw biomass, local biomass transport and logistics at source, final conversion to SNG, 
liquefaction to LNG at export habour, international transport, regasification at import habour, 
distribution by pipeline, compression to CNG and storage at refuelling station. 
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or rail can be used to transport biomass energy carriers from the producing country to 
the final market. 

1.4 Research Questions 
 
As shown above, there are a multiplicity of issues that need to be addressed to design 
sustainable biomass value chains. The main objective of this thesis is to identify and 
evaluate sustainable biomass energy supply chains to enable competitive mobilisation 
of large scale biomass supplies for both the short term and the long term.  
 
It includes assessing and establishing biomass resource availability that meet widely  
accepted sustainability criteria, optimising logistics and conversion economics as well 
as investigating the environmental impacts (focussing especially on GHG emissions 
and energy balances) of different value chains and bioenergy production pathways. 
The following questions were formulated to facilitate these objectives: 
 
I. What are the key determinants of energy crop and residue resource potentials and 
how do sustainability and economic criteria influence the availability of those biomass 
resources? 
II. How do different biomass pre-processing technologies affect the technical, 
economic and environmental performance of bioenergy supply chains under different 
settings and what are the prospects for future cost reduction and better technical 
performance?  
III. Which are the economically optimal biomass supply chain configurations for the 
sustainable mobilisation of biomass feedstocks for regional and international 
markets? 

1.5 Outline of thesis  
 
The research questions outlined above are addressed in Chapters 2 to 6 as shown in 
Table 1-2. Chapter 2 examines the current status of biomass resource assessments, 
focussing on identifying the critical elements that influence the bioenergy potentials 
as well as gaps in knowledge and understanding in aspects that have a strong impact 
on the outcome of bioenergy potential assessments. Chapters 4 to 6 apply the 
methodological aspects identified in Chapter 2 to estimate biomass resource 
potentials in different settings and investigate their mobilisation via different biomass 
value chains and scenarios. In addition, Chapters 4 to 6 investigate the techno-
economic and GHG impacts of different biomass pre-processing technologies with 
particular focus on torrefaction and pelletisation technology. Chapter 3 provides 
detailed insights into state of the art prospects of the commercial utilisation of 
torrefaction technology over time, while chapter 4 compares the performance of 
biomass value chains that are based on torrefied biomass and conventional pellets. 
Chapter 5 evaluates biomass supply chains based on crop residues and assesses the 
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feasibility of mobilising agricultural residues for large scale bioenergy applications. 
Chapter 6 analyses and compares biomass supply chains aimed at delivering bio-based 
synthetic natural gas (bioSNG).  
 
Table 1-2: Matrix of research questions addressed by chapter 

Chapter Topic Research 
Questions 

  I II III 
2 Harmonising biomass energy resource potentials – 

methodological lessons from review of state of the art 
bioenergy potential assessments 

    

3 Biomass torrefaction technology - status and future 
prospects 

    

4 Optimisation of biomass supply chains with torrefaction 
technology 

      

5 Current and future technical, economic and environmental 
feasibility of maize and wheat residues supply for biomass 
energy application: Illustrated for South Africa 

      

6 Economic and energetic optimisation of BioSNG supply 
chains 

     

 
The next chapter (Chapter 2) evaluates Research Question I by reviewing and 
analysing current state of the art approaches and methodologies used in bioenergy 
assessments, and identifying key elements that are critical determinants of bioenergy 
potentials. We apply the lessons learnt from the review exercise to compare and 
harmonise a selected set of country based bioenergy potential studies, and provide 
recommendations for conducting more comprehensive bioenergy resource potential 
assessments. 
 
Chapter 3 addresses Research Question II by providing insights into state of the art 
prospects of the commercial utilisation of torrefaction as a biomass pre-processing 
technology, for both the short and long term. Focusing on and based on the current 
status of the compact moving bed reactor, we identify process performance 
characteristics such as thermal efficiency and mass yield and discuss their determining 
factors through analysis of mass and energy balances. 
 
Chapter 4 addresses Research Question I up to III by comparing the economic and 
environmental impacts of torrefaction on bioenergy supply chains against 
conventional pellets for scenarios where biomass is produced in Mozambique, 
undergoes pre-processing before shipment to Rotterdam for conversion to power and 
FT fuels. This comparison is done for both the short (current) and long term (2030). 
First, we compare the economic performance of torrefied pellets (TOPs) and 
conventions (wood) pellets (WPs) based on different feedstocks (eucalyptus and 
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switchgrass). Second, Chapter 4 also evaluates the impact of supplying biomass from 
different regions (productive and marginal land quality in Mozambique). Third, we 
compare the impact of TOPs and WPs on different final conversion applications (i.e. 
biomass to liquid conversion (BtL) and biomass based power generation (BtP), co-
feeding biomass with coal in a coal-biomass to liquid (CBtL) facility; or cofiring biomass 
with coal in a coal-biomass to power (CBtP) plant). Lastly, the study compares the 
competitiveness of supplying different markets (close to biomass production sites in 
Mozambique or in Western Europe). 
 
Similarly, Chapter 5 also addresses Research Question I up to III by assessing the 
feasibility of mobilising maize and wheat residues for large-scale bioenergy 
applications in South Africa by establishing sustainable residue removal rates and cost 
of supply based on different production regions. This chapter refines the methodology 
for estimating crop residue harvesting for bioenergy use, while maintaining soil 
productivity and avoiding displacement of competing residue uses. At every stage of 
the supply chain, the study identifies optimisation measures that improve the 
performance of the overall crop residue supply chain and enhance the 
competitiveness of biomass. 
 
Finally Chapter 6 addresses Research Question II and III by evaluating the most 
economic and environmentally optimal supply chain for the production of bio-based 
Synthetic Natural Gas (bioSNG) using the Netherlands as a case study. Different 
bioSNG production chains are assessed and compared based on different biomass 
production regions (Brazil and Ukraine), biomass types (eucalyptus and poplar), 
pretreatment technologies (pelletising and torrefaction), shipping modes (LNG tanker 
and pipeline) and final conversion location (Brazil, the Netherlands and Ukraine). 
 
Chapter 7 summarises answers to the Research Questions given in Chapter 1 by 
synthesising the key findings and conclusions from Chapters 2 to 6. Based on the 
analysis, this chapter also gives scientific and policy recommendations on 
methodological and data aspects for assessing biomass resource potentials, evaluating 
bioenergy value chains and key issues for optimising biomass supply under different 
settings. 
 

 

 

 

 

 



Chapter 1 

 

13 

 

Reference List  
 
[1] GEA, Global Energy Assessment – Toward a Sustainable Future, Cambridge 
University Press, Cambridge UK and New York, NY, USA and the International Institute 
for Applied Systems Analysis, Laxenburg, Austria, (2012).  
 
[2] United Nations Foundation, Towards Achieving Universal Energy Access by 2030. 
Energy Access Practitioner Network, United Nations Foundation. Washington, D.C. 
(2012).  
 
[3] M. Bazilian, B.F. Hobbs, W. Blyth, I. MacGill, M. Howells, Interactions between 
energy security and climate change: A focus on developing countries, Energ Policy. 
39(2011) (2011) 3750-3756.  
 
[4] G.P. Hammond, P.J.G. Pearson, Editorial-Challenges of the transition to a low 
carbon, more electric future: From here to 2050, Energ Policy. 52 1-9.  
 
[5] Practical Action, Poor People’s Energy Outlook 2010. Rugby, UK. (2010).  
 
[6] IPCC, Climate Change 2007: Mitigation. Contribution of Working Group III to the 
Fourth Assessment Report of the Inter-governmental Panel on Climate Change [Metz, 
B.; Davidson, O.R.; Bosch, P.R.; Dave, R.; Meyer, L.A. (Eds)], Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA. (2007).  
 
[7] U.S. Energy Information Administration, Annual Energy Outlook 2013, DOE/EIA-
0383(2012), (December 2012).  
 
[8] M. Mediavilla, C. de Castro, I. Capellán, L.J. Miguel, I. Arto, F. Frechoso, The 
transition towards renewable energies: Physical limits and temporal conditions, Energ 
Policy. 52 (2013) 297-311.  
 
[9] H. Chum, A. Faaij, J. Moreira, G. Berndes, P. Dhamija, H. Dong, et al., Bioenergy 
(Chapter 2), in: O. Edenhofer, R. Pichs‐Madruga, Y. Sokona, K. Seyboth, P. Matschoss, 
et al. (Eds.), IPCC Special Report on Renewable Energy Sources and Climate Change 
Mitigation, Cambridge University Press, Cambridge, UK and New York, USA, 2011, pp. 
209-332.  
 
[10] M.C. Carbo, R. Smit, B. van der Drift, D. Jansen, Bio Energy with CCS (BECCS): 
Large potential for BioSNG at low CO2 avoidance cost. GHGT-10 paper, Energy 
Procedia. 4(2011) (2011) 2950-2954.  
 
[11] IEA Bioenergy, IEA Bioenergy Annual Report 2012. IEA Bioenergy:ExCo:2013:01, 
(2013).  
 



Introduction 

 

14 

 

[12] M. Hoogwijk, A. Faaij, R. van den Broek, G. Berndes, D. Gielen, W. Turkenburg, 
Exploration of the ranges of the global potential of biomass for energy, Biomass 
Bioenerg. 25(2) (2003) p 119-133.  
 
[13] H. Haberl, T. Beringer, S.C. Bhattacharya, K.H. Erb, M. Hoogwijk, The global 
technical potential of bio-energy in 2050 considering sustainability constraints, Curr 
Opin Environ Sustain. 2(6) (2010) p 394-493.  
 
[14] B. Batidzirai, E. Smeets, A.P.C. Faaij, New Conversion Technologies for Liquid 
Biofuels Production in Africa, in: R. Janssen, D. Rutz (Eds.), Bioenergy for Sustainable 
Development in Africa, Springer Verlag, 2012.  
 
[15] B. Wicke, Bioenergy Production on Degraded and Marginal Land: Assessing its 
potential, economic performance, and environmental impacts for different settings 
and geographical scales, Chapter 1: PhD Thesis, Utrecht University, Utrecht (2011d) 
203.  
 
[16] WBGU (German Advisory Council on Global Change), World in Transition – Future 
Bioenergy and Sustainable Land use, Earthscan, London, 2009.  
 
[17] V. Dornburg, A. Faaij, P. Verweij, H. Langeveld, G. van de Ven, M. Meeusen, M. 
Banse, J. Ros, D. van Vuuren, et al., Bioenergy revisited: Key factors in global 
potentials of bioenergy, Energ Environ Sci. 3 (2010) 258-267.  
 
[18] D. Agar, M. Wihersaari, Bio-coal, torrefied lignocellulosic resources. Key 
properties for its use in co-firing with fossil coal-Their status. Biomass Bioenerg. 44 
(2012) 107-111.  
 
[19] J. Li, A. Brzdekiewicz, W. Yang, W. Blasiak, Co-firing based on biomass torrefaction 
in a pulverized coal boiler with aim of 100% fuel switching, Appl Energy. 99 (2012a) 
344-354.  
 
[20] M. Phanphanich, S. Mani, Impact of torrefaction on the grindability and fuel 
characteristics of forest biomass, Bioresource Technol. 102(2) (2011) 1246-1253.  
 
[21] P. Lamers, H.M. Junginger, C. Hamelinck, A. Faaij, Developments in international 
solid biofuel trade—An analysis of volumes, policies, and market factors, Renew Sust 
Energ Rev. 16(5) (2012) 3176-3199.  
 
[22] R. Sikkema, M. Steiner, M. Junginger, W. Hiegl, M.T. Hansen, A.P.C. Faaij, The 
European wood pellet markets: current status and prospects for 2020, Biofuel Bioprod 
Bior. 5 (2011) 250-278.  
 



Chapter 1 

 

15 

 

[23] M. Cocchi, L. Nikolaisen, H.M. Junginger, C.S. Goh, J. Heinimö, D. Bradley, et al., 
Global Wood Pellet Industry Market and Trade Study. (2012).  
 
[24] C.S. Goh, M. Cocchi, M. Junginger, D. Marchal, T. Daniela, C. Hennig, et al., Wood 
pellet market and trade: A global perspective, Biofuel Bioprod Bior. 7 (2012) 24-42.  
 
[25] R. Tarcon, Canadian perspective on Biomass production and distribution. IEA 
Cofiring Workshop, 25-26 January 2011, Drax Power Station, UK, (2011).  
 
[26] OECD/IEA, World Energy Outlook 2011. IEA, Paris (2011) 666.  
 
[27] OECD/IEA, IEA Energy Technology perspectives 2010. International Energy 
Agency. Paris, (2010) pp 458.  
 
[28] J. Tustin, IEA Bioenergy Annual Report 2011, IEA Bioenergy:ExCo:2012:01 (2012).  
 
[29] R. Hoefnagels, E. Searcy, K. Cafferty, T. Cornelissen, M. Junginger, J. Jacobson, 
A.P.C. Faaij, Lignocellulosic feedstock supply systems with intermodal and overseas 
transportation: Fischer-Tropsch diesel production from internationally sourced 
biomass. Submitted to international journal of greenhouse gas control. (forthcoming). 
  
[30] C.N. Hamelinck, R.A.A. Suurs, A.P.C. Faaij, International bioenergy transport costs 
and energy balance, Biomass Bioenerg. 29(2) (2005) p 114-134.  
 
[31] B. Batidzirai, A. Faaij, E. Smeets, Biomass and bioenergy supply from 
Mozambique. Energy Sustainable Dev. X(1) (2006) p 54-81.  
 
[32] A. Uslu, A.P.C. Faaij, P.C.A. Bergman, Pre-treatment technologies, and their effect 
on international bioenergy supply chain logistics. Techno-economic evaluation of 
torrefaction, fast pyrolysis and pelletisation, Energy. 33(8) (2008) 1206-1223.  
 
[33] Z. Miao, Y. Shastri, T.E. Grift, A.C. Hansen, K.C. Ting, Lignocellulosic biomass 
feedstock transportation alternatives, logistics, equipment configurations, and 
modelling, Biofuel Bioprod Bior. 6 (2012) 351-362.  
 
[34] A. Rentizelas, A. Tolis, I.P. Tatsiopoulos, Logistics issues of biomass: the storage 
problem and the multi-biomass supply chain, Renew Sust Energ Rev. 13(4) (2009) 887-
894.  
[35] A. Nordin, The Dawn of torrefaction BE-Sustainable - The Magazine of Bioenergy 
and the Bioeconomy. (Apr 10, 2012a) 21-23.  
 
[36] P.C.A. Bergman, Combined torrefaction and pelletisation: the TOP process, ECN-
C--05-073 (2005).  
 



Introduction 

 

16 

 

[37] A. Bauen, G. Berndes, M. Junginger, M. Londo, F. Vuille, et al., Bioenergy – a 
sustainable and reliable energy source. A review of status and prospects, IEA 
Bioenergy, Paris (2010) p 80 + Appendices.  
 
[38] T. Beringer, W. Lucht, S. Schapho, Bioenergy production potential of global 
biomass plantations under environmental and agricultural constraints, GCB Bioenergy. 
3 (2011) p 299-312.  
 
[39] E.M.W. Smeets, D. Lemp, M. Dees, D. van den Berg, H. Böttcher, J. Domac, et al., 
Methods & Data Sources for Biomass Resource Assessments for Energy, Deliverable 
D4.5 & D4.6. Biomass Energy Europe (2010) 272.  
 
[40] D. Thrän, T. Seidenberger, J. Zeddies, R. Offermann, Global biomass potentials - 
Resources, drivers and scenario results, Energy Sustainable Dev. 14 (2010) 200-205.  
 
[41] M. Junginger, A. Faaij, R. van den Broek, A. Koopmans, W. Hulscher, Fuel supply 
strategies for large-scale bio-energy projects in developing countries. Electricity 
generation from agricultural and forest residues in Northeastern Thailand, Biomass 
Bioenerg. 21(4) (2001) :259-275.  
 
[42] P. Gallagher, M. Dikeman, J. Fritz, E. Wailes, W. Gauther, H. Shapouri, Biomass 
from crop residues: cost and supply estimates, Agricultural Economic Report No. 819, 
Economic Research Service, United States Department of Agriculture, Washington, 
DC, USA, 30 pp, (2003).  
 
[43] G.R. Nelson, M. Walsh, J.J. Sheehan, R. Graham, Methodology for estimating the 
removable quantities of agricultural residues for bioenergy and bioproduct use, Appl 
Biochem Biotechnol. 113-116 (2004) 12-26.  
 
[44] S. Andrews, Crop residue removal for energy production: effects on soils and 
recommendations. White Paper. Soil Quality National Technology Development Team 
USDA-Natural Resource Conservation Service. Available at: 
http://soils.usda.gov/sqi/management/files/agforum_residue_white_paper.pdf, 
(2006) pp 15.  
 
[45] B. Cosic, Z. Stanic, N. Duic, Geographic distribution of economic potential of 
agricultural and forest biomass residual for energy use: Case study Croatia, Energy. 36 
(2011) 2017-2028.  
 
[46] E.M.W. Smeets, A.P.C. Faaij, I.M. Lewandowski, W.C. Turkenburg, A bottom-up 
assessment and review of global bio-energy potentials to 2050, Prog Energy Combust 
Sci. 33(1) (2007) 56-106.  
 

http://soils.usda.gov/sqi/management/files/agforum_residue_white_paper.pdf


Chapter 1 

 

17 

 

[47] M. Hoogwijk, A. Faaij, B. Eickhout, B. de Vries, W. Turkenburg, Potential of 
biomass energy out to 2100, for four IPCC SRES land-use scenarios, Biomass Bioenerg. 
29(4) (2005) p 225-257.  
 
[48] B.J.M. De Vries, D.P. van Vuuren, M.M. Hoogwijk, Renewable energy sources: 
Their global potential for the first-half of the 21st century at a global level - An 
integrated approach, Energ Policy. 35(4) (2007) 2590-2610.  
 
[49] M. Hoogwijk, A. Faaij, B. de Vries, W. Turkenburg, Exploration of regional and 
global cost-supply curves of biomass energy from short-rotation crops at abandoned 
cropland and rest land under four IPCC SRES land-use scenarios, Biomass Bioenerg. 
33(1) (2009) p 26-43.  
 
[50] C.J. Cooper, C.A. Laing, A macro analysis of crop residue and animal wastes as a 
potential energy source in Africa, J Energy South Afr. 18(1) (February 2007) 10-19. 
  
[51] OECD/IEA, Sustainable Production of Second -Generation Biofuels: Potential and 
perspectives in major economies and developing countries. Information Paper. Paris, 
(2010).  
 
[52] W. Euler, The potential of a sustainable large scale bio-energy industry in South 
Africa based on biomass availability and economic feasibility of the supply chains; A 
Secunda Case-Study. MSc Thesis, Utrecht University, (2010).  
 
[53] J.S. Tumuluru, J.R. Hess, R.D. Boardman, C.T. Wright, T.L. Westover, Formulation, 
Pretreatment, and Densification Options to Improve Biomass Specifications for Co-
Firing High Percentages with Coal, Industrial Biotechnology. 8 (2012) 113-132.  
 
[54] J. Deng, G.-J. Wang, J.-H. Kuang, Y.-L. Zhang, Y.-H. Luo, Pretreatment of 
agricultural residues for co-gasification via torrefaction, J Anal Appl Pyrol. 86(2) (2009) 
331-337.  
 
[55] D. Tapasvi, R. Khalil, Ø. Skreiberg, K.-. Tran, M. Grønli, Torrefaction of Norwegian 
Birch and Spruce: An Experimental Study Using Macro-TGA, Energ Fuels. 26 (2012) 
5232-5240. 
  
[56] J. Wannapeera, N. Worasuwannarak, Upgrading of woody biomass by 
torrefaction under pressure, J Anal Appl Pyrol. 96 (2012) 173-180.  
 
[57] H. Ben, A.J. Ragauskas, Torrefaction of Loblolly pine, Green Chem. 14 (2012) 72-
76.  
 



Introduction 

 

18 

 

[58] W.H. Chen, P.C. Kuo, Torrefaction and co-torrefaction characterization of 
hemicellulose, cellulose and lignin as well as torrefaction of some basic constituents in 
biomass, Energy. 36 (2011) 803-811.  
 
[59] A. Pimchuai, A. Dutta, P. Basu, Torrefaction of agriculture residue to enhance 
combustible properties, Energ Fuels. 24 (2010) 4638-4645.  
 
[60] M. Crocker, R. Andrews, The Rationale for Biofuels, in: M. Crocker (Ed.), 
Thermochemical Conversion of Biomass to Liquid Fuels and Chemicals, The Royal 
Society of Chemistry, Cambridge, UK, 2010, pp. 1-25.  
 
[61] A. Dhungana, Torrefaction of Biomass. MSc Thesis -Dalhousie University, Halifax, 
Nova Scotia, (August 2011) pp 151.  
 
[62] X. Luo, Torrefaction of biomass - a comparative and kinetic study of thermal 
decomposition for Norway spruce stump, poplar and fuel tree chips. MSc Thesis- 
Swedish University of Agricultural Sciences, Uppsala, (2011).  
 
[63] S.-W. Park, C.-H. Jang, Effects of pyrolysis temperature on changes in fuel  
characteristics of biomass char, Energy. 39 (2012) 187-195.  
 
[64] L. EverGreen Renewable, Biomass Torrefaction as a Preprocessing Step for 
Thermal Conversion - Reducing costs in the biomass supply chain, (August 2009).  
 
[65] G. Bagramov, Economy of converting wood to biocoal. MSc Thesis, Lappeenranta 
University of Technology, Lappeenranta, Finland, (2010) pp 113.  
 
[66] P.C.A. Bergman, J.H.A. Kiel, Torrefaction for biomass upgrading. (2005).  
 
[67] M.J. Prins, K.J. Ptasinski, F.J.J.G. Janssen, Torrefaction of wood: Part 2. Analysis of 
products, J Anal Appl Pyrol. 77(1) (2006b) 35-40.  
 
[68] P.C. Badger, P. Fransham, Use of mobile fast pyrolysis plants to densify biomass 
and reduce biomass handling costs-A preliminary assessment, Biomass Bioenerg. 
Volume 30, Issue 4 (2006) 321-325.  
 
[69] M. Beekes, M. Cremers, Realising a co-firing dream, Power Engineering 
International. 20 (September 2012) 64-70.  
 
[70] J.C. Meerman, A. Ramírez, W.C. Turkenburg, A.P.C. Faaij, Performance of 
simulated flexible integrated gasification polygeneration facilities, Part B: Economic 
evaluation, Renew Sust Energ Rev. 16(8) (2012) 6083-6102.  
 



Chapter 1 

 

19 

 

[71] Y-H. Kim, S-M. Lee, H.-W. Lee, J-W. Lee, Physical and chemical characteristics of 
products from the torrefaction of yellow poplar (Liriodendron tulipifera), Bioresource 
Technol. 116 (2012) 120-125. 
 
[72] W.H. Chen, P.C. Kuo, A study on torrefaction of various biomass materials and its 
impact on lignocellulosic structure simulated by a thermogravimetry, Energy. 35(6) 
(2010) 2580-2586.  
 
[73] S. Mani, Integrating biomass torrefaction with thermo-chemical conversion 
processes. Paper presented at Proceedings of the 2009 AIChE Annual Meeting, 
Nashville, TN, Nov 8-13, 2009, Paper #160229, (2009).  
 
[74] L. Kokko, H. Tolvanen, K. Hamalainen, R. Raiko, Comparing the energy required 
for fine grinding torrefied and fast heat treated pine, Biomass Bioenerg. 42 (2012) 
219-223. 
  
[75] V. Repellin, A. Govin, M. Rolland, R. Guyonnet, Energy requirement for fine 
grinding of torrefied wood, Biomass Bioenerg. 34(7) (2010a) 923-930.  
 
[76] T.G. Bridgeman, J.M. Jones, A. Williams, D.J. Waldron, An investigation of the 
grindability of two torrefied energy crops, Fuel. 89(12) (2010) 3911-3918.  
 
[77] C. Couhert, S. Salvador, J.M. Commandre, Impact of torrefaction on syngas 
production from wood, Fuel. 88 (11) (2009) 2286-2290.  
 
[78] M.J. Prins, K.J. Ptasinski, F.J.J.G. Janssen, More efficient biomass gasification via 
torrefaction, Energy. 31(15) (2006a) 3458-3470.  
 
[79] P.C.A. Bergman, A.R. Boersma, J.H.A. Kiel, M.J. Prins, K.J. Ptasinski, F.G.G.J. 
Janssen, Torrrefied biomass for entrained-flow gasification of biomass, ECN-C-05-026 
(2005). 
  
[80] P.C.A. Bergman, A.R. Boersma, R.W.H. Zwart, J.H.A. Kiel, Development of 
torrefaction for biomass co-firing in existing coal-fired power stations “biocoal”. ECN-
C-05-013 (2005). 
  
[81] M. Wild, The ratio behind torrefaction: Trade-off between additional investment 
& energy use vs. logistical & end-use advantages. Presentation at IEA Bioenergy Task 
32 and Task 40 workshop on “Development of torrefaction technologies and impacts 
on global bioenergy use and international bioenergy trade”, 28th of January 2011, 
Graz, (2011).  
 
[82] J.H. Peng, H.T. Bi, S. Sokhansanj, J.C. Lim, A Study of Particle Size Effect on 
Biomass Torrefaction and Densification. Energy Fuels. 26 (2012) 3826-3839.  



Introduction 

 

20 

 

 
[83] J.J.M. Brouwers, Commercialisation Torr-Coal torrefaction technology, (2011).  
 
[84] D. Ciolkosz, R. Wallace, A review of torrefaction for bioenergy feedstock 
production, Biofuel Bioprod Bior. 5 (3) (2011) 317-329.  
 
[85] A. Pirraglia, R. Gonzalez, D. Saloni, J. Wright, J. Denig, Fuel Properties and 
Suitability of Eucalyptus Benthamii and Eucalyptus Macarthurii for torrifed wood and 
pellets, Bioresources. 7(1) (2012) 217-235.  
 
[86] R.W.R. Zwart, H. Boerrigter, A. van der Drift, The Impact of Biomass Pretreatment 
on the Feasibility of Overseas Biomass Conversion to Fischer-Tropsch Products, Energ 
Fuels. 20 (2006) 2192-2197.  
 
[87] A.I.P. Magalhães, A.L. D. Petrović, R.Z.A. Putra, G. Thielemans, Techno-economic 
assessment of biomass preconversion processes as a part of biomass-to-liquids line-
up. Biofuels, Bioproducts and Biorefining Biofuel Bioprod Bior. 3(6) (2009) 584-600.  
 
[88] M.R. Kabir, A. Kumar, Comparison of the energy and environmental 
performances of nine biomass/coal co-firing pathways, Bioresource Technol. 124 
(2012) 394-405. 
  
[89] R.W.R. Zwart, H. Boerrigter, E.P. Deurwaarder, C.M. van der Meijden, S.V.B. van 
Paasen, Production of Synthetic Natural Gas (SNG) from Biomass - Development and 
operation of an integrated bio-SNG system, Non-confidential version. ECN-E-06. 
(2006). 
  
[90] M. Gassner, F. Maréchal, Thermo-economic process model for thermochemical 
production of Synthetic Natural Gas (SNG) from lignocellulosic biomass, Biomass 
Bioenerg. 33(11) (2009) 1587-1604.  
 
[91] P. Cozens, C. Manson-Whitton, Bio-SNG Feasibility Study – Establishment of a 
Regional Project. Prepared by Progressive Energy Ltd and CNG Services for NEPIC, 
National Grid and Centrica. Pp 99. (2010).  
 
[92] M. Gassner, F. Maréchal, Thermo-economic optimisation of the polygeneration of 
synthetic natural gas (SNG), power and heat from lignocellulosic biomass by 
gasification and methanation, Energ Environ Sci. 5 (2012) 5768-5789.  
 
[93] S. Heyne, S. Harvey, Impact of choice of CO2 separation technology on thermo-
economic performance of Bio-SNG production processes. , Int J Energy Res. DOI:  
10.1002/er.3038 (2013).  
 



Chapter 1 

 

21 

 

[94] C.M. van der Meijden, H.J. Veringa, L.P.L.M. Rabou, The production of synthetic 
natural gas (SNG): A comparison of three wood gasification systems for energy 
balance and overall efficiency, Biomass Bioenerg. 34 (2010) (2010) 302-311.  
 
[95] J. Ahrenfeldt, B. Jørgensen, T. Thomsen, Bio-SNG potential assessment: Denmark 
2020. Biosystems Division, Risø DTU/ Dansk Gasteknisk Center A/S. Risø-R-1754 (EN). 
November 2010. (2010).  
 
[96] C.P. Kleinschmidt, Statusoverzicht en impactanalyze van torrefactie in Nederland 
(in Dutch). KEMA/Agentschap NL, Arnhem, (2010) pp 48.  



 

22 

 

 

2 Harmonising bioenergy resource potentials – 

methodological lessons from review of state of the 

art bioenergy potential assessments 
 

B. Batidzirai, E.M.W. Smeets, A.P.C. Faaij, Renewable and Sustainable Energy Reviews 

16 (2012) 6598–6630. 

 

Abstract 
 
Published estimates of the potential of bioenergy vary widely, mainly due to the 
heterogeneity of methodologies, assumptions and datasets employed. These 
discrepancies are confusing for policy and it is thus important to have scientific clarity 
on the basis of the assessment outcomes. Such clear insights can enable 
harmonisation of the different assessments. This review explores current state of the 
art approaches and methodologies used in bioenergy assessments, and identifies key 
elements that are critical determinants of bioenergy potentials. We apply the lessons 
learnt from the review exercise to compare and harmonise a selected set of country 
based bioenergy potential studies, and provide recommendations for conducting 
more comprehensive assessments. Depending on scenario assumptions, the 
harmonised technical biomass potential estimates up to 2030 in the selected 
countries range from 5.2-27.3EJ in China, 1.1-18.8EJ in India, 2.0-10.9EJ in Indonesia, 
1.6-7.0EJ in Mozambique and 9.3-23.5EJ in the US. From the review, we observed that 
generally, current studies do not cover all the basic (sustainability) elements expected 
in an ideal bioenergy assessment and there are marked differences in the level of 
parametric detail and methodological transparency between studies. Land availability 
and suitability lack spatial detail and especially degraded and marginal lands are 
poorly evaluated. Competition for water resources is hardly taken into account and 
biomass yields are based mostly on crude ecological zoning criteria. A few studies take 
into account improvements in management of agricultural and forestry production 
systems, but the underlying assumptions are hardly discussed. Competition for 
biomass resources among the various applications is crudely analysed in most studies 
and key assumptions such as demographic dynamics, biodiversity protection criteria, 
etc. are not explicitly discussed. To facilitate more comprehensive bioenergy 
assessments, we recommend an integrated analytical framework that includes all the 
key factors, employs high resolution geo-referenced datasets and accounts for 
potential feedback effects. 
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2.1 Introduction 
 
As global interest and inquiry into the achievable and sustainable potential of 
bioenergy grows, numerous studies have been conducted to better understand the 
potential of this renewable energy resource. These existing biomass energy resource 
assessments are providing widely varying estimates and present different scenarios of 
the potential contribution of biomass to future energy systems. Dornburg et al. [1] 
reviewed a range of studies and concluded that the technical bioenergy potential in 
2050 could range from about 100 EJ using only residues up to an ultimate technical 
potential of 1500 EJ/yr when considering all types of feedstocks, and considering 
maximum deployment of agricultural intensification. Similarly estimates are given in 
an International Energy Agency (IEA) study [2]. In the IPCC Special Report on 
Renewable Energy [3] it is concluded that in 2050, the total assessed bioenergy 
potential can range from below 50 EJ/yr (in scenarios with high future food and fibre 
demand, combined with lower agricultural productivity) to about 500 EJ/yr technical 
potential, taking key sustainability criteria (e.g. food, water, biodiversity) into account. 
A deployment rate of 100-300 EJ is estimated in this report by 2050. Many other 
studies provide varying intermediate estimates (e.g. Haberl et al. [4] gives a more 
conservative global technical bioenergy potential of 162 –267 EJ/yr in 2050 after 
taking into account strict sustainability criteria. Beringer et al. [5] also conclude that 
the total global bioenergy potential for the year 2050 ranges between 126 and 216 
EJ/yr).  
According to Hoogwijk et al. [6], Smeets et al. [7] and Haberl et al. [4] the 
discrepancies in bioenergy potential estimates are caused by several factors. First, 
studies have different objectives, scope/system boundaries and are evaluated over 
different time frames (see also Thrän et al [8]). Second, studies focus on different 
biomass resource types (e.g. energy crops, residues, etc.) and different type of 
biomass potentials (e.g. theoretical, technical, economic, sustainable, implementat-
ion). Third, a heterogeneous assortment of methodologies and approaches is used to 
derive bioenergy potential estimates. More importantly, analysts use a heterogeneity 
of datasets and scenario assumptions (due to missing empirical data) for certain 
aspects (e.g. yields, conversion factors, parameter correlations, and sustainability 
criteria). The broad variety of approaches, methodologies, assumptions and datasets 
is due to a lack of a commonly accepted approach to determine biomass energy 
potentials.  
 
These differences in bioenergy resource assessment estimates make it difficult to 
clearly inform decision-making by policymakers and investors. To utilise the available 
estimates requires harmonisation of the results and understanding their basis, i.e. by 
examining the authenticity, credibility and accuracy of underlying assumptions, data 
and correlations as well as methodological completeness. Although most analysts 
indicate that they take into account generally accepted key factors that influence 
bioenergy potentials, often these factors are not explicitly discussed in the relevant 
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study reports. This makes comparison and harmonisation of study results difficult. 
While some studies lack transparency in the procedure for estimating bioenergy 
potentials, others neglect important sustainability criteria, such as competing biomass 
applications in their estimates [4],[8],[7],[9]. It is important to note that differences in 
biomass energy potentials per se are not the problem, but lack of transparency and 
omission of key factors that influence sustainable bioenergy potential makes 
harmonisation of results from different studies difficult. 
 
Given the lack of convergence in bioenergy resource assessments and difficulties 
encountered in attempts to harmonise study results, two issues emerge. First, to 
enable harmonisation of current bioenergy study results, there is need to develop a 
systematic approach to evaluating and qualifying current assessments by determining 
what factors have been included and excluded, as well as examining if key parameters 
employed in the analysis are within ‘reasonable’ deviation of commonly accepted 
values. Second, there is a need to provide an analytical framework to guide future 
bioenergy assessments so as to ensure that the critical factors influencing biomass 
availability as well as sustainability issues are taken into account. 
 
The main objective of this chapter is to review and analyse methodologies and 
approaches used in estimating bioenergy potentials, focussing on identifying the 
critical elements that influence the results as well as gaps in knowledge and 
understanding in aspects that have a strong impact on the outcome of bioenergy 
potential assessments. From the analysis, we develop and present a systematic 
methodological framework for conducting comprehensive bioenergy resource 
assessments (for both regional/national and global level). This methodological 
framework can also be useful as a quality assurance screening tool when applied to 
reviewing and evaluating existing bioenergy studies. To illustrate this, the 
methodological framework is applied to a review exercise of several national 
bioenergy resource assessment studies in five selected countries i.e. China, India, 
Indonesia, Mozambique and the United States of America (US).  
 
This chapter is structured as follows. Section 2 presents a review of current 
methodologies and approaches used in performing bioenergy potential estimates. 
Included in this section is an analysis of the critical determinants of bioenergy 
potentials. This is followed in section 3 by an analysis of lessons learnt from reviewing 
and harmonising several national studies. The last section outlines the proposed 
methodological framework. 

2.2 Evaluation of approaches and methodologies used in 

bioenergy potential assessments 
 
To enable a systematic evaluation of bioenergy resource assessments, three key 
aspects taken from the literature are used to categorise and analyse the studies: the 
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type of bioenergy potential, type of approach and type of methodology (following 
Berndes [10]; Perlack et al. [11]; Smeets and Faaij [12]; Smeets et al. [13]; van Vuuren 
et al. [14]; Dornburg, et al. [1]; Chum et al. [3]). An approach represents a broad 
guiding philosophy followed in an assessment and is not procedural. Examples of 
approaches include resource focussed, demand driven and integrated assessments. A 
methodology on the other hand is a set of detailed procedures that translates 
correlative assumptions (and datasets) into (quantified) bioenergy potentials. There is 
a hierarchical and logical fit between an approach and methodology, as the 
methodology should be based on and be consistent with a particular approach. 
Examples of methodologies include (resource focussed) statistical analysis and 
(demand driven) cost supply analysis.  

2.2.1 Type of bioenergy potentials 

 
The type of biomass energy potential is a crucial criterion, because this determines to 
a large extend the approach and methodology employed in a study and thereby also 
the data requirements as summarised below.  
 
Three types of bioenergy potentials can be distinguished (following Chum et al. [3]; 
Smeets and Faaij [12]).  
 
(i) Theoretical potential: is defined as the maximum amount of terrestrial 

biomass which can be considered theoretically available for bioenergy 
production within fundamental bio-physical limits. In the case of biomass 
from crops and forests, this represents the maximum productivity under 
theoretically optimal management of agriculture and forestry, taking into 
account limitations that result from temperature, solar radiation and rainfall 
(see e.g. Sørensen [15]; Kheshgi et al. [16]; Cannell [17]). For residues and 
waste, the theoretical biomass potentials are the same as the total residue 
production (see e.g. Edwards et al. [18]; Geletukha et al. [19]).  

(ii) Technical potential: is defined as the fraction of the theoretical potential 
which is available under current technological possibilities, and taking into 
account spatial restrictions due to competition with other land uses (food, 
feed and fibre production) as well as other non-technical constraints (see e.g. 
Perlack et al. [11]; Ericsson and Nilsson [20]; Hagstrom [21]; Thrän et al. [22]; 
Renew [23]). When restrictions related to environmental criteria such as 
nature conservation and soil/water/biodiversity preservation are considered 
then this fraction of technical potential is referred to as the ecologically 
sustainable potential (see e.g. EEA [24],[25],[26]). 

(iii) Market (or Economic) potential: refers to the share of the technical potential 
which meets economic criteria within given conditions (e.g. competition with 
fossil fuels or assumed carbon prices). This depends on both the cost of 
production and the price of the biomass feedstock (e.g. Richards and Stokes 
[27]; Hagstrom [21]; De Wit & Faaij [28]; Renew [29]). A variant of the 
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economic potential that can be implemented within a certain time frame and 
under concrete socio-political framework conditions, including economic, 
institutional and social constraints and policy incentives is referred to as the 
implementation potential (e.g. Van Vuuren et al. [30]).  

 
As shown in Figure 2-1, there is hierarchical reduction in potential from theoretical to 
implementation potential and an overlap between market potential and ecological 
potential. This overlap comes about, for example when biomass potential considered 
to be ecologically sustainable does not meet economic criteria and vice versa. 
It should be noted that the definitions of potentials in literature are often not fully 
consistent with the definitions presented above. Bioenergy assessments that focus on 
a certain type of potential often also include limitations that, according to the 
definitions above, are relevant for another type of potential. Further, several studies 
explicitly, or implicitly, analyse several types of potentials. For example, the following 
types of combinations can be identified, i.e. theoretical-technical and economic-
implementation potential. 
 

 

Figure 2-1: Overlap between theoretical, technical, and market bioenergy potentials 

2.2.2 Biomass resource categories 

 
Biomass resources include organic materials derived from agricultural crops, forest 
products, aquatic plants, residues, manures and wastes [6],[4]. There are two main 
biomass resource types which are potential bioenergy feedstocks: biomass from 
forestry and agriculture. According to Hoogwijk et al. [6], the biomass resource base 
can be categorised into four interlinked levels: i.e. primary resources, primary 
residues, secondary residues and tertiary residues resources. Corresponding 
classification by FAO [31] is direct (energy crops and by-products), indirect (by-
products) and recovered (end-use material) as described in Table 2-1.  
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2.2.3 Types of approaches  

 
The general approach determines to a large extend the methodology that is used and 

in turn, the methodology determines to a large extend the data requirements. Most 

biomass energy assessments can be categorised as demand-driven or resource-

focussed assessments, see  

Figure 2-2. In addition, integrated assessments, impact/ feasibility assessments and 
review assessments can also be identified. 
 
Table 2-1: Categorisation of biomass resources 

Resource 
type 

Category Source* Description 

Agricultural 
 
(Woody 
biomass, 
herbaceous 
plants, fruits 
and seeds, 
others

1
) 

Primary/ 
Direct* 
 

Energy 
crops 

The bulk of primary agricultural biomass 
resources are expected to come from dedicated 
energy crops on surplus agricultural land and on 
marginal/degraded land- that is considered 
unsuitable for conventional agriculture but 
suitable for energy crops. Energy crops include all 
crops grown with the purpose of producing 
biomass for energy use. These can be categorised 
into second generation energy crops (e.g. 
perennial grasses and woody crops such as short 
rotation coppice (SRC)) and first generation 
energy crops (e.g. grains, sugar and oil crops). 

By-
products 

Direct agricultural residues are the by-products of 
agricultural practice and include crop residues 
from harvesting major conventional annual crops 
(e.g. corn stover, straw) as well as animal 
manures and animal byproducts. 

Secondary/ 
Indirect* 

Indirect agricultural residues include residues 
from processing of agricultural products (e.g. rice 
husks) and slaughterhouse by products 

Tertiary/ 
Recovered* 

End-use 
materials 

The tertiary agricultural resource includes 
municipal by-products e.g. municipal solid 
waste/organic waste including household and 
industrial waste and bio sludge #.  

Forestry 
 
(Woody 
biomass) 

Primary/ 
Direct 

Natural 
and 
plantation 
forests 

Primary forestry biomass resources include 
woody biomass harvested from natural forests, 
plantations and other wooded areas (e.g. 
orchards, vineyards). Fuelwood extracted from 
forestlands and excess biomass removed from 
forestlands (so-called “fuel treatments” to reduce 
fire hazards) constitute other important biomass 
resources (see Perlack et al. [11]). Also ‘surplus 
forest’ growth in natural forests that is not 
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required for fibre production is another resource 
(see Smeets and Faaij [12]; Chum et al. [3]). 

By-
products 

Direct forestry residues include logging residues 
from conventional harvest operations, thinning 
and other forest management by products and 
land clearing operations (e.g. twigs, branches). 

Secondary/ 
Indirect 

Secondary forestry resources include primary 
wood processing industry residues (e.g. sawdust, 
bark), secondary wood processing mill residues 
(e.g. trimmings, offcuts) and pulping liquors 
(black liquor+). 

Tertiary/ 
Recovered  

End-use 
materials 

Tertiary forestry resources include urban wood 
residues e.g. construction and demolition debris, 
tree trimmings, packaging wastes and consumer 
durables. 

1
 Others include animal by-products, agro-industrial byproducts, end-use material and mixtures 

of these 
* An alternative classification used by FAO in its Unified Bioenergy Terminology (UBET) is also 
included here for comparison 
# Whereas the waste potential is expressed in terms of its physical and energetic amount 
before conversion, biogas from sewage treatment plants and landfill gas are derived energy 
carriers from organic waste and are expressed in terms of their volumetric or energetic 
amounts. 
+ Black liquor is a waste product of paper making (kraft pulping) and contains unutilized wood 
fibre, lignin, and other chemicals. With wood as input, 50% wood is converted into fibre and the 
remaining residues are black liquor. 

Source: [12], [3],[11],[31] 
 
Resource-focused assessments investigate the total bioenergy resource base taking 
into account competition between different uses of the resources (supply side) and 
the biophysiological and environmental limitations of biomass production. These 
types of studies typically focuses on assessing technical potentials and key parameters 
examined include the efficiency of food and fibre production, particularly with respect 
to the availability of water and land resources. Examples of resource focussed studies 
include Thrän et al. [22] and Smeets et al. [13].  
 
Demand-driven assessments analyse the competitiveness of biomass-based energy 
systems, or estimate the amount of biomass required to meet exogenous targets such 
as energy security or renewable energy quotas. These studies typically focus on the 
economic potential. Typical examples include Perlack et al. [11], USDoE [32] and IEA 
[33]. Perry [34] classifies demand driven assessments into rule based studies and 
competition embracing assessments. In rule based studies, allocation of biomass 
between energy markets and other applications is determined by rules or 
assumptions that are based on set sustainability criteria. Examples include Hansson et 
al. [35], Leemans et al. [36], Siemons et al. [37], and Londo et al. [38]. In competition 
embracing studies, biomass is characterised as a tradable commodity which is forced 
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to compete on the energy and/or agricultural markets. Allocation of resources is not 
based on ex ante (sustainability) rules alone and such studies deploy optimisation 
procedures that permit biomass to compete at the margin with other sectors. 
Examples include CARB [39], Sastri et al.[40], Edmonds et al. [41], FAO and OECD [42], 
Hansson and Berndes [43], IEA [33], and USEPA [44]. 
Integrated assessments combine both the demand-driven and resource-focussed 
approaches. These studies use integrated assessment models (IAMs) designed to 
assess policy questions, mostly by means of scenario analysis. Examples of IAMs 
include the Joint Global Change Research Institute’s MiniCAM model used by Wise et 
al. [45]; and the Integrated Assessment Model to Assess the Global Environment 
(IMAGE) used by Hoogwijk et al. [46] and Van Vuuren et al. [30]. Further discussion of 
IAMs is given in Section 2.4.5. 
 

 
 
Figure 2-2: Representation of ‘resource-focussed’ and ‘demand-driven’ approaches  

Impact and feasibility assessments investigate the technical, economic or 
environmental feasibility of bioenergy policy targets or the impact of bioenergy 
policies on certain aspects, such as water scarcity, food security, biodiversity, climate 
change and employment. Examples in this category include USDoE [32], which 
investigates the feasibility of replacing 30% of the gasoline consumption in the US in 
2030 by biofuels. Fischer et al. [47] evaluate the social, environmental and economic 
implications of biofuels developments on transport fuel security, climate change, 
agricultural prices, food security and land use change. Smeets and Faaij [48] assess the 
impact of sustainability criteria on the costs and potentials of bioenergy production in 
Ukraine and Brazil. 
 
A fifth and somewhat separate approach is the review (or synthesis) approach, 
whereby new insights are generated based on existing studies. Review assessments 
summarise and compare different study results and investigate the underlying factors 
that determine the future production and use of bioenergy. Examples include Berndes 
et al. [10], Dornburg et al. [1], Thrän et al. [8], Bauen et al. [2], Haberl et al. [4] and 
Beringer et al. [5] and Offermans et al. [49]. 
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2.2.4 Types of methodologies 

 
For each approach different methodologies can be distinguished. These methodologi-
es range from simple statistical methods to more complex spatially explicit models 
and integrated assessment modelling frameworks (that include economic equilibrium 
models).  

2.2.4.1 Resource-focussed assessments - Statistical analysis 

 
Statistical analysis of bioenergy potentials follow a bottom-up engineering approach 
to determine the availability of biomass for the production of energy taking into 
account the demand for biomass for other purposes, such as food and fibre. 
Important data sets used range from agriculture and forest production, trade to socio-
economic developments and technological trends. This methodology is referred to as 
statistical analysis, because of the use of statistical data on land use and agricultural 
production. This methodology has been widely used since the emergence of the first 
biomass potential assessments (e.g. Hall et al. [50]; [51]; Swisher and Wilson [52]; 
WEC [53]; Kim and Dale [54]; [55]; Ericsson and Nilsson [20]; Moreira [56]; Smeets et 
al. [13]; Asikainen et al. [57]).  
 
Statistical data contains empirically derived or modelled statistics of key determinants 
of biomass resource availability and use. These include information on arable land, 
cultivated areas, pasture areas, agricultural productivity data, agricultural 
management systems, harvested volumes, food and material supply and demand 
elasticities, demographic and economic dynamics, livestock statistics, etc. The most 
critical data sets include agricultural productivity and animal feed conversion 
efficiency, key drivers of land use change such as demographics, consumption 
patterns, income and technological change. Examples of statistical datasets used in 
bioenergy potential analysis include the FAOSTAT database used in Smeets et al. [13] 
and Hoogwijk et al. [46], and EUROSTAT database employed by EEA [26] and Fischer 
et al. [65]. 
 
Advantages of statistical analyses are the simplicity, transparency, reproducibility and 
low cost. A major disadvantage is that it is not possible to adequately account for the 
macro-economic dimension, which is especially important when evaluating the 
feasibility of an increase in food production efficiency and thus also the availability of 
land for energy crop production. Another disadvantage is the limited possibilities to 
account for site specific environmental or social constraints, as only average values 
such as soil productivity can be included (as in Renew [23]).  

2.2.4.2 Resource-focussed assessments - Spatially explicit analysis 

 
Spatially explicit analyses differ from statistical analyses because they employ spatially 
explicit data. However, the key scenario variables remain the same as in statistical 
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analyses. Examples of spatially explicit analyses include Van Dam et al. [58], De Wit & 
Faaij [28], Fischer et al [59], van der Hilst et al. [60], Beringer et al. [5], Lotze-Campen 
et al. [61] and Acosta-Michlik et al. [62].  
 
Spatially explicit analyses are more suitable, compared to statistical analyses, to 
reflect the impact of local or regional circumstances by combining spatially explicit 
data on land use. Further, spatially explicit analyses also give insight in the distribution 
of the biomass potentials across countries or regions. Another advantage is that the 
yields of energy crops can be estimated based on crop growth models that use 
spatially explicit data on climate, soil type and crop management. In addition, the 
methodology is transparent and varying levels of data details and aggregation can be 
employed [63]. Reproduction of the results is, however, difficult, because the use of 
geographic information software and spatially explicit data can be labour intensive. 
Also, the increased complexity of the aggregated data can be a source of uncertainty 
and contradictions [60], and thus spatially explicit analyses do not necessarily provide 
more accurate outcomes compared to statistical analyses. Further, spatially explicit 
analyses, as statistical analyses, offer only limited possibility to include feedback 
mechanisms such as macro-economic impacts of increased bioenergy production. 
 
The data sets used in spatially explicit assessments can be classified into geodata and 
statistical data. Geodata is a collection of all georeferenced information such as land 
use and land cover maps and data obtained from geographic information systems 
(GIS). This includes datasets on elevation, agricultural suitability, protected areas, 
population and livestock density, distance to forests and water. A typical example of 
datasets required in spatially explicit analysis for evaluation of the availability of land 
for different scenarios is shown in Figure 2-3. Examples of geo-datasets include the 
Global Land Cover 2000 (GLC2000) land cover/use datasets used in Ten Brink et al. 
[64] and the CORINE Landcover 2000 datasets employed in EEA [26].  
 
An example of a global spatially explicit bioenergy potential assessment is given in 
Lotze-Campen et al. [61] in which spatially explicit analysis of land-use and water-use 
patterns are combined with socio-economic information on population, income, food 
demand and production costs. Spatially explicit environmental data on potential crop 
yields and water availability for each grid cell are supplied by the Lund–Potsdam–Jena 
dynamic global vegetation model with managed Lands (LPJmL) while the economic –
environmental integration is provided by the model MAgPIE. 

2.2.4.3 Demand driven assessments - Cost-supply analysis 

 
Cost-supply analyses typically combine bottom up bioenergy technical estimates with 
cost accounting evaluation of the costs of biomass production, transportation and 
conversion. The results are normally expressed as cost-supply curves. Examples are 
Parker et al. [66], IEA [33], EEA [24],[25], and Gordon et al. [67],[68]. 
 



Harmonising bioenergy ….. methodological lessons from review of state of the art 

 

32 

 

This methodology is simple, transparent, reproducible and cheap. However, it does 
not allow the matching of demand and supply through prices, and thus competition is 
not accurately modelled. Another disadvantage is that there are limited possibilities to 
account for environmental or social limitations. Notable exceptions include Smeets et 
al. [69],[48], van der Hilst et al. [70], and van Dam et al. [71], in which the impacts of 
environmental and social sustainability criteria on bioenergy cost-supply curves are 
demonstrated.  
 

 

Figure 2-3: An overview of modelling land availability for bioenergy crops in a typical 
spatially explicit analysis.  

Source: van der Hilst et al. [60] 

2.2.4.4 Demand driven assessments - Energy-system modelling 

 
Energy-economics models, or energy-system models, are models that mimic energy 
markets dynamics, and evaluate the sufficiency and competitiveness of (bio)energy 
options through application of economic (least cost) optimisation taking into account 
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changes in production factors, market prices and other economic developments (e.g. 
technological changes and improvements in agricultural management). Examples of 
studies employing energy systems modelling include Berndes and Hansson [72], IEA 
[73,74], Link et al. [75] and OECD [76]. These types of models are especially suitable to 
evaluate the costs and effectiveness of policy options.  
 
According to Dornburg et al. [77], the ideal energy-economics model takes into 
account all key factors influencing energy demand and includes all relevant energy 
supply options, sectors and competing applications. In addition, the model must 
employ least-cost supply rules and dynamic cost-supply curves that take into account 
technological learning. For agricultural and forestry-economics models the same 
criteria apply and in addition, the effects on markets and production of all relevant 
supply and demand sectors (food, feed, fuel and materials) need to be taken into 
account. 
 
Dornburg et al. [77] reviewed several energy-system models (including the World 
Energy Model (WEM)-see [74]), Targets-Image Energy Regional model (Timer) and the 
Market allocation (Markal) model). They observed that in most studies, potential 
applications of biomass feedstocks are hardly elaborated, biomass costs are assumed 
constant while it is unclear how technological learning is included in many studies. A 
general drawback with energy system modelling is that economic correlations used in 
the models are partially based on expert judgement, to complement historical data on 
energy use and prices (which are often distorted by, for instance, changes in energy 
policies) [78]. Further, energy-economic models lack physical reality, especially 
validation of land availability and productivity for energy crop production [61]. 

2.2.4.5 Integrated assessments – Various methodologies  

 
Integrated assessments (IAMs) combine the resource focussed and demand driven 
methodologies discussed above. Some IAMs consist of several linked models and 
tools. IAMs include correlations between socio-economic drivers of economic activity 
and energy use, which result in environment impacts and feedbacks that lead to 
changes in the socio-economic drivers. In addition, IAMs combine information about 
economic, energy and climate variables across various scientific disciplines, time, and 
spatial scales while allowing the modelling of multi-dimensional scenarios, whereby a 
large variety of assumptions for different parameters (population growth, economic 
growth, food consumption, environmental policies, trade, etc.) can be consistently 
correlated. Several studies use the storylines approach of the IPCC Special Report on 
Emission Scenarios (SRES) [79]. These scenarios are applied in Hoogwijk et al. [46] and 
Hoogwijk et al. [80]. These storylines follow specific development trends that make 
certain assumptions about future socio-economic, technological and environmental 
development (see Figure 2-4).  
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In theory, IAMs would be ideal for including different sustainability aspects of 
bioenergy production, including all relevant feedback mechanisms such as macro-
economic impacts as well as trade-offs and synergies among the social, economic and 
environmental dimensions (such as balancing land use choices for food and fuel 
production, use of by-products and co-production of food, feed and fuels). Because 
IAMs combine bottom up data on land use and productivities with energy-economic 
models, they therefore provide an appropriate framework to also estimate the 
impacts on agricultural markets and food security, GHG emissions and land use. An 
important handicap is the complexity of these models, which makes them relatively 
untransparent, expensive to develop and user unfriendly. Moreover, the integration 
of separate models, and the uncertainties due to gaps in knowledge and data are 
often problematic in IAMs. 
 

 

Figure 2-4: An example of the story lines approach  

Ten Brink et al. [64] is an example of a study that uses an integrated economic-
biophysical framework to assess the impacts of biofuels on biodiversity, climate 
change and land use change. It combines the agricultural trade model (the extended 
GTAP: Global Trade Analysis Project), the global integrated environmental assessment 
model (IMAGE: Integrated Model to Assess the Global Environment) and the global 
biodiversity assessment model (GLOBIO3). The outputs of GTAP-IMAGE are fed to the 
biodiversity model GLOBIO3 and the environmental impacts of biofuels that include 
land use change, agricultural and energy markets can be observed. This typically 
cannot be derived from single aspect studies. Also, Van Vuuren et al. [14] use the 
IMAGE-TIMER modelling framework to evaluate the impact of land degradation, 
water scarcity and biodiversity protection on bioenergy potentials. The study overlays 
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bioenergy potential maps created in IMAGE with maps of land degradation (using the 
GLASOD soil degradation database), water scarcity (calculated by the WaterGap 
model) and potential expansion of protected areas (estimated using the Sustainability 
First scenario of the Global Environmental Outlook of UNEP). 

2.2.5 Key drivers and factors affecting bioenergy potential estimates 

 
For each approach/methodology and bioresource type, biomass availability for energy 
is influenced by several key underlying factors and drivers. For energy crops, land 
availability and crop yields are key determinants of bioenergy potential. Sustainability 
criteria represent important constraints for bioenergy potential estimates (including 
residues), and variations and omissions in applied criteria (both the type of criteria 
and the incorporated threshold values) are a major source of discrepancies in 
available estimates. An ideal comprehensive bioenergy resource assessment would 
consider all important factors that influence the sustainable availability of biomass for 
energy, including reduction factors to avoid socio-economic and environmental 
impacts. An overview of the linkages between the various factors affecting biomass 
energy potentials and key modelling parameters is shown in Table 2-2 (partly based 
on Dornburg et al. [1]). 
 
Table 2-2: Critical factors in biomass energy potential assessment 

Drivers & Factors Main requirements/Inputs/Aspects to be included for comprehensive 
potential assessments 

Biomass demand 
for food, feed, and 
fibre/biomaterials  

 Accurate projections of socio-economic trends e.g. population, 
economic growth, changes in diet and per capita caloric food intake 
that determine absolute food demand and diet composition 
(especially meat products); 

 demand for agricultural land for food, feed and fibre production and 
other land appropriated for human activities, and surplus land 
availability for energy crops;  

 impact of alternative protein chains (this has potential to release land 
used for feed crop production);  

 analysis of trade possibilities (optimised global agricultural 
commodity production can allow best suited regions to produce 
either food or energy without affecting food security) 

Improvements in 
agricultural and 
forestry 
management and 
technologies 

 Assessment of impact of improved agricultural and forestry 
management efficiency and productivity (and related food 
production land needs);  

 accurate mapping of energy crop yields;  

 potential improvements in animal feed efficiency (and alternative 
feeds);  

 intercropping possibilities, integrated agroforestry and silvopastoral 
systems; 

 impact of improved harvesting technologies; 

 impact of biotechnological improvements and technological learning 
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in agricultural production and technology; 

 impact of multi-product and integrated biorefinering. 

Use of marginal 
and degraded land 

 Accurate and spatially explicit land-use datasets and digital mapping 
identifying location, extend, severity and availability of degraded/ 
marginal land for energy crops;  

 data on soil quality, conditions and constraints (nutrient retention 
and availability/fertility, rooting conditions of plants, flooding, soil 
depth, groundwater depth);  

 accurate energy crop productivities by type on degraded land;  

 data on reference land use system of degraded land including use for 
grazing;  

 data on biodiversity values of degraded land. 

Water availability 
and use 

 Good quality water availability statistics (current and future) including 
mapping of water stress, ground and surface water availability and 
quality, environmental water requirements, agricultural water 
withdrawal, freshwater runoff, freshwater demand by application;  

 projected climate change impacts (precipitation and 
evapotranspiration rates);  

 impact of improved water use efficiency;  

 impact of energy crop choices and agro-management (input of 
agrochemicals);  

 irrigation impacts (salinisation, biodiversity impacts, wetlands). 

 watershed level assessment of water use impacts 

Nature protection 
and expansion of 
protected areas 

 Impact of nature protection and its potential future expansion on 
land availability and residue removal. This requires taking into 
account biodiversity values of different land types (including marginal 
land), short term direct and indirect land use changes compared to 
reference land use system, energy crop choice and management 
(input of agrochemicals, risk of GMOs, water use, fragmentation, etc);  

 long term climate change impacts and shifts in vegetation zones;  

 impact of bioenergy induced eutrophication and acidification;  

 soil organic matter, detritus and residue removal thresholds;  

 use of consistent biodiversity indicators (e.g. ecological footprint, 
natural capital index, mean species abundance, biodiversity 
intactness index, etc), 

Climate change 
and GHG emissions 

 Impact of net GHG emissions of bioenergy supply chains on 
sustainable bioenergy potential using state of the art analysis of 
emission factors,  

 Impact of fertiliser use, energy crop choices; 

 accounting for co-products e.g. electricity generation and DDGS;  

 impact of bioenergy production on direct and indirect land use 
changes compared to reference land use, soil carbon content and 
changes;  

 impacts of CO2 fertilisation effects, temperature changes, 
precipitation and water availability changes, desertification and shift 
in land productivity, and other climate change impacts on bioenergy 
potential 



Chapter 2 

 

37 

 

Choice of energy 
crops 

 impact of energy conversion efficiency and higher energy yields 
between woody and herbaceous plants compared to grains and oils 

 impact of land requirements (energy yield per unit land), tolerance of 
different environmental and climate conditions and ability to grow 
well in marginal soils, avoidance of food-fuel conflicts, as well as agro-
inputs requirements  

Use of agricultural 
and forestry by-
products 

 Inclusion of good quality (and projected changes in) residue/waste 
generation factors, residue recoverability fraction, residue availability 
fraction, harvest index, residue collection technologies and potential 
improvements; 

 accounting for competing applications of residues (potential future 
applications reduce availability for energy);  

 biodiversity thresholds of residue removal (for maintaining soil 
fertility and biodiversity);  

 tillage practices (determine residue removal thresholds where no 
tillage allows greater removal of residues from fields). 

Market mechanism 
for food-feed-fuel-
materials 

 Improved models to accurately link prices of food, feed, fuel, 
biomaterials, land prices, energy prices and increased bioenergy 
production (increased bioenergy production can lead to increase in 
agricultural commodity prices, resultantly reducing economic 
potential of bioenergy);  

 inclusion of other macro-economic feedbacks. 

Cost of biomass 
production 

 Location specific data on land and energy prices, crop yields, energy 
crop choices, water availability, technological learning in crop 
production;  

 influence of trade, policies (bioenergy, agricultural and environmental 
e.g. subsidies), and international agreements on bioenergy markets;  

 inclusion of dynamic cost supply curve to capture learning and cost 
variation over time. 

 

2.2.5.1 Biomass demand for food and materials  

 
Several resource-focussed studies use existing projections of per capita food intake 
and population growth as input data (e.g. Berndes and Hansson [72]; Van Dam et al. 
[58]; Fischer et al. [65]; Berndes et al. [81]; De Wit & Faaij [28]; Dornburg et al. 
[77,82]), where for example FAO or EUROSTAT projections are included. These 
projections are considered as state-of-the-art, although also these projections 
obviously have their limitations. 
 
Long-term population projections have proven difficult to determine [83] and the 
uncertainties can have a significant impact on the availability of land for energy crop 
production. Experiences with population projections from the 1960s have not been 
accurate showing that population dynamics tend to change significantly over time. An 
evaluation of past population projections from the UNPD revealed that global 
aggregated projections had a projection error between +0.5 and +7% [84]. This 
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uncertainty is partially incorporated in studies that use the IPCC SRES scenarios, 
whereby for each scenario, different population growth projections are assumed. 
 
Similarly, projections of global food production and consumption contain substantial 
uncertainty and vary much more than population projections, especially for 
developing countries. At the regional level, food consumption and production forecast 
errors in the range of +/-10 to 40% are common, indicating the effects of domestic 
policies. Döös and Shaw [85] and IFPRI [86] provide insights into the accuracy and 
reliability of food security. They conclude that projections published by the IFPRI, 
USDA and FAO are the most reliable. Various bioenergy assessments (e.g. Johansson, 
et al. [87]; Lapola et al. [88]; Wirsenius et al. [89]; Beringer et al. [5]) account for the 
uncertainties via scenario analysis by modelling land availability as a function of 
domestic policies.  

2.2.5.2 Land availability 

 
According to Berndes et al. [10], Marland and Obersteiner [90] and Chum et al. [3] 
discrepancies in bioenergy potentials from energy crops are mainly a result of 
differences in the two most crucial parameters, land availability (and quality) as well 
as biomass yield assumptions. These two parameters are subject to widely different 
judgements. It is therefore critical to understand the factors that constrain availability 
of land as well as achievable yields (see Section 2.2.5.3 for a further discussion on 
yields). 
 
Categorisation of suitable land resources 
 
Various types of land resources have been identified as suitable for growing energy 
crops. Two main categories are commonly considered: excess agricultural (arable) 
land and areas that are considered constrained or not suited for traditional 
agricultural purposes (due to limiting conditions with respect to topography, climate, 
hydrology and soil structure conditions, such as steep slopes of mountains, or areas 
with high levels of erosion, or soil with high salt content). Most studies estimate 
unused and suitable land (after fulfilling food and environmental needs) and analysts 
use various terms to describe this type of land such as “surplus agricultural land” (e.g. 
Smeets et al. [13]). The second type of land category is low productive land which 
incorporates “marginal” and degraded land. Other land categories are also included in 
various studies as shown in Table 2-3.  
 
Degraded and marginal land

3
 has received special attention because this type of land 

is partially or not suitable for conventional agriculture, and this helps in limiting 

                                                                 
3
 According to Wicke [143], p5, degraded land is land that has experienced a long term 

reduction or loss, in its ecosystem function and services (i.e. biological or economic 
productivity) as a result of disturbances (i.e. physical, chemical and biological deterioration 
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competition with food supplies. However, very few studies focus on the bioenergy 
potential on degraded land because reliable data about soil degradation is not 
available. Van Vuuren et al. [14], WBGU [91], Wicke et al. [92] and Nijsen et al. [93] 
are examples of recent studies that use the Global Assessment of Human Induced Soil 
Degradation (GLASOD) database for selecting areas suitable for bioenergy production. 
Wicke et al [94,95] are also recent studies that explore biomass potential on degraded 
(salt-affected soils) and arid areas (See Section 2.2.5.5 on Soil for further discussion). 
 
Table 2-3: Land resource categorisation 

Land category Description Reference 

Unused agricultural 
(arable) land (after 
fulfilling human and 
environmental 
needs)  

Surplus agricultural land [13], [6] 

Abandoned agricultural land [46],[105],[106],[14]  

Unused active cropland, idle 
cropland, fallow land (e.g. 
Conservation Reserve Program 
lands of the US) 

[11],[47],[98] 

Low productive land 
(not suitable for 
conventional crop 
growing) 

Marginal or degraded land [13],[6],[46],[92,94,95] 

Remaining suitable land after 
excluding all agricultural land, 
unmanaged land with a long 
carbon payback periods, degraded 
land, wetlands, environmentally 
protected land, and land rich in 
biodiversity 

[91] 

Wastelands suitable for energy 
cropping e.g. in India 

[191],[188] 

Reserve (arable) lands in China, 
farmlands returned to forestry, 
barren hills, degraded forest land 

[181]  

Abandoned mine lands [180] 

Unprotected and 
underutilised lands 

Unprotected grassland and 
woodland, non-forested areas, 
land held by absentee landlords  

[14],[189] 

Cropland  used as pasture [11] 

Rest land (remaining area after 
correcting for human, ecological 
needs) 

[46] 

Country specific Land under alternate cropping [188],[191] 

                                                                                                                                                            
properties of soil) from which the system cannot recover unaided. Marginal land on the other 
hand is land in which cost-effective food and feed production is challenging under given site 
conditions and cultivation techniques. 
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land types systems such as agroforestry, 
public lands along railway tracks, 
roads and canals. 

 
Competition for land – factors affecting land availability 
 
Food demand is the most important factor that influences land availability, but other 
key factors include fibre demand, extent of protected areas, urban areas, water 
constrained areas and degraded areas. Food demand is driven by population growth 
and consumption behaviour, as for example, a high meat diet requires more land. 
Pressure on the available land can be offset by increases in yield, which is a function 
of technology, management and climate [13],[46],[96],[47],[89]. As shown in Figure 
2-5, competition for land is caused by direct pressures (such as natural degradation 
and direct land conversion) as well as more subtle underlying drivers (such as 
demographic dynamics and land policies). All assessments of land availability have in 
common that they are based on assumptions on how these different pressures on the 
land resource affect future land use allocation.  
 

 

Figure 2-5: Overview of factors affecting competition for land 

 
Approaches to estimating available land 
 
Three approaches to estimating land availability can be identified, mostly based on 
the “food/fibre and environment first” principle where unused and suitable land is 
calculated after land requirements for food, feed, fibre and other competing land uses 
have been fulfilled.  
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I. Statistical land balance approach: The most common approach is the statistical 
land balance approach, sometimes incorporating land allocation models. 
Examples include Smeets et al. [13], Renew [23], Von Braun [97], De Wit & Faaij 
[28], Van Dam et al. [58], van Vuuren et al. [14] and WBGU [91]. A disadvantage 
of this approach is high risk of overestimating available land due to lack of spatial 
detail [58] and underestimating areas used for grazing

4
 [98].  

 
II. Combined spatially explicit analysis and crop growth models: Some resource-

focused assessments use spatially explicit approach in combination with crop 
growth models that use spatially explicit data on climate, soil type and crop 
management. For example, Benítez et al. [99] uses the International Geosphere-
Biosphere Programme (IGBP) land cover dataset to estimate marginal land by 
excluding “highly productive land” areas with high population density, areas with 
elevation above 3500 meters, and areas with long carbon payback times as 
predicted by the forest growth model. Other examples include Erb et al. [98], 
Haberl et al. [4], Krausmann et al. [100], Havlík et al. [101] and Hoogwijk et al. 
[46]. However, this approach does not explicitly analyse the food-fuel 
competition for land and other resources. 

 
III. Integrated land use modelling: A more advanced approach employs integrated 

assessments in which integrated land use models simulate land allocation and 
accounts for competition among major land-use production sectors. Examples of 
notable integrated land use models include the IMAGE-GTAP coupled models 
[64], the JPJmL-MagPIE coupled models [61], GLOBIOM model [102], and the 
AGLU module in MiniCAM 2.0 [101]. The IMAGE model is one of the most widely 
used integrated model in recent studies (e.g. Hoogwijk et al. [46]; De Vries et al. 
[103]; Strengers et al. [104]) to analyse the interaction between the bioenergy 
sector and other land uses. Another example of a study that integrates 
environmental (physical) constraints into an economic decision making process is 
given in Lotze-Campen et al. [61], where the MAgPIE land use model is coupled 
with the LPJmL dynamic global vegetation model to compute global spatially 
explicit land-use and water-use patterns. 

 
Current land availability estimates 
 
Estimates of long term (2050) global land availability for bioenergy production from 

recent studies are shown in Table 2-4. The studies are based on different methods and 

land use scenarios, but include basic sustainability constraints such as food security, 

                                                                 
4
 Land used for extensive grazing or pasture land is very difficult to estimate as current 

estimates are known to be inconsistent [98]. Further, livestock grazing is often underestimated 
as it is not confined to areas classified as ‘pastures’ in FAO statistics, but can include many 
ecosystems such as shrublands and forests. In addition, most livestock kept by subsistence 
farmers are not captured in official statistics [4,213].  
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nature conservation, etc. Using the IMAGE model, Hoogwijk et al. [46] estimate that 

between 600-1500 Mha of abandoned agricultural land and 300-1400 Mha of rest 

land could be available for bioenergy production. Smeets et al. [13] use the Quickscan 

model and estimated that 0.7-3.6 Gha of surplus agricultural land could, in theory, be 

available if improvements in agricultural management are achieved. The assessment 

of van Vuuren et al. [14] follows the methodology by Hoogwijk et al. [46] and 

calculates biomass potential on abandoned agricultural lands and natural grasslands 

to be 1500 Mha. Campbell et al. [105] and Field et al. [106] also estimate potential 

availability of abandoned agricultural land to be 385-472 Mha and 386 Mha 

respectively. The German Advisory Council for Global Environmental Change [91] used 

LPJmL model to assess land suitability for bioenergy crops and estimate that between 

240-500 Mha of land could be available for energy crop production.  

 
Table 2-4: Estimates of land availability for bioenergy crops in recent studies (in 
2050) 

Reference (Sustainability) Constraints Land use types Land area 
available (Mha) 

Hoogwijk 
et al. 
[46]* 

Ensuring food security; Protection of 
biodiversity 

Abandoned agricultural 
land (100%)**  
Rest land (10 – 50%) # 

Abandoned: 
600 – 1500 
Rest land: 300-
1400 

Smeets et 
al. [13]‡ 

Ensuring food security; Protection of 
biodiversity; Avoiding deforestation 

Surplus agricultural land 
(100%) 

729-3585 

Campbell 
et al. 
[105] 

Ensuring food security; excluded all 
agricultural lands; Protection of 
ecosystems; Releasing carbon stored in 
forests 

Abandoned agricultural 
land (100%) 

385-472 

Field et 
al. [106] 

Ensuring food security; Protection of 
biodiversity and ecosystems; Avoiding 
deforestation; 

Abandoned agricultural 
land (100%) 

386 

Van 
Vuuren et 
al. [14] 

Ensuring food security; Consider water 
scarcity; Protection of biodiversity; 
Avoiding soil degradation  

Abandoned agricultural 
land (75%) 
Grassland (25%) 

1,500 

WBGU 
[91] 

Ensuring food security; Protection of 
biodiversity; Avoiding deforestation; 
Consider water scarcity and avoid 
competition for water; Excluded all 
agricultural land, unmanaged land with a 
long carbon payback periods, degraded 
land, wetlands, and environmentally 
protected land 

Remaining suitable land 
after excluding all 
agricultural land, 
unmanaged land, 
degraded land, wetlands, 
environmentally 
protected land, and land 
rich in biodiversity. 

240-500 

Fischer et 
al. [47] 

Ensuring food security;  Excluded forests, 
sloping land, and low productive land  

Cropland not needed for 
food, feed and fibre 
supply. 

700-800 

Erb et al. 
[98]‡ 

Ensuring food security: land needed for 
food and feed was excluded; Forests and 
unproductive or uneconomic land were 

Cropland not needed for 
food and fibre supply. 

230-990 
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excluded 

Nijsen et 
al. [93] 

Ensuring food security; Avoiding 
deforestation; Excluded forest areas, 
cropland, pastoral land and urban areas 

Marginal and degraded 
lands 

247 

Wicke et 
al. [95] 

Protection of biodiversity; Forests, 
wetlands and protected areas were 
excluded  

Salt affected lands 971 

* Estimates are for 18 World regions over a timeframe 2050-2100. 
‡ Estimates are for 11 world regions 
# ‘Rest land’ is the remaining land area (from total available land) after taking into consideration 
‘abandoned agricultural land’ and ‘low-productive land’ and further subtracting/correcting for 
grassland areas, forest land, urban areas and bioreserves. ‘Rest land’ includes mainly savannah, 
shrubland and grassland/steppe. The overall assumption is that energy crop production should 
not affect food and fibre production, biodiversity protection. 
** Percentage values indicate the fraction of the land category that is assumed to be put under 
energy crops in a respective study. 

 
The study by Erb et al. [98] calculates bioenergy potentials on surplus agricultural land 
using a biomass-balance model and estimate land availability at 230-900 Mha. Fischer 
et al. [47] modelled land availability for rain-fed energy crops using spatially explicit 
suitability index and estimate that between 700-800 Mha of unprotected woodlands 
and grasslands could be available. 
 
Land availability for bioenergy production is critically dependent on biomass 
productivity and related efficient land utilisation

5
. The main strategies for efficient 

land usage include increased efficiency in agricultural crop and livestock production, 
and integrated food, feed and fuel production [107]. Agricultural crop yield increases 
can be achieved by improved fertiliser application (e.g. through increasing the amount 
and/or improving the timing of nitrogen fertiliser application), better weed and pest 
management, switching varieties grown, investments in agricultural research and 
development, and multiple rotations (such as conventional crops in the summer and 
cool season grasses in the winter) [108,109],[110]. Increasing livestock production 
efficiencies is possible through increasing grazing density, increasing pasture 
productivity, improved feeding practices (e.g., partially replacing forage by more 
concentrated fodder and higher protein diets, and landless livestock production 
[110],[13]. Dale et al. [108,109] explore the potential of utilising leaf protein 
concentrate (LPC) recovery and processing in integrated biorefinery scenarios, which 
can potentially substitute land extensive soya bean meal production currently being 
used for livestock feeding. 
 

                                                                 
5
 Land use efficiency refers to the level of functional economic outputs (especially agricultural 

products) per unit land area. An ability to derive more output on a given land area (i.e. intensive 
production) leads to high efficient land usage. This can be achieved by increase productivity of a 
particular economic activity or by multiple use of space for several activities. 
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Wicke et al. [107] also argue that land use efficiency can be improved by integrating 
food, feed and fuel production thereby increasing biomass production per hectare. 
Examples of integration of different feedstock production objectives into multi-
functional land use practices are agroforestry and silvopastoral production systems 
that combine food, fodder and fuel crop production. Dale et al. [109] consider 
‘aggressive double cropping’ as an option to increase biomass production per unit 
area. In addition, also the integration of biomass conversion processes and the 
production of multiple products such as fuels, power, heat, chemicals as well as feed 
(a concept generally referred to as biorefining) is important for increasing the per 
hectare output. Examples range from conventional biorefining systems (where e.g. 
feeding residues from bioenergy production to animals, see e.g. Egeskog et al. [111] 
for the case of residues from sugarcane ethanol production used in the feed mix of 
dairy cattle in Pontal, Brazil) to newer types of biorefineries (e.g. lignocellulosic 
feedstock biorefinery [108],[109]). 
 
Current bioenergy assessments and models do not take these land use efficiency 
measures into account. Dale et al. [109] shows that the impact of substituting soy 
animal feed with LPC and double cropping can result in 30% less land being used for 
soy production in the US, and production of 400 billion litres of ethanol on the same 
amount of land currently being used for agriculture.  

2.2.5.3 Yields 

 
The yield of energy crops per unit land is a crucial parameter when calculating 
bioenergy potentials [14]. Estimating future crop yields is based on crop yield models 
and scenario assumptions on progress in agricultural management and this typically 
results in a range of values. Various approaches are used to estimate crop yields that 
take into account land productivity, environmental and management factors. Crop 
growth models commonly used include, for example the IIASA/FAO Agro-Ecological 
Zones (AEZ) framework [112],[113]. The AEZ model and similar crop growth models 
are used in several studies (e.g. Hoogwijk et al. [46]; Van Dam et al. [58]; De Wit & 
Faaij [28]; Eickhout and Prins [114]). These models make use of various datasets 
including the world climate dataset, the FAO Soil Map of the World, Global Land Cover 
Characteristics Database and the digital elevation dataset GTOPO30.  
 
The quality and reliability of these data sets including land use data, land degradation 
status and grazing intensity, is uneven across regions [112] and this is a key problem 
when assessing biomass productivity. Especially the quality of the world soil map is 
reason for concern, although substantial improvements to soil information are in 
progress (e.g. recent updates of the SOTER (Soil Terrain) database)

6
. Also it is not 

possible to infer the status of land degradation from the world soil map. Only a few 
spatially explicit soil degradation datasets are available at the global scale. These 

                                                                 
6
 See - www.isric.org/UK/About+ISRIC/Projects/Current+Projects/SOTER.htm 
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include the Global Assessment of Human-induced Soil Degradation (GLASOD) 
database [115],[93], the Global Land Degradation Assessment in Drylands (GLADA) 
project [116,117] and the Millennium Ecosystem Assessment (MEA) [118]. According 
to Nijsen et al. [93], the GLASOD database is the most useful of the currently available 
datasets to estimate spatially explicit energy crop productivity. However, the GLASOD 
database is relatively old (published in 1991), it has limited geographical detail and the 
applied expert method has limitations in reliability and detail [115]. Fischer

 
et al. [119] 

also argue that GLASOD offers insufficient detail for useful application with crop 
growth models. Despite these disadvantages, GLASOD remains the most influential 
global appraisal of land quality [115] and has been used in several studies (including 
Van Vuuren et al. [14], Dornburg et al. [82], and Nijsen et al. [93]). Wicke et al. [95] 
offers a comprehensive analysis of biomass potential on saline soils and uses the 
Harmonised World Soil Database (HWSD) to estimate the global extent and location of 
salt-affected soils in combination with the Global Land Cover Database for 2000. 
 
A crucial factor when estimating crop yields is the crop management system and the 
assumed yield growth rate. Also the impact of climatic change is potentially 
important, although this is often not explicitly investigated. However, crop 
management can have a relatively larger impact on crop yields than climate change 
[120]. Therefore, many resource-focussed studies include scenarios that evaluate the 
impact of technological learning on crop yields and the uncertainty in future yields. 
This includes both energy crops and conventional crops, since the latter determines 
future demand for agricultural land. Examples include van den Wall Bake et al. [121] 
and Hettinga et al. [122]. Yield increase rates for conventional crops are projected to 
be more limited compared to energy crops [123],[124]. Hettinga et al. [122] estimate 
that between 1975 and 2005, corn production costs in the US declined by 62% to 
100$2005/tonne, indicating a progress ratio (PR) of 0.55. Van den Wall Bake et al. [121] 
show a PR of 0.68 for sugarcane production in Brazil over the last 30 years. De Wit et 
al. [110] show that yield increases are policy dependent and could be rapid for some 
regions. 
 
The IMAGE model uses the AEZ crop growth model to calculate ‘constraint-free 
rainfed crop yields’ based on local climate as well as soil-specific conditions such as 
nutrient retention and availability; level of salinity, alkalinity and toxicity. Crop yields 
are adjusted by a management factor that accounts for the future impact of breeding, 
a higher harvest index, use of irrigation and fertilisers, general (bio)technological 
improvements and the (limited) effect of CO2 fertilisation. Smeets et al. [125] also use 
a crop growth model (MiscanMod) to estimate the yields of miscanthus and 
switchgrass in Europe between 2004 and 2030. They estimate a non-exponential yield 
increase of 1.5 % y

-1
 with an uncertainty estimate of +/- 20% over the period. 

 
Biotechnology and especially the use of genetically modified organisms (GMO) is 
considered as having potential to improve crop yields [126]. However, no quantitative 
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conclusions have been drawn to date on potential contribution of GMOs, and many 
uncertainties still remain [127],[128].  
 
A weak spot in knowledge concerns the yields of energy crops on degraded areas. 
Major limitations in current studies include accounting for the potential exacerbation 
of water shortages in water‐scarce regions as well as for the current use and function 
of degraded and marginal land, especially grazing. Both factors could reduce the 
potential of sustainable bioenergy production, but the extent to which they would do 
so is currently unclear. Wicke et al. [95] is one of the few studies that attempt to 
provide detailed productivity analysis of degraded lands; they employ spatially explicit 
productivity function that takes into account climate, soil and terrain factors to assess 
the global technical bioenergy potential on salt‐affected land. 
 
Table 2-5: Estimated biomass productivities in recent studies 

Study Type of land Crop yields 
(tdm/ha/yr) 

Remarks 

Smeets et al. 
[13]  

Surplus pasture 
and farmland 

16-21 Based on energy crop yields in IMAGE 
model, which are based on a crop 
growth model and data on soil, climate 
and characteristics of woody energy 
crops. Yield range vary according to 
soil suitability (very suitable to not 
suitable)-which differ for the four agro-
management systems studied. Yields 
on very suitable soils are in the range 
of 80-100% of MCFY while not suitable 
yields are in the range 0-20%. 16 t ha

-

1
yr

-1 
is the global average for system 1 

(low tech agro-management system) 
and 21 t ha

-1
yr

-1 
is for system 4 (high 

tech agro-management) 

Hoogwijk et al. 
[46] 

Abandoned 
farmland, low 
productive land 
and ‘rest’ land 

< 3-35 Yields depend on land suitability and 
climatic factors. Productivity of energy 
crops on low-productive areas 
assumed to be below 3 t ha

-1
yr

-1
; about 

5% of the maximum yield of 55 t ha
-1

yr
-

1
 in IMAGE model while yields on 

abandoned agricultural land is 35 t ha
-

1
yr

-1
 

Erb et al. [98] Surplus farmland 
and pasture 

6.4-7 Yields are equal to potential NPP on 
cropland and NPP on grazing land 

WBGU [91] Rest land 7.5-12.6 Uses LPJmL crop growth model to 
estimate yields of high-productivity 
grasses and fast growing trees in short-
rotation plantations with and without 
irrigation  
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Van Vuuren et 
al. [14] 

Abandoned 
farmland, 
degraded natural 
grassland 

2.5-33 Yields depend on land suitability and 
climate factors using the IMAGE 
model. Assumes 75% accessibility to 
abandoned agricultural land and 50% 
accessibility of grasslands. 

Field et al. [106] Cropland, pasture 
and abandoned 
farmland 

6.8-13.4  
(weighted 

average) 

Global average potential climatological 
NPP of carbon on available lands and 
based on the HYDE 3 database. Higher 
yields achieved on category ‘in forest’ 
land. 

Campbell et al. 
[105] 

Abandoned 
farmland 

4.3 
(weighted 

average) 

Represents global area-weighted mean 
productivity of above-ground biomass. 
Yields on abandoned lands are highest 
in regions of tropical grasslands, 
ranging from 7 to 20 t ha

-1
 y

-1
. 

Fischer et al. 
[47] 

Surplus grasslands 
and woodlands 

6.3-21.8 Rain-fed yields under low to high 
scenarios averaged for all world 
regions. Lowest yield estimated is an 
average for Middle East and North 
Africa under a low growth scenario, 
highest yields achieved in Latin 
America under high growth 
development scenario.  

Nijsen et al. [93] Marginal and 
degraded lands 

5-15 
Global 

weighted 
average 

(10.2) 

Global average based on 
geographically explicit GLASOD and 
IMAGE data. High yields 15 t ha

-1
 y

-1 

estimated for USA, RCAM, Ukraine, 
Oceania, Korea and Indonesia. Lower 
yields found in Middle East, South, East 
and West Africa, and Turkey. 

Wicke et al. [95] Salt affected lands 0-27 
Weighted 

global 
average 

(3.1) 

Global average woody biomass 
production from forestry plantations. 
Yield differences related to severity of 
salt-affectedness and climate 
(especially precipitation). 

 

2.2.5.4 Water 

 
Technical biomass potentials can be limited by both the quantity and quality of water 
available for plant transpiration [129],[1],[5] and thus biomass productivity. Given 
reported water constraints in many regions of the world [130],[131], [132],[133] 
water scarcity can limit the expansion and intensification of bioenergy production as 
well as corresponding energy crops choices [81],[131],[1],[134]. However, on-site 
water management and careful integration of bioenergy into the current agricultural 
systems can optimise water utilisation and mitigate water quality impacts [129],[134]. 
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Although water availability is often implicitly considered as an important factor in 
bioenergy potential assessments, very few studies are paying attention to water as a 
limiting factor and provide insight into spatial and temporal consequences of 
bioenergy production [135],[134]. At the global scale, current studies consider water 
constraints in bioenergy production based only on precipitation and runoff data, and 
do not take into account the full water balance on a watershed level. For example, in 
Hoogwijk et al. [46], energy crop cultivation is restricted to rainfed areas via a so-
called land claim exclusion factor and crop yields are linked with climate data in the 
IMAGE model. However, bioenergy potential assessments that employ spatially 
explicit biophysical data sets and modelling are able to consider water limitations on 
land productivity [3] and more accurately assess biomass potentials. Many studies, 
though, still implicitly presume irrigation development in crop productivity estimates 
that could lead to competition for water and impaired water quality [131],[136].  
 
According to Rost et al. [129] and Malmer et al. [137] explicit geo-hydrological 
modelling is required to better understand and predict the hydrological effects of 
various land use options at the watershed level. Such an approach is also able to 
demonstrate some important opportunities for the bioenergy-water nexus. For 
example, perennial crops could reduce erosive water run-off, replenish groundwater 
but may also lead to substantial reductions in downstream water availability 
[138],[139],[140]. Also, a shift to perennial crops can decrease water competition as 
these crops generally require fewer agronomic inputs and have reduced impacts 
compared to annual crops [141]. Similarly, strategic selection of crops with a 
prolonged growing season and a continuous cover may redirect unproductive soil 
evaporation and runoff to plant transpiration, and reduce soil erosion [81]. This has 
potential to significantly positively influence local hydrological patterns [134]. 
 
An example of a bioenergy assessment that models global water constraints in a 
spatially explicit manner is Beringer et al. [5]. The study employs climate driven 
scenarios to simulate global biomass productivities under different water availability 
conditions at watershed level using only renewable water resources for rainfed and 
irrigated crop production. The study shows that irrigation using renewable water 
resources can increase bioenergy production by 70% on average – compared to 
rainfed simulations, but agricultural irrigation water use would have to double from 
current levels of about 2500 km

3
yr

-1
. Another study by Von Braun [97] models in detail 

the interactions between water, food and trade in scenarios that represent future 
climates. This allows for separate area and yield functions for rainfed and irrigated 
crops; water allocation among crops as well as yield and area reductions from lack of 
water.  
 
Water stress can also be reduced by enhanced water use efficiency (WUE). 
Considerable improvements can be realised in WUE in conventional agriculture and, 
depending on location and climate, for new crops such as perennial cropping systems 
[82],[129],[142]. Examples of measures to improve WUE include minimising direct 
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evaporation from soils (unproductive water loss), improving water retention and 
maximising transpiration (productive water use).  

2.2.5.5 Soil 

 
The quality of available land and its characteristics are also important determinants of 
bioenergy technical potentials. Soil quality or fertility directly affects biomass 
productivity (and hence bioenergy potentials) and is influenced by nutrient 
availability, texture and drainage, pH level and by the input of fertiliser 
[91,93,95,143,144]. Also, bioenergy potential from residues is affected by the 
constraints that are imposed on the removal of agricultural and forestry residues, as 
these residues play an important role for soil structure, soil organic matter (SOM) and 
soil quality conservation [145],[146],[147]. However, the constraints on residue 
removal depend mainly on the agricultural management practices, soil type and 
location [3,11,20,23,148-150]. Some cultivation practices, such as conservation tillage 
and crop rotations, can mitigate adverse impacts of residue removal and in some 
cases improve environmental benefits of biofuels production [151], [149].  
 
The proneness of soil to erosion is another soil characteristic that affects potential 
land availability for bioenergy production. Typically, erosion susceptibility limits land 
availability by exclusion of areas above a certain slope, and requires matching crop 
choices to soil and topographic conditions [152],[94],[153]. Soil erosion also releases 
carbon and contributes to nutrient leakage that contaminates water bodies 
[154],[155]. 
 
Growing perennial energy crops offers opportunities to utilise lands with poorer soil 
quality and increases possibilities for reduced nutrient leaching, increased soil 
productivity and increased carbon sequestration [93],[156]. According to Lal [157], 
soils under perennial crop production have higher SOM than annual crops. Perennial 
crops limit the removal of SOM through erosion, biological oxidation and leaching, 
and the accumulation of litter and the extensive root systems contribute to the build 
up of SOM. 
 
Some resource-focussed studies use crop growth models that use data on soil quality, 
but only a few studies include soil erosion vulnerability. In Eickhout and Prins [114], 
the conversion of land to arable land use is not allowed in erosion sensitive areas. Van 
der Hilst et al. [60] and Wicke et al. [94] exclude land areas that are unsuitable for 
energy crop production including steep slopes that exceed 16% and 8% respectively.  
Dieter et al. [158] exclude areas with more than 60% gradient from forestry use. 
Productivity of biomass on degraded land is already discussed in section 2.2.5.3 and 
Wicke et al. [95] and Nijsen et al. [93] are recent examples of studies that model 
energy productivity on degraded and marginal land. 
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For residues, studies typically use a residue withdrawal threshold to account for soil 
conservation and biodiversity requirements. For example, Ericsson and Nilsson [20] 
allowed only 25 % of the straw to be harvested while Renew [23] excludes removal of 
straw required for soil related needs. More complex approaches are applied in 
Gordon et al. [68], EEA [25] and Valk [150]. Gordon et al. [68] conducts site specific 
tests for three different tillage scenarios to maintain soil quality while in EEA [25], 
forestry residues extraction rates are limited to 75% and are adapted to soil 
characteristics and the level of nitrogen deposition. Valk [150] modelled residue 
removal using the Rothamsted Organic Carbon Model. The study derives a field 
threshold residue cover requirement of 2 tonne/ha for erosion control and estimates 
that additional residues could be required to maintain at least 2% Soil Organic Carbon 
in the top 20 cm of the soil depending on the local conditions. 

2.2.5.6 Biodiversity 

 
Bioenergy production has local impacts on biological diversity due to considerations 
about land use changes, crop management and residue removal; and also global 
impacts due to climate change. Hence, sustainable bioenergy potentials can be limited 
by biodiversity constraints set on the expansion of agricultural land area - and thus the 
area available for energy crops cultivation as well as biomass yields [61]. There is 
always a risk of biodiversity loss when agricultural land is expanded to areas formerly 
not used for agriculture, especially where high nature value ecosystems such as 
undisturbed forests are converted. However, energy crop production also provides 
opportunities for improving biodiversity, e.g. through restoration of degraded lands.  
 
Biomass resource potential assessments typically exclude nature conservation areas 
from being available for biomass production, and take the present level of forest 
ecosystems protection as a minimum requirement. Many resource-focussed studies 
restrict the cultivation of energy crops to certain areas such as ‘surplus agricultural 
land’ or marginal land (e.g. De Vries et al. [103]; Hoogwijk et al. [46]; Kline et al. [159]; 
Siemons et al. [37]).  
 
However, this approach is regarded as too simplistic and insufficient to meet 
biodiversity protection targets [3]. According to Dornburg et al. [77], the impact of 
bioenergy production on biodiversity should ideally include the effects of (indirect) 
land use change –so called (i)LUC and effects of (avoided) climate change. Climate 
change affects growing conditions substantially and might lead to a shift of vegetation 
zones, towards higher latitudes, for instance. In contrast, use of bioenergy can 
mitigate climate change with resultant improvements in global biodiversity. 
 
Energy crop production can improve biodiversity, e.g. when degraded lands are 
cultivated or when multiple species are planted and mosaic landscapes are 
established in uniform agricultural landscapes [160]. Energy crops grown on marginal 
land can assist in restoring or conserving soils, habitats and ecosystem functions 
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[161],[95]. Agro-forestry systems, combining biomass and food production can 
support biodiversity conservation in human-dominated landscapes [162],[161]. Such 
bioenergy plantations can provide ecological corridors for plants and animals [3] and 
can filter nutrients load from other agricultural activities, reduce eutrophication in 
water bodies and thereby improve biodiversity [163],[141]. However, current 
bioenergy potential assessments assume crop yields achieved in monoculture settings 
and do not consider such mixed cropping systems [3]. 
 
Biodiversity conservation also limits the extraction of agricultural and forestry 
residues, and thus the associated technical bioenergy potential. For residues, 
restrictions involve limiting the harvested area and the amount of residues that is 
removed. Studies that exclude protected forest areas from residue harvesting include 
Masera et al. [164] and Kärkkäinen et al. [165]. Limiting residue removal has 
traditionally been done to protect soil fertility, but it also helps maintain soil 
ecosystems and protect organisms relying on dead material [20],[68]. 
 
Only a few studies account for more comprehensive integration of biodiversity 
criteria. Examples of such studies include EEA [24,26] and Ten Brink et al. [64]. EEA 
[24,26] applies several environmental criteria, e.g. the reservation of land-use, 
exclusion of protected areas, limitation of forest residue removal, and maintenance of 
‘ecological compensation area’. Ten Brink et al. [64] assesses the aggregated impact of 
climate change on biodiversity using a combination of the IMAGE and GLOBIO3 
models. 

2.2.5.7 Climatic change  

 
Climate change can potentially affect technical bioenergy potential through two main 
effects. First, elevated atmospheric CO2 concentration can increase C3 plants growth 
(CO2 fertilisation effect) [166]. Further, elevated atmospheric CO2 concentrations can 
improve water use efficiency, and partly counteract increased plant 
evapotranspiration expected in a warmer climate [167]. Also, changes in weather 
patterns, particularly precipitation patterns can increase or decrease plant 
production. Biomass potential could be adversely reduced especially in tropical 
regions if plants experience increased water stress or nutrient depletion (even with 
increased water use efficiency under CO2 fertilisation) [3].   
 
Most studies ignore the impact of climatic change on biomass production potential. 
Some exceptions include Hoogwijk et al. [46], where crop growth models that include 
the effect of CO2 fertilisation are used to predict yields, while land availability is 
reduced in some scenarios due to effects of climate change. According to WBGU [91], 
the impact of climatic change on bioenergy yields are limited, when compared to 
other, more uncertain, factors. However, regional impacts can be severe and many 
aspects remain highly uncertain [3].  
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Second, climate change considerations can affect sustainable bioenergy potentials by 
excluding biomass energy that results in increased GHG emissions. Considerations 
should be made for entire fuel supply chains to validate the carbon impact of 
supplying bioenergy from points of production to the markets. This is especially 
important since climate change mitigation is one of the drivers behind the production 
and use of bioenergy. The IPCC SRREN report [3] indicates that bioenergy is expected 
to make significant contribution in several GHG stabilisation scenarios in the long term 
if sustainability frameworks are implemented.  
 
Several demand-driven studies investigate the demand for biofuels to reach certain 
climate change mitigation targets or vice versa (e.g. EEA [24,26]; EPA [168]). These 
studies typically use default emission reduction factors taken from life cycle 
assessments (LCAs) to estimate the reduction in GHG emissions (e.g. Larson [169]; von 
Blottnitz & Curran [170]) and thereby ignore several crucial aspects: 

 

 Most LCAs do not take into account emissions from direct and indirect land use 
changes (so-called dLUC and iLUC) and related carbon stock changes. Several 
studies have investigated this issue (e.g. Gallagher [171], Fritsche et al. [172]; 
Edwards et al. [173]; EPA [168]; Hoefnagels et al. [174]), but the results are not 
yet incorporated in bioenergy potential studies. Especially iLUC impacts are 
uncertain and difficult to model [3]. Wicke et al. [107] explores and proposes 
strategies for mitigating both direct and indirect LUC and its effects, rather than 
for studies to focus on eliminating uncertainties in evaluating their impact. For 
example, they propose rationalisation in agriculture and integrating biomass 
production to reduce LUC impacts. 

 

 Nitrous oxide (N2O) emissions can have a drastic impact on the GHG balance of 
biofuels [175],[176], mainly related to nitrogen fertiliser application. Agriculture is 
the biggest source of N2O [177] and about one-third of agricultural N2O emissions 
are due to newly-fixed nitrogen fertiliser [3]. But approaches to calculate N2O 
emissions (such as proposed by Crutzen et al. [178], the IPCC Tier 1 approach and 
recent modelling by Davidson [179]) are not consistent due to consideration of 
different assumptions. 

 
Exclusion of these aspects typically leads to an underestimation of the environmental 
impacts of bioenergy supply and thus an overestimation of the sustainable bioenergy 
potential. 

2.3 Lessons learnt from reviewing and harmonising 

biomass country studies 
 
A review of selected country based biomass energy potential studies was conducted 
to establish the range of bioenergy resource potentials in five selected countries up to 
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the year 2030. The countries considered include China, India, Indonesia, Mozambique 
and the United States. The selection of these countries was made to reflect regional 
bioenergy production potential diversity, market development and policy differences. 
This section discusses the lessons learnt during the review exercise vis-à-vis the 
methodological review of section 2.2 and demonstrates the difficulties that are 
usually encountered when one attempts to harmonise different national studies and 
establish credible national bioenergy scenarios.  
 
The features of an ideal study discussed in section 2.2 provide the basis for identifying 
and comparing key criteria included in each of the bioenergy potential assessments 
that were reviewed. We use the following checklist (given also in Table 2-6) to verify 
and compare aspects that have been included or omitted in each study: 
 

 Biomass demand for food, feed, fibre and biomaterials 

 Improvements in agricultural and forestry management and technologies 

 Use of marginal and degraded land 

 Water availability and use 

 Nature protection and expansion of protected areas 

 Climate change and GHG emissions 

 Use of agricultural and forestry by-products 

 Market mechanism for food-feed-fuel-materials 

 Cost of biomass production. 
 
Selection and screening of studies 
 
Many studies focus on the final outcomes of the national biomass resource and 
provide limited insights into the methodology, assumptions or parameters employed. 
When this is the case, it becomes difficult to interpret the results of such studies or 
normalise such results as there is no basis for such an evaluation. Such studies were 
therefore excluded from the analysis. 
 
Screening of studies was followed by evaluating the methodology, parameters and 
key assumptions used in each selected study. The datasets were then compared with 
the baseline and normalised over a common timeframe. In this instance, the 
reference period was set to year 2030. Below is an analysis of lessons learnt from 
various country studies. 

2.3.1 Review of bioenergy potential assessments in the US 

 
Several studies have been conducted in the US to assess the biomass energy resource 
(notably Perlack et al. [11]; Parker et al.[66]; Milbrandt [180]; USDoE [32]). These 
studies provide detailed potentials of biomass energy based on state of the art 
techniques and modelling approaches. However, the methodology, geographical 
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scope, assumptions and type of resources analysed differs by study. Compared to 
other countries, US studies are more comprehensive and use state of the art analysis. 
Furthermore, availability of country specific data and historical trends enable better 
understanding of the correlations between socio-economic and bio-physical 
interactions.  

2.3.1.1 Approach 

 
For the US, the so-called “Billion ton study” report [11] and its updated version [32] 
are the key reference documents as they provide a detailed national scope. These 
assessments are demand driven studies that use bottom-up statistical analysis to 
provide comprehensive national potential analysis of the key biomass energy 
resources in the US up to 2030. Other studies provide more detailed and 
geographically constrained analysis. For example, Milbrandt [180] provides more data 
on biomass resource availability for each state, although it is less transparent in terms 
of assumptions and key parameters used in its assessment. The study by Milbrandt 
[180] is a resource focussed assessment that evaluates the technical biomass resource 
potential using both statistical analysis and spatially explicit geographic information 
systems (GIS). Parker et al. [66] is a regional study (western US states) which builds on 
the earlier reports (such as Perlack et al. [11]) and adds cost supply dimension to the 
analysis. It is a short term study and focuses on economic biofuels potential in 2015. 
Parker et al. [66] is also a resource focussed study that combines optimisation 
methods from operations research (for logistic optimisation) and GIS analysis into an 
integrated model of the biofuels industry.  

2.3.1.2 Biomass demand for food, feed, fibre and biomaterials  

 
Perlack et al. [11] and USDoE [32] investigate the technical feasibility of a billion-tonne 
annual supply of biomass as feedstock for a bioenergy and bioproducts industry, 
taking into account the demand for land and competing biomass applications. They 
illustrate the capability of the country to meet its bioenergy targets and gives clear 
indications via scenario analysis, the necessary conditions to achieve given biomass 
potentials. A major source of disparity with other studies is the inclusion in the 
estimated potentials of biomass that is captive to existing uses. For instance, of the 
estimated forestry sector biomass potential of 368 million tonnes, 40% is already 
utilised but included in the total potential (under the assumption that the resource 
could be diverted from its captive use to the new application). In such a case, the total 
potentials are reduced correspondingly to reflect the unused available resource. 
 
Generally, the studies attest to incorporating some basic sustainability criteria such as 
avoiding future food fuel conflicts and excluding protected areas. However, 
competition between biomass for energy and materials with food, wood products and 
other energy carriers as well as competition for water and land resources are not 
explicitly analysed. Also, human diets and possible alternative protein chains are 
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poorly included (or not included at all as in Milbrandt [180]), while the impacts of 
different animal production systems were not assessed in detail.   

2.3.1.3 Improvements in agricultural and forestry management and 

technologies 

 
While Perlack et al. [11] and USDoE [32] takes into account expected learning

7
 rates in 

agricultural production systems (including genetic alteration), recoverable fractions of 
agriculture and forestry residues and impacts of no-tillage systems on biomass 
potentials, Milbrandt [180] focuses more on short term potential based on 2002 
national statistics and current technologies. In their estimates, Perlack et al. [11] 
assume that from 33 to 68% of corn stover can be removed from the field (depending 
on degree of no tillage cultivation), and also residue recovery capabilities of 40-60%; 
whereas Milbrandt [180] assumes that only about 35% could be collected (to protect 
the soil under normal tillage) and that recovery rates are 100%. In USDoE [32], 
agricultural residues are estimated using POLYSYS, a policy simulation model of the US 
agricultural sector. Sustainably removal rates are estimated from application of 
Revised Universal Soil Loss Equation (RUSLE2) and Wind Erosion Equation (WEPS) 
models incorporating the soil conditioning index and tillage. For dedicated energy 
crops, Perlack et al. [11] allow for 10% harvesting losses at productivities of 11-18 
tdm/ha, of which 7% is assumed to be used for other non-energy applications. Parker 
et al. [66] takes into account technological learning in their cost supply models by 
assuming cost decline for conversion technologies in 2015. 

2.3.1.4 Use of marginal and degraded land 

 
Perlack et al. [11] identifies up to 181 million hectares (Mha) of land that is potentially 
available for biomass production in the US, including 138 Mha of ‘surplus’ active 
cropland, 15.8 Mha of idle cropland (including land enrolled in the conservation 
reserve programme(CRP)), and 27 Mha of cropland used as pasture. Only 60 Mha are 
taken into account in the technical potential estimates representing conversion of 16-
24 Mha to perennial crops. In USDoE [32], permanent pasture is allowed to convert to 
energy cropland at a rate of 5% per year up to a maximum of 50% of land per county, 
but use of CRP lands is not permitted. Although CRP lands can be considered marginal 
land, these lands are actually fallow cropland which is returned to conventional 
agriculture after some time. Milbrandt [180] is the only study that evaluates the 
potential of using abandoned mine lands (considered degraded land) for biomass 
production. However, the study does not give details of the extent and nature of land 
used under energy crops. Parker et al. [66] does not indicate the type of land quality 
on which biomass is cultivated, although it alludes to the increasing role of marginal 
lands for the production of herbaceous biomass. 

                                                                 
7
 Technological learning is implied by scenario analysis, where crop yields are expected to 

increase and technological efficiency is expected to improve. 
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2.3.1.5 Water availability and use 

 
Perlack et al. [11] gives average national yield values of food crops and energy crops 
and does not discuss water availability as a constraint. However, USDoE [32] takes 
water availability into account by restricting biomass production to rain-fed areas. 
Milbrandt [180] takes into account ecological zoning and climate conditions combined 
with elevation and soils as well as human land use interactions in its approach, but the 
analysis is not explicit. 

2.3.1.6 Nature protection and expansion of protected areas 

 
Apart from USDoE [32], the other studies do not explicitly analyse nature protection 
and restrictions on residue removal are linked more to the need to maintain soil 
quality. In contrast, USDoE [32] assumes best management practices (BMPs) in energy 
crop production and residue removal operations. These measures are directly linked 
to soil carbon preservation and biodiversity protection. In addition, it is assumed that 
energy plantations would provide habitat diversity and provide riparian buffers. All 
the studies do not take into account the possibility of expansion in protected areas. 

2.3.1.7 Climate change and GHG emissions 

 
None of the studies consider climate change impacts on biomass potential or vice 
versa. Only USDoE [32] makes reference to the need for carbon sequestration.
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Table 2-6: Comparative evaluation of selected biomass energy potential country assessments  
Country studies/ Drivers & 
Factors 

Biomass 
demand for 
food, feed, 
fibre, and 
biomaterials 

Improvements in 
agricultural and 
forestry 
management & 
technologies 

Use of 
marginal 
and 
degraded 
land 

Water 
availability 
and use 

Nature 
protection & 
expansion of 
protected 
areas 

Climate 
change and 
GHG 
emissions 

Use of 
agricultural 
and forestry 
by-products 

Market 
mechanism 
for food-
feed-fuel-
materials 

Cost of 
biomass 
production 

China Sun [181]     - not 
explicit 

 *  X   

Kline et al. [159]    X  X- only 
qualitative 
discussion  

 X – not 
explicit 

 X   

CAREI [182] X – 
assumptions 
not explicit 

X   -implied X   -alluded to X   X  X  

Junfeng & 
Runqing [183]; 
Junfeng et al. 
[184] 

 X  X  X  X  X -alluded 
to 

 X   

Liu et al. [185]   X  X  X  X  *  X  X  

Tian et al. [186]   X   X   X  X  X  X  

Qui et al. [187]     X   X  X   X  X  

India TERI [188]  X alluded to  X- not explicit X- only 
alluded to 

* X  X  ** 

IRG [189]  X     *   X  ** 

Sudha & 
Ravindranath 
[190] 

    impact of 
competition 
not assessed 

 X   X  X  

Ravindranath & 
Balachandra [191] 

X -not explicit X   X -not explicit X not explicit X   X  x  

Ravindranath et 
al. [192] 

 competing 
applications 
assessed 

- - - X- sustainable 
use is 
assessed 

X   X  X  

Schaldach et al.      X X  X  X  
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[193] 

Rajagopal [194]  X   X not explicit X X X X 

Ramachandra et 
al. [195]  

X  X   X  X  X only 
alluded to 

 X  X  

Ravindranath et 
al. [196] 

 - not explicit X   X - only 
alluded to 

X –not 
explicit 

* X  X   
assumptions 
not explicit 

Indonesia Suntana et al. 
[198] 

X –alluded to X  X  X  -implied X –alluded 
to 

 X  X  

Duryea [199] X –not explicit X  X  X  X -alluded to X   X  X  

Kamarrudin [200] -alluded to X  X  X  X  X –alluded 
to 

 X  X  

ADB [201]  X  X  X  X    X   

Mozambique Batidzirai et al. 
[205] 

   X  *  X  

Hoyt et al. [206]     X –not 
explicit 

 * X  X   

Vasco & Costa 
[207] 

X  X  X  X  X  X alluded 
to 

 X   not explicit 

Van der Hilst & 
Faaij [208] 

    not explicit  X X X  

US Perlack et al. [11]   X  X   X   X  X  

USDoE [32]   X  not explicit  X   not 
explicit 

 

Parker et al. [66]  not explicit X implied X   X   X   

Milbrandt [180]  although not 
explicit 

  X   X   X  X  

*LCAs of various biofuels/supply chains discussed but the impact o climate change on bioenergy potential is not assessed 
** no cost supply curve is provided 
Key: 
 – aspect is included in study 
X – aspect is not included in study
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2.3.1.8 Use of agricultural and forestry by-products 

 
All the selected studies explore all key agricultural and forestry residues and wastes, 
including primary, secondary and tertiary streams. Milbrandt [180] also estimates 
biomass energy potential from methane from municipal solid waste (MSW)/landfill 
gas, domestic wastewater and manure. But the study does not estimate potential 
biomass from fuel treatment from forests, food processing residues and first 
generation biofuels from grains and oil crops.  

2.3.1.9 Market mechanism for food-feed-fuel-materials 

 
No integrated assessment is performed for any of the US studies, e.g. the impact of 
large-scale biomass production on the prices and demands for land and food was not 
analysed. However, USDoE [32] models the demand and supply of biomass 
commodities including pulpwood as well as land use allocation for various competing 
demands. 

2.3.1.10 Cost of biomass production 

 
Perlack et al. [11] and Milbrandt [180] do not examine the economics of biomass 
production. Costs supply estimates of biomass are covered in USDoE [32] and Parker 
et al. [66]; the former provides detailed cost supply curves for the whole country 
while the latter provides regional cost estimates that include logistics costs as well. 

2.3.2 Review of bioenergy potential assessments in China 

 
Biomass energy potential in China has been studied by several analysts in recent 
years. The most important studies include Sun [181], Kline et al.[159], CAREI [182], 
Junfeng and Runqing [183] Junfeng et al. [184], Liu et al. [185], Tian et al. [186], and 
Qui et al. [187]. In this analysis we focus mainly on the first three studies, because 
they provide more explicit insights into the methodology and assumptions used in the 
assessments. Nevertheless, reference to the other studies is made in the following 
discussion. None of the studies attempt to address all key potential biomass 
resources, and most of the studies focus on first generation technologies, although 
several studies evaluate potential from primary agricultural and forestry residues.  

2.3.2.1 Approach 

 
Generally, the studies provide national technical bioenergy potentials based on 
statistical analysis, with limited spatially explicit assessments and advanced GIS 
modelling. Economic potential and cost of production analysis is generally limited, as 
is inclusion of ecological impact aspects. Data on agricultural and forestry activities is 
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not a major constraint in the analysis. Results from field trials on new energy crops are 
also available.  
 
Sun [181] is a resource focussed assessment that employs statistical analysis on 
regional land use information plus cost of supply analysis to estimate the technical 
production potential of first and second generation ethanol in 2030. The exploratory 
demand driven study by Kline et al. [159] provides a broad assessment of bioenergy 
resource potential for several countries including China and India following mainly 
methodology developed by Perlack et al. [11]. The study examines first generation 
feedstocks (grains and sugar crops) as well as lignocellulosic feedstocks (agricultural 
residues and perennial woody crops). Unlike Sun [181] which uses official national 
land statistics, Kline et al. [159] relies on land availability data from global database 
FAO Terrastat and FAOSTAT.  

2.3.2.2 Biomass demand for food, feed, fibre and biomaterials  

 
Most of the studies take into account the post-2007 Chinese policy shift to non-food 
crops and lignocellulosic feedstocks due to concerns about food fuel conflicts. Kline et 
al. [159] is an exception, as they argue that about 2-30% of the projected corn 
production could be available as biofuels feedstock in 2027 (assuming high cereal 
yield growth). 
 
There are different estimates of the proportion of fuelwood that could be diverted 
from its current uses to modern applications. Junfeng et al. [184] assume that 40% of 
fuelwood can be saved by efficiency improvements and fuel substitution. Kline et al. 
[159] assumed 50% of the fuelwood production reported by FAO for 2005 could be 
available as biofuels feedstock (a rather arbitrary claim), while CAREI [182] assumes all 
fuelwood from regional forestry stocks is available for bioenergy; but this is highly 
unlikely unless alternative fuels are provided to the majority. 

2.3.2.3 Improvements in agricultural and forestry management and 

technologies 

 
Kline et al. [159] does not indicate the type of perennial energy crop assumed in the 
analysis, but provides a conservative average annual biomass productivity of 4.5 
tdm/ha/yr and 50% sustainable recovery (associated with marginal land); but Sun 
[181] assumes switchgrass at productivities of 13-16 tdm/ha/yr (on surplus 
agricultural land) and 6-8 tdm/ha/yr (on marginal land). Harvesting losses are 
estimated at 15%, other studies do not indicate any harvest losses. Technological 
learning is assumed by Kline et al. [159], Sun [181] and Qui et al. [187], with regard to 
feedstock production. However, Sun [181] and Kline et al. [159] assume that cost 
parameters remain constant until 2030, indicating no learning in conversion. 
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2.3.2.4 Use of marginal and degraded land 

 
According to Sun [181], China created “reserved lands” in each region to protect 
agricultural land from unfettered urban and industrial expansion. Biomass could be 
grown on these “reserved arable lands”. Reserved arable lands include arable barren 
grassland, arable saline land, arable marsh land, arable reed bed and arable shoal 
land. Reserved reclaimable lands are reclaimed from the lands destroyed by 
construction or industrial activities. However, reed beds and marsh lands are excluded 
from energy crops cultivation as they are considered sensitive ecosystems. These 
reserved lands are generally of low-quality, but are potentially suitable for growing 
perennial biomass energy crops. 
 
Sun [181] assumes that about 126 Mha of marginal land

8
 in China could potentially be 

available for biomass production. More conservative estimates by Qui et al. [187] 
allocate only marginal land of 6.7 Mha for bioenergy production (although we 
considered this estimate to be too low). Sun [181] also assumes that current 
agricultural land will continue to stabilise around 120 Mha and that all the currently 
unused land is also available in 2030 – this is a result of land protection policies and 
not directly related to efficiency improvements in agricultural management and 
technology. In contrast, Kline et al. [159] considers only 10% of available land to be 
allocated for bioenergy by 2027, which is conservative but a more realistic projection. 
 
Also Sun [181] provides some vital statistics on contiguous reserve lands (which is 
useful for practical establishment of large scale biomass production than global 
aggregated data which in practice could be fragmented). However, there are some 
weak spots in the land use data, and there is also uncertainty about the current use of 
this land as well as specific government intentions. 

2.3.2.5 Water availability and use 

 
The impact of competition for water or its availability is also not studied in detail in 
any of the studies. This is critical for the successful large scale cultivation of biomass 
especially for a water constrained country like China. Only Sun [181] provides some 
limited qualitative analysis where the high technology scenarios assume the 
successful development of the South-North water transfer project to enable irrigation 
and achieve higher yields. 

2.3.2.6 Nature protection and expansion of protected areas, climate change 

 
Only a few sustainability criteria are taken into consideration by the studies, notably 
ensuring that bioenergy production does not lead to food insecurity, avoiding 

                                                                 
8
 This includes 57 Mha of non-forested areas, 15 Mha of farmlands returned to forestry, as well 

as 54 Mha of barren hills and wastelands suitable for forestry. 
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encroaching on protected areas, and excessive residue removal. Most studies do not 
indicate the type of land areas excluded, although Sun [181] explicitly excludes all 
sensitive ecosystems (marsh land and reed beds). Other environmental issues such 
climate change impacts are not taken into account. 

2.3.2.7 Use of agricultural and forestry by-products 

 
CAREI [182] evaluated current and short term (up to 2020) bioenergy potential from 
agricultural and forestry waste. The study gives a high availability fraction of agro-
residues for energy of 48% compared to Sun [181]’s 10-15.6% (but a much lower 
forestry residue availability of 43% compared to 86% for the latter). Recoverability of 
all agricultural residues (under conventional tillage practices) and agro-processing 
residues is assumed to be 25% and 100% respectively by Sun [181] and 33% for corn 
stover by Kline et al. [159]. Other studies provide estimates of the proportion of 
residues available for energy but imply 100% recoverability of residues.  

2.3.2.8 Market mechanism for food-feed-fuel-materials 

 
None of the studies analyse the potential market response to large-scale biomass 
production on the food, feed and other bio-based product markets.  

2.3.2.9 Cost of biomass production 

 
Sun [181] and Kline et al. [159] provide some basic cost of supply indications. None of 
the studies however, attempt to model the impact of bioenergy production on other 
markets.  

2.3.2.10 Review of bioenergy potential assessments in India 

 
Several studies have been conducted to estimate the biomass energy potential given 
the natural resources of India. Key studies include Kline et al. [159], TERI [188], IRG 
[189], Sudha & Ravindranath [190], Ravindranath & Balachandra [191], Ravindranath 
et al. [192], Schaldach et al. [193], Rajagopal [194], Ramachandra et al. [195] and 
Ravindranath et al. [196]. Similar to the Chinese assessments, most of the studies 
focus on first generation bioenergy technologies and generally fail to study all key 
potential bioenergy resources. Except for Ramachandra et al. [195], all the studies 
provide national bioenergy potential assessments, without examining the regional 
distribution of biomass resources. The studies provide limited economic analysis of 
biomass production (e.g. TERI [188]). 

2.3.2.11 Approach 

 
Kline et al. [159] also made an bioenergy assessment of China and the approach used 
is the same for India. Sudha & Ravindranath [190] is a resource focussed assessment 
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that employs spatially explicit and statistical analysis which takes into account 
biophysical conditions and technological scenarios to estimate bioenergy potential in 
India. It also attempts to address important sustainability elements in its scenario 
analysis up to the year 2030. Another resource focussed study, IRG [189], uses 
scenario based statistical analysis to estimate bioenergy potential up to 2040 for 
several Asian countries (including China, India and Indonesia).This study evaluates 
potential from a unique biomass resource – ‘wasted’ grain

9
 for ethanol production 

using FAO production data. TERI [188] is a demand driven study which combines agro-
ecological zoning techniques with statistical analysis to evaluate the technical 
potential of first generation biofuels in 2030. Ravindranath et al. [192] is a resource 
focussed assessment that evaluates the technical biomass from residues (mainly 
agricultural) using statistical analysis developed in Bhattacharya et al. [197]. 

2.3.2.12 Biomass demand for food, feed, and fibre/biomaterials 

 
Basic sustainability criteria (such as minimising food fuel conflicts, excluding protected 
areas and competing biomass application claims) are taken into account by the 
majority of studies, although key parameters/assumptions used such as population 
projections and food demand are not explicitly discussed.  
 
For studies that assess production of energy crops, food-fuel conflicts are avoided by 
the use of wastelands (e.g. TERI [188], Sudha & Ravindranath [190], Ravindranath & 
Balachandra [191] and other types of unused arable land. For instance, IRG [189]  
assumes production of biomass from ‘underutilised’ lands.  
 
For residues and waste, consideration is also given for competing applications in the 
studies. According to Sudha & Ravindranath [190] the potential of timber processing 
waste is limited in India. Due to fuelwood scarcity, forestry residues are normally sold 
in local markets or collected for free by the local communities. In addition, the study 
assumes that sustainable wood extraction from forests is highly unlikely as current 
extraction is unsustainable, the resource is fragile and potential harvesting impacts on 
the ecosystems could be adverse. Kline et al. [159] uses FAO data on non-coniferous 
roundwood production to estimate forestry industry waste, but ignores competing 
applications. The study also assumes that 50% of current fuelwood could potentially 
be available for future bioenergy feedstock (on condition that alternative fuels are 
available).  
Ravindranath et al. [192] assumes that only ligneous residues are likely to be available 
for use as an energy source as most crop residues are used for cattle feed (47% due to 
poor pasture), fuel for cooking (35%) and thatching. Further, about 40% of dung is 

                                                                 
9
 A fraction of harvested grains is wasted due to inefficiencies in collection, processing, and 

transportation. For Asia, about 1-7% of various crops are wasted and recovery factor of 5 to 
15% are assumed. 
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used as cookstove fuel, 3% for biogas production and 38% is potentially available for 
energy. 

2.3.2.13 Improvements in agricultural and forestry management and 

technologies 

 
Only Sudha & Ravindranath [190] and Schaldach et al. [193] include improvements in 
agricultural productivity in their assessments. Eucalyptus dominated plantations are 
the energy crop of choice in Sudha & Ravindranath [190] with biomass productivities 
vary from 2-17 tdm/ha/yr from arid to humid regions (also considering improved 
agricultural systems and plant breeding). IRG [189] assumes that only 1-5% of 
‘underutilised’ lands could be designated for biofuels, with varying levels of 
productivity based on the so-called “M3 cropland dataset

10
”. In order to meet India’s 

20% blending requirements, TERI [188] projects that energy crop yields should on 
average increase to 5 tonnes/ha over 38 Mha of wastelands.  

2.3.2.14 Use of marginal and degraded land 

 
There are widely varying estimates of the extent of available land for bioenergy 
production in India, especially the amount of available wastelands. According to Kline 
et al. [159] there is no surplus agricultural land in India as all the 170 Mha of land 
available arable land is already under cultivation

11
. One thing is certain though, India’s 

growing population (projected to reach 1.5 billion in 2030 according to Smeets et al. 
[13]) will continue to put pressure on its land and water resources. Given the limited 
land resource base, India will mainly depend on its wastelands and residues to 
develop its biomass energy potential [188]. 
 
Wastelands in India represent marginal lands with energy crop production capacity, 
but definitions and estimates differ. Ravindranath & Balachandra [191] estimates that 
at least 35 Mha out of 107 Mha of degraded land could be available for bioenergy 
production. But according to Rajagopal [194] only 17 Mha of the 63.9 Mha of 
wastelands is considered to have the potential for cultivation with crops like Jatropha. 
By synthesising data from the various studies, the extent of cultivable/culturable 
wastelands is estimated at about 30-64 Mha, surplus agricultural land (14-27 Mha) 
and up to 13.4 Mha of other land categories. However, it remains uncertain how 

                                                                 
10

 M3 datasets provide more accurate spatial country-crop combination yield ranges and area 

coverage maps for 175 crops (as opposed to using single number yields) by combining 22,000 
global agricultural censuses reports with recent global maps of croplands. 
11

 However, other studies such as Sudha & Ravindranath [190] estimate that 43 Mha (with poor 
productivity) could potentially be available for biomass production. TERI [188] also identifies 
13.4 Mha of special land types such as fallow lands, alternate cropping systems, land held by 
absentee landlords, etc which could be used for mostly first generation energy crop 
development. 
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much of the wastelands are utilised for other purposes such as pasture. The quality of 
such lands is also very uncertain. 

2.3.2.15 Water availability, nature protection and climate change impacts 

 
Most of the studies do not incorporate environmental constraints such as water 
availability, biodiversity protection or climate change constraints. IRG [189] 
acknowledges qualitatively that water availability could severely reduce estimated 
potentials, particularly in India and China. Other studies implicitly take water 
shortages into consideration, e.g. Sudha & Ravindranath [190] uses rain-fed yield 
levels for eucalyptus plantation potential (thus assuming no irrigation due the 
uncertainty in water availability).  

2.3.2.16 Use of agricultural and forestry by-products 

 
Only TERI [188] and Schaldach et al. [193] do not assess the use of by-products in their 
assessment of bioenergy potential. Most studies, however, indicate the limited 
availability of agricultural and forestry by-products due to competing applications. 
Also, using FAOSTAT crop production data, IRG [189] argues that only 5-15% of the 
primary agricultural residues are recoverable due to expected logistical challenges. No 
study has attempted to estimate tertiary forestry residues in India. 

2.3.2.17 Cost of biomass production 

 
TERI [188] gives estimates of cost of biofuel production from sugarcane and Jatropha 
while IRG [189] provides production cost estimates for various biofuels from many 
countries. Ravindranath et al. [192] also provides some limited cost figures for 
biomass from waste including an estimate of ‘economic’ bioenergy potential from 
waste. However, none of the studies attempt to provide a national bioenergy cost 
supply curve. 

2.3.3 Review of bioenergy potential assessments in Indonesia 

 
There are a limited number of studies that have assessed the biomass energy 
potential of Indonesia in recent years and these are mainly resource focussed 
assessments. Examples include Suntana et al. [198], Duryea [199], Kamarrudin [200], 
IRG [189] and ADB [201]. No study has attempted to examine all potential biomass 
resources available in the country, and most of the studies only assess specific 
feedstocks using simple statistical analysis. There has been no assessment of the 
potential of perennial bioenergy feedstocks in Indonesia and most studies focus on 
first generation crops, especially oil palm, jatropha and sugarcane. None of the studies 
assess the cost of biomass production or the impact of improvements in agricultural 
management on biomass potentials. 
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2.3.3.1 Biomass demand for food, feed, and fibre/biomaterials 

 
Most of the studies focus on bioenergy potential from residues, and only IRG [189] 
estimates bioenergy potential (sugarcane based ethanol and jatropha based biodiesel) 
using new, currently “underutilized” lands. This limits the impacts of bioenergy 
production on food and other biomaterials. 

2.3.3.2 Use of agricultural and forestry by-products 

 
All studies evaluate primary agricultural residues for bioenergy, and the potential 
estimates fall within the same range (although assumptions underlying the estimates 
are not given). Key crop residues include bagasse, rice straw, coconut and palm 
residues. According to Kamarrudin [200] and Duryea [199], 90% of the 8 million 
tonnes of bagasse are used in sugar factories for captive cogeneration and paper 
making. About 4 million tonnes of cane tops and leaves are not being utilised. Most of 
the molasses are exported, some are fermented into alcohol, and the rest are used as 
cattle feed. Oil palm fruit harvesting and processing generates residues: empty stalks, 
fibre and shells, most of which are burned as fuel in palm factories while the cake 
generally serves as an ingredient in cattle feed. Duryea [199] and Kamarrudin [200] 
estimate that over 8 million tonnes of palm residues are produced annually based on 
industrial statistics. About 6.7 million tonnes of coconut husks are usually left on the 
field, but some are used for matting while 3million tonnes of shells are used as fuel for 
drying copra. The presscake is mainly used for feed. Febijanto [202] points out that 
agricultural wastes are generally scattered and could present logistical challenges to 
realise potential (except for rice husks). According to Kamarrudin [200], there are 66 
million tonnes of rice residues available every year comprising 12 million tonnes of 
husks, 2.5 million tonnes of bran, 2 million tonnes of stalks and 49 million tonnes of 
straw. Rice stalks and straw are mostly left rotting in the field sometimes after 
burning, or is ploughed back into the soil as a conditioner and organic fertiliser. In 
some cases it is used as cattle feed or raw material for paper industry. Some rice 
husks are burnt as fuel in large rice mills while significant quantities are used as cattle 
feed.  IRG [189] also include potential from “wasted grain” – assumed to be 7.1% of 
total production for maize and between 1-7% for other crops. 
 
Suntana et al. [198] combine national aboveground biomass from various sources 
including FAO to estimate potential extractable forestry based biomass. They consider 
only 5% of the national biomass stock can be harnessed. However, this is likely to be 
controversial, given Indonesia’s rapid deforestation rates (the country loses about 1.6 
Mha of forest cover annually). From a survey of sawmills in Central Java province, ADB 
[201] estimates that between 20-50% of production input results in waste (mainly log 
ends, bark, slabs, lumber edge, sawdust)

12
. Larger factories use timber waste to 
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 A lot of wood waste is generated by the wood industry, but only part of this waste is actually 
recycled. 
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generate steam for process drying (although the proportion used is not clear). Duryea 
[199] argues that most of logging debris is left in the forests and only a small part of 
these residues are used as fuel.  

2.3.3.3 Improvements in agricultural and forestry management and 

technologies 

 
None of the studies on Indonesia explores the potential impacts of improvements in 
technologies and management to bioenergy potentials. 

2.3.3.4 Use of marginal and degraded land 

 
Indonesia is a highly populous island (with average population density is 134 
people/km

2
) and some islands such as Java and Sumatra no longer have room for 

arable land expansion. Expansion of agricultural activities is limited by the existence of 
high nature value forests and peatlands [203]. Given this background, Indonesia is 
likely to produce sustainable bioenergy from marginal and degraded land. However, 
there are widely varying estimates of the amount of degraded land available in 
Indonesia, ranging from 12 to 74 Mha. An illustration of how much degraded land 
estimations vary is given by Wicke et al. [92]. This variance is mainly attributed to 
different methods and definitions used to identify degraded land. It is also attributed 
to issues related to policy and the increasing complexity of the direct and indirect 
causes of degradation [204]. IRG [189] estimated that over 16 Mha of currently 
“underutilised” (and thus considered marginal) lands could support high-yielding first 
generation crops.  

2.3.3.5 Water availability and climate change impacts 

 
None of the studies account for water competition in their estimates of biomass 
potentials. Climate change is alluded to in Suntana et al. [198] and Duryea [199], but 
the studies do not assess the potential impacts of climate change on biomass 
potentials. 

2.3.3.6 Nature protection and expansion of protected areas 

 
A key sustainability concern is the existence of high nature value forests, peatlands 
and rich species diversity in Indonesia’s tropical rain forests. These issues have raised 
international opposition to oil palm expansion on forestland and an international 
outcry over oil palm derived biodiesel. Current biomass resource assessments on 
Indonesia are not explicitly taking into account these and other sustainability concerns 
such as water and climate change impacts. The focus on residues and waste could 
explain why analysts steer away from land dependent resources such as perennials. 
Degraded land could be a solution to this. However, some of the degraded land may 
be within sensitive ecosystems. 
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2.3.3.7 Cost of biomass production 

 
ADB [201] is the only study that attempts to give an economic analysis of bioenergy 
production, although the derivation of feedstock supply costs is not transparent. 

2.3.4 Review of bioenergy potential assessments in Mozambique 

 
A few studies have been conducted to assess the biomass energy potential in 
Mozambique. The most important studies include Batidzirai et al. [205], Hoyt et al. 
[206] and Vasco & Costa [207] and van der Hilst and Faaij [208].  

2.3.4.1 Approach 

 
None of the studies assessed all potential biomass energy resources. The three 
national studies focus on primary agricultural biomass resources while the regional 
study [207] partially analyses forestry residues. Secondary and tertiary resources have 
not been evaluated in detail. Batidzirai et al. [205] is a resource focussed study that 
assessed the technical biomass energy potential in Mozambique, its production 
economics as well as logistic options for Mozambique to produce and export biofuels. 
Van der Hilst and Faaij [208] uses spatially explicit GIS datasets to establish cost supply 
curves for Mozambique up to 2030. Both studies focused mainly on the production of 
SRC energy crops (using eucalyptus as an example). Hoyt et al. [206] is also a resource 
focussed assessment and it provides a more conservative national implementation 
potential focussing on a transition trajectory that takes into account implementation 
constraints. Vasco & Costa [207] only evaluates forest biomass residues in Maputo 
province using official government GIS data and forest growth rates data. 

2.3.4.2 Biomass demand for food, feed, and fibre/biomaterials 

 
Batidzirai et al. [205] uses a bottom up approach for evaluating land availability and 
suitability for growing dedicated energy crops and bioenergy potential production 
based on a methodology developed by Smeets et al. [13]. It is assumed that 
competition between food and bioenergy production is avoided and therefore, food 
production is given priority in land allocation. Land for bioenergy production is limited 
to surplus arable land and it is assumed that additional surplus land can be availed if 
efficiency of food production is improved. By applying more efficient agricultural 
production systems and optimising land allocation, future land requirements for food, 
feed and fibre production are reduced relative to growing population and thus some 
excess land can be used for growing energy crops. Lack of spatially explicit national 
data is major drawback in the analysis as use of global FAO/IIASA data leads to poor 
resolution at regional level. 
 
Using scenarios analysis to 2015, Hoyt et al. [206] assessed first generation bioethanol 
and biodiesel production potential based on different levels of incremental land use 
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and a set of assumptions (crops with high potential are assigned higher rate of 
expansion in the land area cultivated). The study also evaluates the entire biofuels 
value chain. 
 
Using scenario analysis and GIS datasets, van der Hilst and Faaij [208] assessed the 
bioenergy potential from woody energy crops (including the corresponding cost of 
production) in Mozambique, while taking into account the developments in 
competing land use requirements. The study uses land availability results from van 
der Hilst et al. [60]. Competition for land and related effects of (i)LUC are not allowed 
in the study, and thus the land availability was modelled while taking into account the 
land required for other land use functions such as nature conservation and food 
production. Food and feed demand are modelled as functions of population size, GDP, 
food intake per capita and self-sufficiency provisions. 

2.3.4.3 Improvements in agricultural and forestry management and 

technologies 

 
In both Batidzirai et al. [205] and van der Hilst and Faaij [208], the efficiency of the 
agricultural sector is a key factor for the land required to meet the total demand for 
food, animal products and bio-materials. According to Batidzirai et al. [205], up to 45 
Mha of the country’s agricultural land could (in theory) be made available for 
bioenergy crop production in Mozambique by 2015, but under the condition that 
there is rapid advancement of agricultural technology and animal production systems 
and thereby an increment of efficiency of production

13
. In van der Hilst and Faaij 

[208], a scenario approach was used to explore potential long term developments in 
the productivity of the agricultural sector. One scenario projects future yields based 
on historical performance while a more progressive scenario assumes high efficiency 
in agricultural productivity and consequently more surplus land is made available for 
other purposes, including energy crop cultivation. 
 
In their estimation of land availability for energy crops, Hoyt et al. [206] also employs 
high and low scenarios for both yields and costs. These scenarios reflect the use of 
varying levels of efficiency of agricultural production systems and agricultural 
technologies compared to current subsistence-type cultivation. 

2.3.4.4 Use of marginal and degraded land 

 
Land available for bioenergy production is classified into five productivity classes in 
van der Hilst and Faaij [208] and in Batidzirai et al. [205]. In van der Hilst and Faaij 
[208], the productivity classes provide the percentage of the maximum attainable 
yield given the level of agricultural management. For example, the non-productive 
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 Model results from study indicate that current average crop yields could increase by 4.9 to 
8.9 times. But this has not happened since 2005 when the analysis was conducted. 
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category includes areas that produce <20% of the maximum attainable yield while the 
productivity of marginally suitable soils is 20–40%. In Batidzirai et al. [205], land is 
classified into very suitable to marginally suitable categories depending on 
productivity. 
 
Hoyt et al. [206] assume that the total available area for agricultural expansion is 
about 10.5 to 13.2 Mha

14
. About 9 Mha of arable land are considered extremely 

constrained for conventional agricultural due to conditions of topography, climate, 
hydrology and soil structure conditions. But this area could potentially be used for 
bioenergy feedstock production. Due to lack of good quality land statistics of the 
country, these land estimates were based on simple calculations. A report by Matavel 
& Ribeiro [209] – which is not a resource assessment study, but evaluates the socio-
economic impacts of biofuels production in Mozambique- estimates that about 40 
Mha of marginal land

15
 are potentially available for biofuels feedstock development in 

the country. 

2.3.4.5 Water availability and use 

 
Water availability is implicitly included in Batidzirai et al. [205] and Hoyt et al. [206] as 
land suitability generally reflects both agro-ecological conditions as well as the 
availability of water resources. Van der Hilst and Faaij [208] uses a more spatially 
explicit modelling whereby the relative crop yields are a function of climate and soil 
conditions on a spatial resolution of 5 Arc-minutes. However, it does not consider the 
water availability at a watershed level and thus potential scarcity and competition is 
not included. 

2.3.4.6 Nature protection and expansion of protected areas and climate 

change 

 
The reviewed studies have taken into account basic sustainability issues, such as 
minimising food fuel conflicts and nature protection, but many other issues remain 
unaccounted. Van der Hilst and Faaij [208] excluded protected areas, forested areas 
and land with steep slopes (>16%) from conversion to energy plantations. In Batidzirai 
et al. [205] and Hoyt et al. [206], protected areas and forested areas are also excluded 
from land availability calculations. All the studies do not include the impacts of climate 
change on future biomass availability. However, Batidzirai et al. [205], analyses 
bioenergy supply chain with the least carbon footprint. 
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 According to Hoyt et al. [206], only 27 of the 36 Mha of arable land are actually cultivable; 5-8 

Mha are currently cultivated, human settlements could require 13-16 Mha. 
15

 This figure is generally quoted by the Government of Mozambique officials e.g. the 
Mozambican Minister of Energy’s presentation at the First International Energy Week Seminar, 
Santo Domingo, Dominican Republic, 17th January, 2008. 
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2.3.4.7 Use of agricultural and forestry by-products 

 
The potential of agricultural crop residues from Mozambique has not been estimated. 
Batidzirai et al. [205] argues that there is limited economic biomass potential from 
agricultural harvesting and processing residues because of the dispersed and peasant 
nature of agricultural activities, without quantifying the crop residue resource. 
However, Dam et al. [210] asserts that 40% of sugarcane leaves and tops waste 
stream can be recovered and used for energy. Due to lack of data, no study has 
attempted to estimate secondary and tertiary agricultural residues in Mozambique. 

2.3.4.8 Cost of biomass production 

 
Although the three main national studies have analysed the biomass production costs 
for different types of crops as well as supply chain logistic costs, there are some weak 
spots in the cost of supply information. For example, Batidzirai et al. [205] uses 
average productivities for each agro-ecological zones and thereby ignores spatial 
variation in productivity in the various regions. This is however, included in Van der 
Hilst and Faaij [208], where spatially explicit productivity and logistic data is used in 
the economic analysis. None of the studies includes the impacts of bioenergy 
production on agricultural and energy markets. 

2.4 Summary of harmonised biomass energy potentials in 

the five selected countries 
 
We summarise below, the synthesised biomass energy potentials in each of the five 
countries. A summary of the potentials is also shown in Table 2-7. 

2.4.1 Biomass energy potential in the USA 

 
Total technical biomass potential in the US (after satisfying food, feed, and fibre 
requirements) from the agricultural and forestry resources is estimated to be between 
9.3 and 23.5 EJ. About 80% of the biomass resource potential is from agricultural 
lands (7 – 19.4 EJ) and remaining 20% is from forestry resources (2.3-4.1 EJ). Perennial 
crops

16
 such as switchgrass grown on surplus agricultural land and on marginal land 

contributes about 38% to the total potential. Agricultural crop residues are also an 
important biomass resource contributing about 40% to the national potential. As 
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 This includes woody biomass on 14.16 Mha with productivities of 11-18 tdmha
-1

. Woody 
crops for fibre are assumed to be cultivated on an additional 2 Mha (average yields 13-18 tdmha

-

1
) of which 25% is used for bioenergy. About 10% of biomass is assumed lost in harvest 

operations. 



Harmonising bioenergy ….. methodological lessons from review of state of the art 

 

72 

 

shown in Table 2-7, first generation biofuels
17

 are expected to play a marginal role in 
future bioenergy systems. 
 
Differences in the estimates of bioenergy potentials arose because the studies used 
different base year data sets, different sustainability assumptions, considered 
different resources and competing biomass applications. For forest resources, 
Milbrandt [180] used the USDA Forest Service’s Timber Product Output database for 
2002 as a basis while Perlack et al. [11] used much more extensive data sources 
ranging from the 1997 US land inventory to the Agriculture Biomass Feedstock Supply 
survey of 2003. Milbrandt [180] does not consider biomass from forest thinning / fuel 
treatments, or sustainable fuelwood extraction. With regards to agricultural residues, 
the studies used different residue removal thresholds. Perlack et al. [11] assumes no-
tillage scenarios that allow removal of greater amounts of residues together with 
improvement in collecting technology while Milbrandt [180] assume that 35% of the 
residues could be collected as biomass. Bioenergy potential from energy crops differ 
because Milbrandt [180] considers only crops grown on CRP lands and abandoned 
mineland and uses an average yield of unirrigated switchgrass, willow and hybrid 
poplar; while Perlack et al. [11] assumes active cropland, idle cropland and cropland 
used as pastures can be used for bioenergy production. 

2.4.2 Biomass energy potential in China 

 
China is a large country with enormous land resources. But it also has a large 
population and many competing land uses, which diminish the total potential for 
biomass production. About 54.6 Mha of reserved arable lands have been identified as 
potential land for biomass production. Xinjiang Province represents about half of the 
total reserved arable land potential. In addition, about 126 Mha of marginal/degraded 
lands suitable for forestry, are available for development of woody biomass crop 
plantations. Estimated biomass energy potentials range from 5.2-27.3 EJ/yr. Perennial 
woody biomass

18
 is expected to contribute between 40 – 71% while agricultural 

residues
19

 provide 8-29% of the total bioenergy. Forestry based biomass
20

 provides 
21% of total bioenergy potentials.  
 
For China, main differences in bioenergy potentials are due to use of different 
assumptions e.g. on crop yields and sustainability demands, data sets, differences in 
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 Up to 75 million tonnes of corn can be used for bioethanol production under different 
scenarios. 2.6-7.9 million tonnes of soybeans can be used for biodiesel production. It is assumed 
that the US also fulfils its domestic and international grain supply obligations. 
18

 Switchgrass potential cultivated on 54.6 Mha of the reserved lands under different scenarios 
is about 6.4 EJyr

-1
. 

19
 Crop residues in China are dominated by corn stover; soybean residues are excluded, only 

33% of corn stover and 14% of wheat residue is available for sustainable recovery. 
20

 Only 14% of forestry residues are being utilised mainly for industrial materials e.g. fibreboard 
and fuelwood. The remaining 86% could be utilized as biofuel feedstock. 
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types and amounts of lands used for bioenergy production. While Kline et al. [159] 
uses international databases and estimates “available equivalent arable land” from 
FAO Terrastat and FAOSTAT, other studies such as Sun [181] use national land use 
statistics and explore possibilities for using marginal land for bioenergy production. 
Sun [181] is also explicit in the land types that are excluded e.g. sensitive ecosystems. 
In terms of energy crop yields, Kline et al. [159] assumed average biomass productivity 
of 2.24 tdmha

-1
yr

-1
. Sun [181] on the other hand considers varying scenarios with 

different biomass productivities depending on land quality, and also assumes 
switchgrass is cultivated on reserve lands while trees are grown on marginal lands.  
 
The selected studies also employ different residue recovery factors. For instance, Kline 
et al. [159] assumes only 33% of corn stover and 14% of wheat straw is available for 
sustainable recovery. Sun [181] on the other hand considers crop residues from all 
agricultural crops grown over 122 Mha and uses a crop harvest index, a residue 
recovery rate and takes into account competing residue applications. CAREI [182] 
assumes different harvest index values when deriving potential residues. Similar 
differences are also found with regards to forestry resources. 

2.4.3 Biomass energy potential in India 

 
Biomass energy potential in India is dominated by agricultural resources. Wastelands 
represent the most important resource and the government is targeting these 
marginal lands for developing mainly first generation tree borne oil seed crops. India 
has potential to produce between 1.05 and 18.8 EJ of biomass energy from forestry 
and agricultural feedstocks. There is a limited biomass potential from forestry 
resources, as most of the 1.7EJ estimated is supposed to come from fuelwood 
substitution. Agricultural resources comprise of 7.7EJ of mainly lignocellulosic biomass 
from dedicated perennials trees and grasses (40-50% of total). There is also potential 
of 1.5EJ from first generation oil seed crops such as Jatropha as well as grains and 
sugar crops. Furthermore, agricultural residues can provide another source of biomass 
feedstocks, with 6.5EJ of conventional crop residues

21
 and 844 PJ of MSW, waste 

water and landfill gas. 
 
Assessments of bioenergy potential from energy crops in India differ because of the 
different land availability estimates used in the various studies. TERI [188] identify at 
least six categories of land categories totalling 13.4 Mha which could be used for 
energy crops, including fallow lands and mixed cropping systems. IRG [189] argues 
that there are about 14.2 Mha of new, currently “underutilised” lands that could be 
used for energy crops. Sudha & Ravindranath [190] estimate that between 43 and 130 
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 Use of crop residues depends on their calorific values, lignin content, density, palatability and 
nutritive value. Residues are mainly used as fodder for cattle, fuel for cooking and thatch 
material for housing. Rice and wheat straw have the highest potential. Currently 50% is burnt in 
the fields. 



Harmonising bioenergy ….. methodological lessons from review of state of the art 

 

74 

 

Mha could potentially be available for biomass production including 26 Mha of surplus 
cultivable land. However, according to Kline et al. [159] there is no surplus agricultural 
land in India as all the 170 Mha of total land arable available which can be classified as 
“equivalent suitable for cultivation”

22
 is cultivated or in permanent crops. 

 
Land use modelling by Schaldach et al. [193] show that any expansion in biofuel 
feedstock production in India is likely to result in pressure on land resources, even if 
agricultural productivity improves significantly. Thus wastelands are a considered 
major resource for energy crop cultivation. However, there are different estimates of 
the extent of wastelands in India, mainly due to differing definitions of wastelands 
used by various agencies. For example, the amount of wastelands that can be used for 
growing of biomass is estimated in Ravindranath & Balachandra [191] to be 35 Mha, 
while in Rajagopal [194], it is only 17 Mha. 
 
Differences in residue generation and availability for energy are mainly due to use of 
different base year values for agricultural production and amounts devoted to 
competing applications. For instance, Ravindranath & Balachandra [191] estimate that 
about 450 million tonnes of surplus agricultural crop residues are available using 2003 
agricultural production data, while available residues according to Ravindranath et al. 
[192] amount to 325 million tonnes (based on 1996-97 agricultural production data). 

2.4.4 Biomass energy potential in Indonesia 

 
Indonesia has over 16 Mha of surplus agricultural land that could be used for growing 
energy crops

23
. In addition, there are an estimated 12 to 74 Mha of degraded land 

which could potentially be available for biomass crop cultivation. Biomass technical 
potential in Indonesia is estimated to be between 1.0 and 3.3 EJ of lignocellulosic 
energy crops (30-50%), in addition to first generation crops such as oil palm, etc. 
Overall, bioenergy technical potentials range from 2.0 to 10.9 EJ. Key biomass energy 
resources include rice residues with a technical energy potential of 150 PJ, rubber 
wood (120 PJ), sugar residues (78 PJ), palm oil residues (67 PJ), and about 20 PJ/year 
from plywood and veneer residues, logging residues, sawn timber residues, coconut 
residues, and other agricultural wastes. In addition, there is potential to utilise 
sustainable forest harvest of up to 5.2 EJ. 
 
Wicke et al. [92] and IRG [189] are the only studies that estimate surplus agricultural 
land which can be used for energy crops, the former based on palm oil productivity 
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 Kline et al. [159] uses data sets from FAO “TerraStat”. The "available equivalent arable land" 
is defined and based on the total potential (from TerraStat) less the land reported as in use in 
FAOStat, i.e. Total land available "equivalent suitable for cultivation” – (Cultivated arable land + 
land under permanent crops) = available equivalent arable land. 
23

 From 16.67 Mha of currently “underutilized” lands, 2.94 billion litres of ethanol from 
sugarcane and 990 million litres of biodiesel from jatropha can be produced assuming high 
yields. 
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scenarios and the latter on so-called underutilised lands. Most bioenergy assessments 
target degraded lands for energy crop production, given the scarcity and sensitivity of 
cropland in Indonesia discussed earlier. However, there are widely varying estimates 
of available degraded land in Indonesia. An illustration of how much degraded land 
estimations vary is given by Wicke et al. [203] quoting various references: the Ministry 
of Forestry (74 Mha), FAO (31 Mha), WWF (18 Mha), and CIFOR (12 Mha). This 
variance in degraded land estimations is mainly the result of different methods and 
definitions used to identify degraded land. It is also attributed to issues related to 
policy and the increasing complexity of the direct and indirect causes of degradation 
[204]. 
Differences observed for studies that estimate agricultural residues emanate from 
using different base year crop production figures and different assumptions about 
amounts of residues used in competing applications. For example, Kamarrudin [200] 
uses 1998 crop production data, Panaka [211] uses 2003 data while Duryea [199] uses 
2004 production data. Similar differences also apply to forestry residues. 

2.4.5 Biomass energy potential in Mozambique 

 
Total biomass energy potential in Mozambique is estimated to be between 1.6 to 7.03 
EJ. The country has capacity to produce up to 6.7 EJ of bioenergy annually from 
perennial energy crops

24
 with moderate introduction of agricultural technology under 

strict sustainability criteria. Essential for realising this potential is rationalisation in 
agriculture and livestock raising, and potential increases of up to 7 times current 
productivities can be achieved with moderate technology introduction. In the short 
term, up to 45 Mha of surplus agricultural land can be availed for other purposes 
including energy crop growing. Other estimates put agricultural land availability at 
between 10 to 19 Mha. Marginal land is estimated at 9 Mha and could be useful for 
growing woody biomass. Potential biomass from forest logging residues is estimated 
to be about 850 TJ while 1.9 PJ of biomass is potentially available from waste in 
timber processing industries, giving a combined residue potential of about 2.7 PJ. 
 
There are only a few bioenergy assessments conducted for Mozambique, and these 
studies focus on different bioenergy resources, and also use different timeframes. 
While Batidzirai et al. [205] and van der Hilst and Faaij [208] explore the potential of 
woody perennials in 2015 and 2030 respectively, Hoyt et al. [206] focus on short term 
potential of first generation crops. Other differences that arise are due to use of 
different methodologies; Batidzirai et al. [205] and Hoyt et al. [206] uses bottom up 
statistical analysis while van der Hilst and Faaij [208] uses spatially explicit GIS analysis 
in the energy cropping production assessments. 
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 Using eucalyptus with productivities of between 7-25 tdmha
-1

yr
-1

 (for arid to productive 
regions). 
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2.4.6 Synthesis 

 
We summarise below key observations from the review exercise. As a general 
conclusion, none of the selected studies covered all the basic elements expected in an 
ideal bioenergy assessment. Except for the US ‘billion ton’ studies, none of the studies 
attempt to address all key potential biomass resources, and most of the studies focus 
on first generation technologies. The studies are largely based on statistical analysis, 
and only a few studies apply spatially explicit analysis and advanced GIS modelling. 
Similarly, cost of biomass production and economic analysis are generally limited, and 
only a handful of studies develop bioenergy cost supply curves. Also, every 
assessment attests to incorporating some basic sustainability criteria such as avoiding 
future food fuel conflicts and excluding protected areas, but there are marked 
differences in the level of parametric detail and methodological transparency 
between studies. Also, except for USDoE [32], no integrated assessment is performed 
for any of the selected studies, to evaluate e.g. macro-economic feedbacks. 
 
Compared to other countries, studies conducted for the US are more comprehensive, 
use state of the art analysis and the methodology and assumptions used are more 
explicitly discussed. Furthermore, availability of detailed country specific data and 
historical trends enable better modelling of biomass potentials. For the other selected 
countries, not all potential biomass resources available in the country are explored 
and most studies focus on first generation crops, e.g. oil palm, jatropha and 
sugarcane. For Indonesia, the potential of perennials has not been assessed. 
 
Competition between biomass for energy and other competing applications such as 
food, feed and biomaterials is crudely analysed in most studies and key assumptions 
used such as population projections, income, food demand, crop productivities, land 
quality and agricultural management are not explicitly discussed. Also, human diets 
and possible protein chains are hardly included, while the impacts of different animal 
production systems are not assessed in detail. 
 
Some of the studies do take into account expected learning in agricultural and forestry 
production systems (including breeding and impacts of no-tillage systems) on biomass 
potentials, but the underlying assumptions such as yields, efficiencies and costs are 
not explicitly discussed.  
 
The quality of land availability analysis varies greatly from crude national average 
values to more spatially explicit evaluations that provide more localised detail. In 
addition, the use of marginal and degraded land is included in several studies, 
although due to lack of spatial detail, most of the selected studies use average crop 
productivities that do not take severity of physical constraints into account. The 
reviewed studies also lack clarity on the current use of marginal lands, their 
biodiversity content as well as national policies on their use. Generally, statistics on 
marginal and degraded land vary widely due to poor mapping and datasets.  
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A few studies discuss water availability as a constraint and only those assessments 
that give detailed spatial resolution consider localised climate conditions including 
soil-water conditions. Most studies use average biomass productivities based on rain-
fed conditions and ecological zoning. Competition for water resources is hardly taken 
into account in the selected studies, as this requires additional water balance analysis 
at the watershed level. In addition, none of the studies consider climate change 
impacts on biomass potential or vice versa, although reference is made to the need 
for carbon sequestration as well as minimisation of carbon footprint of bioenergy 
production pathways. 
 
Nature protection is included in all the studies, although this is limited to exclusion of 
protected and forested areas. The possibility of expansion in protected areas is 
however, hardly taken into account. The restrictions on residue removal that are 
included in some studies are linked more to the need to maintain soil quality than to 
efforts to maintain biodiversity. Only van der Hilst and Faaij [208] include the effects 
of (i)LUC and but none of the studies include the effects of (avoided) climate change. 
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Table 2-7: Summary of land and biomass energy potential in five selected countries 

Biomass category‡ United States China India Indonesia Mozambique 

  Low High Low High Low High Low High Low High 

Land resources (Mha)                     

Marginal/degraded land 7.1 11.2 6.7 126 14 64 12 74 9 40 

Surplus agricultural land 0.04 16.2   54   26 0 34 0 45 

Other lands       12.3 3 65         

Total land 7.16 27.4 6.7 192.3 17 155 12 108 9 85 

Agricultural Biomass (land dependent)                     

Perennial crops on surplus agricultural land (PJ)                     

 woody crops 3,120    7,180  3,600  6,380     521    2,604     726 1,234 1,378 5,373  

 grasses      -         -         -          -        -    1,680       -          -           -               -    

Perennial crops on marginal land (PJ)                     

 woody crops/grasses    360  1,680     48  4,536       -     3,420  282 2,087 119 1,327   

Subtotal perennial lignocellulosic feedstocks 3,480   8,860  3,648  10,916     521    7,704  1,008  3,321 1,497    6,700  

Other first generation biomass resources (PJ)                     

Oil crops on surplus agricultural land       -          -           -          -          -       936         -            -          -               -    

Oil crops on marginal/degraded land        -          -          -        42      1.2  14      5,1  35       13    98  

Grains and sugar crops:                     

 sugarcane     -         -        -        -        5.0    562       13    69    7.5   63  

 maize (corn), cassava, sweet sorghum    147    776     130    640        -    -          -          -          -               -    

 soy      1.5      59       -        -         -         -         -         -         -               -    

Subtotal first generation crops   149     835     130   681        6   1,512       18     104       21    161  
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 United States China India Indonesia Mozambique 

 Residues (land independent and current data) Low High Low High Low High Low High Low High 

Forest Biomass (PJ)                      

Forestry industry processing residues                     

 primary mill residues  32   480       54    576         -           62       26     59         -      1.9  

 secondary mill residues     52   440    120     520        -     138         -         30       -               -    

Logging and site-clearing residues 1,132   1,280  800    6,113     -          -        75     223      -    0.9  

Forest thinning/fuel treatments -   1,200        -         -         -          -       820  5,360       -     17  

Fuelwood extraction/sustainable harvest      -      320       -      580        -      1,500        -          -          -               -    

Urban wood residues  618   780        -           -         -         -         -           -        -               -    

Subtotal forestry residues 2,283   4,052    974   7,789      -      1,700    921  5,672     -     20  

Agricultural residues (land independent) PJ           

Annual crop residues                     

 crop residues 1,695  6,690    419  3,600    102  6,565     15  1,476 123 159 

 wasted grain         -          -         -           -           -        94      -         20     -               -    

Miscellaneous residues                     

 food processing residues,  1,680   1,740       -    2,000       -     183      -       -      -               -    

 livestock manure     33   660       -     2,095       86      219  1 290       -               -    

 MSW, landfill gas      -      640         -      200     336   844       -        48      -               -    

Subtotal agricultural residues 3,408 9,730    419   7,895    524  7,905      16   1,834  123 159   

TOTAL 9,319  23,476 5,171  27,280  1,051  18,822  1,963  10,931  1,641    7,039  

Remark: All values are in Petajoules (10
15

 Joules) Higher Heating Value. Biomass amounts are in dry tonnes.  
‡ Potential estimates of land resource availability and land dependent biomass resources are projected for the period up to 2030. Biomass potential 
from land independent resources such as residues is based on current socio-economic and biophysical conditions and represent current biomass 
resource availability. Unless specifically mentioned, all biomass estimates represent technical potentials, i.e. it is assumed that demand for land for 
food, feed, fibre and other competing applications such as biomaterials, and infrastructure is fulfilled first before resources are allocated for bioenergy 
applications. It is also assumed land conversion for biomass excludes forested areas and other protected areas.
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2.5 Recommendations for a comprehensive bioenergy 

resource assessment analytical framework 
 
Based on lessons learnt from the review of state of the art biomass energy resource 
assessments and methodological insights discussed in section 2, we propose here an 
analytical framework for evaluating sustainable biomass energy potential that takes 
into account key drivers and factors that influence the available biomass resource 
potential. The starting point of such an analytical framework is the definition of a set 
of ecological and socio-economic sustainability criteria

25
 that define the constraints 

under which the biomass resource can be sustainably secured. These sustainability 
criteria should ideally be based on internationally standardised criteria, but additional 
country specific requirements and conditions may also be important to take into 
account. See van Dam et al. [212] for more details on sustainability criteria. Such 
criteria are directly linked to the key factors that determine the availability of biomass 
resources. 
 
Assessing the sustainable biomass energy resource potential entails at least the six 
interlinked key stages shown in Figure 2-6. This includes estimating the biomass 
energy technical potential, evaluating the cost of biomass production, identifying the 
economic biomass potential, and by taking into account the macro-economic and 
environmental impacts of biomass production, derive biomass energy resource 
potential that incorporates all dimensions of sustainability. In each step, the 
underlying assumptions and key parameters used in the calculations are made explicit 
while uncertainties are also revealed. Thus a fundamental requirement at each stage 
of the potential assessment is transparency, in terms of scope, methodology and 
datasets.  

                                                                 
25

 Typical ecological criteria include benchmarks for mitigation of greenhouse gas emissions and 
carbon stock changes, land use practices, biodiversity protection and appropriate agricultural 
management practices. Land use criteria aim to minimise indirect land use change and land use 
competition by reducing the conversion of natural forest to plantation while encouraging the 
use of degraded and marginal land. Biodiversity protection includes protection of high nature 
value areas, species habitats, sensitive ecosystems, and primary vegetation. It also involves 
control and monitoring of exotic species including issues of genetically modified organisms. 
Appropriate agro management practices ensure biomass production is undertaken with 
minimal negative impacts on soil, water and air. Socio-economic criteria typically focus of 
promoting local development, ensuring fair labour and trade practices and respecting land use 
rights. For example, the local population should not suffer any disadvantages, and should 
benefit from the opportunities of biomass production. In addition, benchmarks for 
internationally recognized standards for working conditions must be respected [212]; [214]; 
[215]. 
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Figure 2-6: Analytical framework for evaluating sustainable biomass 
production potential 

The first stage of the analysis involves estimating the technical biomass energy 
potential that is feasible to produce from available land in each setting based on 
various levels of efficiency of food and feed production while taking into account 
biophysical conditions that determine productivity (i.e. soil, water, climate). Similarly, 
the technical biomass potential from residues and wastes is based on the technical 
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potential to collect agricultural and forestry residues and wastes while accounting for 
competing applications.  
 
In the second step, the production costs of biomass feedstocks are evaluated taking 
into account relevant factors of feedstock production (labour, capital, land, fuel, 
machinery, fertiliser, etc). Crop production costs strongly depend on land quality, 
yields and agricultural management as assumed in step 1 and are estimated based on 
the existing economic and technological conditions (as well as expected technological 
learning if applicable – this is included in step 4). As production conditions vary 
considerably by location and for different feedstocks, the production costs are 
expressed as cost-supply curves for different feedstocks. Also, since input costs are 
scenario dependent, several iterations are necessary to calculate the costs of inputs 
for various bioenergy production levels and for various other scenario assumptions. 
  
The third stage involves the determination of the ‘economic biomass potentials’ or 
the amount of biomass that can be produced under a set of given economic criteria 
e.g. static food prices. The cost estimates are based on the biomass cost-supply curves 
from step 2, food prices, and supply chain logistics information. Given the diversity of 
biomass resources and conversion technologies, there are also many possible biomass 
supply chains and scenario variations. The economic performance of each component 
of the different bioenergy chains is evaluated and the economic viability of different 
biomass energy supply chains can then be assessed against the given economic 
criteria. This aspect is normally treated separately in economic potential analysis, with 
most studies providing only ‘farm gate’ cost analysis. Energy prices of alternative 
energy carriers can also be part of the scenario variations at this stage.  
 
In the fourth step, technological learning (in feedstock production and conversion) 
and the subsequent cost reductions over time are taken into account in cost supply 
and economic viability calculations (i.e. step 2 and 3 respectively). The objective of 
this step is to establish endogenous relationships between cumulative production 
capacity and associated production cost reductions, and /or including scaling effects.  
 
Step 5 evaluates the macro-economic impacts (e.g. changes in income, employment, 
pricing, food and energy prices, and the resulting feedbacks) of marginal increase in 
production of biomass. Country specific Computable General Equilibrium (CGE) 
models can be used for this analysis. The additional biomass production that is used as 
an input in the CGE model is based on the production cost structure and the type of 
biomass production derived from step 2 and 3 and/or the data for existing bioenergy 
supply chains that are already in the social account matrix.  
 
The analysis in step 3 and 5 results in estimates of total biomass production that have 
to be consolidated. This is due to the fact that step 3 analyses the additional biomass 
production due to a comparison of supply costs and prices, while step 5 analyses the 
break-down of domestic impacts of biomass production. As a consequence iterations 
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between economic potentials of biomass production from module 3 and production 
level in different sectors in step 5 are necessary. Several iterations are also required 
between step 5 and step 2, because the production of bioenergy can have several 
impacts on the costs of inputs (e.g. labour, capital, land, fuel, machinery, fertiliser, 
etc), which are assumed constant in step 2.  
 
The sixth stage evaluates the socio-economic and environmental impacts of large-
scale bioenergy production. Its objective is to analyse the socio-economic and 
environmental performance of selected bioenergy chains on a regional level for a 
defined set of land use scenarios and also to get insight in possible consequences of 
sustainability principles for the potential of biomass energy and its economic 
performance. This is based on a set of defined principles with indicator based criteria. 
Several iterations are also necessary between step 6 and step 1 to step 3, as the 
additional stringent sustainability criteria impacts of the technical and economic 
biomass energy potentials. This final screening provides insights into the sustainable 
biomass energy potential and associated economic viability of different supply chains 
under different scenarios. 
 
As shown in Figure 2-6, some factors are important for determining the technical 
potential (e.g. biomass demand for food and materials which affects availability of 
appropriate land and water resources) while others are critical in evaluating the 
economic potential of bioenergy (e.g. agro-economic setting, applied agro-
management systems and environmental impact requirements). For evaluating the 
ecologically sustainable bioenergy potential, environmental criteria such the carbon 
footprint, protection of biodiversity, water and soil need to be taken into account. 
Further, these factors are interlinked to and affect the different bioenergy potential 
types (including through feedback mechanisms). 
 
Final Remarks 

Given the spatial heterogeneity of agro-ecological conditions in most countries and to 
satisfy the demands of detailed spatial land use modelling; there is critical need for 
high quality and detailed spatial data, especially high resolution land use mapping. 
Temporal land use change variations also need to be captured using historical trends 
to predict future land use dynamics and enable calibration of bioenergy assessment 
models. It is important to account for the temporal dimension, as the rate of 
development of bioenergy production leads to socio-economic and environmental 
impacts and feedbacks that need to be factored into future bioenergy potentials. 
 
At best, bioenergy assessments need to employ harmonised approaches and 
transparent methodologies to cater for the diversity of methodologies, assumptions 
and datasets being employed in current assessments. Our analysis has shown that 
most current studies do not include all major factors and basic (sustainability) 
elements that are important determinants of bioenergy potentials.  
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While every assessment attests to incorporating some basic sustainability criteria such 
as avoiding future food fuel conflicts and excluding protected areas, there are marked 
differences in the level of parametric detail and methodological transparency 
between the studies. Competition for biomass resources among the various 
applications is crudely analysed in most studies and key assumptions such as 
demographic dynamics, human diets and possible protein chains, biodiversity 
protection criteria, etc. are not explicitly discussed, while the impacts of different 
animal production systems are hardly included. In addition, land availability and 
suitability generally lack spatial detail and especially degraded and marginal lands, as 
well as pastures are poorly evaluated. The reviewed studies also lack clarity on the 
severity of physical constraints and current use of marginal lands, as well as their 
biodiversity content. A few studies discuss water availability and competition as a 
constraint and only those assessments that give detailed spatial resolution consider 
localised climate conditions including soil-water conditions. Some studies take into 
account improvements in management of agricultural and forestry production 
systems, but the underlying assumptions such as yields, efficiencies and costs are 
hardly discussed. Nature protection is included in most of the studies, although this is 
often limited to exclusion of protected and forested areas. Most of the studies are 
also methodologically incomplete as they do not incorporate important feedback 
effects that are an inevitable consequence of large scale bioenergy production. Direct 
and indirect land use change impacts, effects of (avoided) climate change and macro-
economic impacts of large scale deployment of bioenergy are hardly taken into 
account. 
  
The choice of approach and methodology for assessing bioenergy potentials depends 
on the type of expected results which in turn depend on the available data, timeframe 
and impacts. Thus, different methodologies need to be applied to estimate technical, 
economic, sustainable or implementation bioenergy potentials. While it is adequate 
to account for spatial constraints and environmental conditions in assessing technical 
bioenergy potentials, additional socio-economic and environmental criteria and 
targets are important considerations for sustainable bioenergy assessments. 
Economic potentials need to account for additional cost of bioenergy supply and other 
economic criteria, as well as macro-economic effects of large scale bioenergy 
production on food and energy markets. This is typically modelled using CGE models. 
When implementation potentials are considered, then the rate of bioenergy 
deployment as well as improvements in agricultural production systems are important 
considerations that need to be taken into account. Further, the level of spatial detail 
included in an assessment also depends on the geographical scope, from regional to 
global. At regional level, high resolution datasets are important especially for coherent 
environmental impact analysis. Global scale assessments typically use forward looking 
timeframes (e.g. 2050 – 2100) that incorporate important global scenarios and use 
more aggregated datasets.  
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The integrated assessment framework recommended in this study could ideally be 
applied to incorporate all the requisite elements, combining top down macro-
economic analysis with bottom up biophysical modelling and including all important 
feedback effects. 
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3 Biomass torrefaction technology: techno-economic 

status and future prospects 
 
 
B. Batidzirai, A.P.R. Mignot, W.B. Schakel, H.M. Junginger, A.P.C. Faaij  
Energy 62 (2013) 196-214 
 
Abstract 
 
Torrefaction is a promising bioenergy pre-treatment technology, with potential to 
make a major contribution to the commodification of biomass. However, there is 
limited scientific knowledge on the techno-economic performance of torrefaction. 
This study therefore improves available knowledge on torrefaction by providing 
detailed insights into state of the art prospects of the commercial utilisation of 
torrefaction technology over time. Focusing on and based on the current status of the 
compact moving bed reactor, we identify process performance characteristics such as 
thermal efficiency and mass yield and discuss their determining factors through 
analysis of mass and energy balances. This study has shown that woody biomass can 
be torrefied with a thermal and mass efficiency of 94% and 48% respectively (on a dry 
ash free basis). For straw, the corresponding theoretical energetic efficiency is 96% 
and mass efficiency is 65%. In the long term, the technical performance of torrefaction 
processes is expected to improve and energy efficiencies are expected to be at least 
97% as optimal torgas use and efficient heat transfer are realised. Short term 
production costs for woody biomass torrefied pellets (TOPs) are estimated to be 
between 3.3-4.8 US$/GJLHV, falling to 2.1-5.1 US$/GJLHV in the long term. At such cost 
levels, torrefied pellets would become competitive with traditional pellets. For full 
commercialisation, torrefaction reactors still require to be optimised. Of importance 
to torrefaction system performance is the achievement of consistent and 
homogeneous, fully hydrophobic and stable product, capable of utilising different 
feedstocks, at desired end-use energy densities. 
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3.1 Introduction 
 
Torrefaction is the thermal upgrading of biomass into a more homogeneous product 
and when densified through pelletisation results in a more energy-dense product – 
the so-called torrefied pellets (TOPs), which has properties similar to coal. Table 3-1 
compares some key characteristics of coal and various biomass types and shows the 
improved qualities of TOPs compared to other biomass types. Torrefied biomass has 
therefore many potential applications – where coal is currently being used - such as a 
fuel in the heating sector, power generation (cofiring), gasification and steel 
production (as reducing agents) [1],[2],[3],[4]. As a biomass pretreatment technology, 
torrefaction is still under development and several organizations are currently 
conducting research, demonstration and pilot schemes [5],[6] to improve its 
operational performance and to achieve commercial competitiveness. Previous 
research has shown that torrefaction improves the physical characteristics of biomass 
[7],[8],[9],[10], reduces the energy requirement for fine grinding of biomass 
[11],[12],[13],[3], improves the co-gasification process of biomass 
[14],[9],[15],[16],[4],[17] and has potential to improve the performance of biomass 
energy supply chains [18],[19],[20],[21],[22],[23],[24]. It should be noted that 
although torrefaction became increasingly popular in recent years, the upgrading and 
refining of lignocellulosic biomass under prepyrolytic conditions has been investigated 
earlier when the term prepyrolysis was used. Thermal densification was achieved by 
combining heating with (mechanical) compression [25,26]. 
 
However, scientific knowledge on the performance of different torrefaction 
technologies is limited and publicly available information on the characteristics and 
cost of delivered torrefied biomass is not consistent

26
 [33], [6], [34]. 

 
This study aims to improve and add to previous work such as [24] by using more 
recent information and industrial experiences, extend the analysis by examining 
different types of biomass feedstocks and through detailed analysis of the mass and 
energy balance of the torrefaction process. 
 
Overall, the goal of the study is to provide insights into state of the art prospects of 
the commercial utilization of torrefaction technology for biomass pretreatment, for 
both the short and long term. The study provides detailed insights into the economic 

                                                                 
26

 Most developers do not provide detailed reports on the performance of their technologies 
and optimisation of process conditions is still an on-going challenge [5]. There are varying 
claims on the hydrophobicity, stability and long term storage possibilities of torrefied pellets, 
even at same process conditions [33]. It is also not clear if densifying torrefied biomass is more 
costly than densifying pulverised wood. There is no detailed inventory of investment costs for 
existing technologies and it is difficult to compare investment costs since it is not known what 
costs have been taken into account in each case. For example, indirect costs, construction 
contingency, etc. may or may not be included in reported costs. 
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performance of the compact moving bed reactor, and the impact of biomass 
feedstock characteristics as well as scaling and technological learning in equipment. 
For this reactor type, the study also identifies process performance characteristics 
such as thermal efficiency and mass yield

27
 and discusses their determining factors 

through analysis of mass and energy balances. The characteristics of torrefaction 
concepts in this study are all based on laboratory, demonstration and pilot scale 
results, and the information is derived from scientific and grey literature as well as 
experts from industry. 
 
Table 3-1: Characteristics of selected biomass types compared to coal 

 Lower 
heating value 
(MJ/kg) 

Moisture 
(%) 

Ash (%) Bulk density 
(kg/m

3
) 

Energy Density 
(bulk)/ GJ/m

3
 

Wheat straw 14.4 15 10.2 100 (bales) 1.4 
Switchgrass 18.9 10-15 5.4-6.9 140 (bales) 2.2 
Sawdust 15.2 6-30 0.5-1.1 160 2.4 
Wood chips 17-18 30-55 0.7-10 200-450 2.2-4 
Wood Pellets 16-17 5-10 0.4-1 550-700 7.8-10.5 
Torrefied wood 19-23 1-5 < 3 180-300 3.5-6 
Torrefied pellets 19-23 1-5 < 3 750-850 15-18 
Charcoal 30-35 5-10 < 6 170-220 5-8 
Coal 17-33 6.5-12 10-40 800-850 25-40 

Source: [27],[28],[29],[30],[31],[32]. 

This chapter is organized as follows: section 2 explores the development of 
torrefaction technology while section 3 discusses key technical aspects of state of the 
art torrefaction technology concepts. Section 4 presents results of energy and balance 
modelling and section 5 evaluates the short and long term economic performance of 
the selected torrefaction concept. Section 6 deals with future trends in torrefaction. 
The chapter concludes with a discussion in section 7 and conclusions in section 8. 

3.2 Review of Torrefaction Technology 

3.2.1 Background 

 
Biomass has unique characteristics that necessitates pre-processing before it can be 
stored, transported or used in various applications. Unlike fossil fuels which are mined 
at one location, biomass is often available seasonally in small quantities scattered 

                                                                 
27

 While the final energy density of the product is a key attribute of the torrefied product 
quality, its mass and energy yield are important indicators of the performance of the 
torrefaction process. The mass and energy yields have implications for the economic 
performance of the torrefaction facility. To achieve the highest energy density of the torrefied 
biomass, a low mass yield and a high energy yield are desirable. 



Chapter 3 

 

109 

 

over many locations [35],[16]. Biomass is highly heterogeneous in quality and nature, 
and is mostly available in low energy density form [36],[37],[3],[38],[39]. It has 
relatively high moisture content and consequently lower heating value compared to 
fossil fuels [40],[41],[9],[39]. It therefore often needs to be pre-treated to improve 
handling [19],[42],[43]. Table 3-2 lists some of the key biomass characteristics and the 
corresponding preprocessing activity that is required to ensure biomass energy supply 
chains are competitive.   
 
Table 3-2: Biomass characteristics and required corresponding supply chain interventions (for 
thermal conversion) 

Biomass characteristic Improvements through torrefaction pretreatment  

Low heating value (due to low fixed 
carbon content of about 45% and 
relatively high moisture content, typically 
about 50%). LHV of wet wood chips is 
about 7-10 GJ/tonne [28] 

Increased Fixed Carbon: The fixed carbon content 
of torrefied biomass is high (25-40% depending on 
reaction conditions) [29], [44], [43]. 
Combustion Properties: Torrefied biomass burns 
longer due to larger percentage of fixed carbon 
[45]. 

Lower energy density than fossil fuels. E.g. 
the energy density of wood chips is about 
2-4 GJ/m3 compared to 25-40 GJ/m3 for 
coal [28]. 

Densification: Torrefied and pelletised biomass 
(TOPs) has high energy density of 18-20 GJ/m

3
 

[27]. It contains 40-80% of the original mass while 
retaining 80-96% of original energy of the biomass 
on a dry ash free basis 

a
 [46]. 

Hydrophilic and hygroscobic (absorbs 
moisture during storage and 
transportation) 

Hydrophobicity: Torrefied biomass becomes 
hydrophobic, i.e., it does not absorb moisture or 
its equilibrium moisture percentage drops [47], 
[48]. The equilibrium moisture content of 
torrefied biomass is very low (from 1 to 3%) [49], 
but depends on the severity of torrefaction [48]. 

Heterogeneous characteristics (wide 
range of shapes, sizes and types) and 
quality [39]. This results in wide variations 
in combustion properties given the 
differences in fixed carbon, volatiles, 
inorganic constituents, moisture, calorific 
value; In addition, this variation causes 
handling and storage difficulties [50], [32]. 
In gasification, the presence of volatiles in 
biomass yields tar which contaminates 
catalysts [10], [42], [51] 

Torrefaction produces a solid uniform product, as 
volatiles and moisture are eliminated. On 
grinding, the particle size distributions, sphericity, 
and particle surface areas become 
similar to coal [3]. It also results in improved 
chemical composition making it more suitable for 
fuel applications [52]. Bridgeman et al. [45] and 
Chen et al. [53] show a reduction of sulphur and 
nitrogen content of torrefied straw and reed 
canary grass. Grassi [54] argues that torrefied 
biomass results in less HCl emissions. 

Low combustion efficiency, smoking 
during combustion. Also for large scale 
cofiring applications, raw biomass has 
poor flowability, poor blending and 
reduces the thermal efficiency and 
capacity of existing boiler units [10]. Also 
volatiles cause equipment corrosion, 
slagging and fouling [55], [56], [51], [57] 

Reduced Oxygen: torrefaction reduces the O/C 
ratio and this makes a biomass better suited for 
gasification [4], [44], [58]. Torrefied biomass also 
produces less smoke during combustion since 
smoke-causing volatiles are driven off during 
torrefaction [32], [59]. 
Combustion Properties: Torrefied biomass takes 
less time for ignition due to less moisture [45]. 
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increasing operational costs. 

Tough and fibrous, difficult to pulverize 
[60], [61] 

Improved grindability: Torrefied biomass requires 
less electricity to grind compared to wood chips 
[62], [63], [13], [64], [22]. 

Biodegradable: Due to moisture and 
environmental stresses, biomass typically 
degrades over time due to natural 
decomposition if it is not well protected 
[65] 

Stable: torrefied biomass has very low moisture 
and can therefore be transported and stored for 
long periods without any biological degradation 
[59]. Removal of OH groups and formation of 
unsaturated structures renders biomass 
hydrophobic and resistant to biological 
degradation [21]. 

Small quantities scattered over many 
sources locations and seasonal availability 
[43] 

Biomass can be torrefied and pelletised in 
decentralised locations and stored for long period 
without an impact on its quality [64]. Such 
pretreatment also improves the economics of 
transportation and handling biomass [66]. 

Source: [46], [32], [1], [67], [50]. 
a The actual energy density of TOPs varies depending on biomass type and torrefaction process parameters 
such as torrefaction temperature, residence time, rate of heating, reactor type, etc. [68]. Ben and 
Ragauskas [40] achieved a higher heating value (HHV) of loblolly pine of 32.34 GJ/t at an energy yield of 
59%, compared to an HHV of 24.06 GJ/t at an energy yield of 81% depending on process conditions. 

 
Torrefaction promises to deliver a solid biofuel which (when densified) has superior 
characteristics that are similar to coal in terms of handling, milling and transport [5], 
[36], [1], [69], [2], [3]. This has potential to vastly improve the competitiveness of 
biomass as a renewable energy carrier (provided production costs decline over time 
following a typical technological learning curve). Over the last decade, the process of 
torrefaction has received renewed interest as a possible pre-processing technology for 
biomass [70], [71], [6], [1] driven by a potentially huge market for biomass for 
electricity production through co-firing or converting coal power plants to biomass 
entirely [5], [6]. Biomass is the only renewable resource that can directly substitute 
coal in many applications [1], [69], [2], [3]. If torrefied biomass becomes a market 
success, it could become an important CO2 mitigation option [46], [55]. Table 3-3 
shows the variation ranges in performance indicators for torrefaction plants including 
the nominal values used in this study.  
 
Due to its potential attractiveness, torrefaction is being developed by more than 60 
technology suppliers, developers and knowledge institutions [84], [85]. About 30 
projects are being implemented; mainly in Europe and North America [6] and four 
industrial scale projects are running [20]. At least 50 torrefaction patents have been 
published over the past five years indicating growing investigation into the technology 
[46]. Table 3-4 shows the status of some selected key reactor technologies that have 
been under development over the past few years. Most of the plants that have been 
built for commercial production do not operate at their design capacities [86].  
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Table 3-3: Key technical performance indicators of torrefaction plants 

Performance  Low Nominal High Units 
Energy efficiency (energy yield) 

a
 70 94 97 % 

Feedstock to product ratio 
b
 3.6 1.7 1.3  

Electricity use 158 171 254 kWh/t 
Plant scale 

c 
   <250 kt/yr 

Calorific value of TOPs (moisture 
content 1-5%) 

d
 

19 21.5 24 GJLHV/t 

Volumetric density of TOPs 
d
 12 15.1 19 GJLHV/m

3
 

Bulk density of TOPs 
d
 650 750 850 t/m

3
 

Grindability (energy use for 
grinding torrefied biomass)

e
 

10 25 350 kWh/t 

Hydrophobicity 
f
 <10 12 15 % wt saturated moisture 

content 
Pelletability (energy required to 
densify torrefied biomass) 

g
 

8 22 45 kWh/t 

a The energy yield is the fraction of the chemical energy contained in the original biomass that remains in 
the torrefied biomass on a dry ash free basis [72]. 
b Alternatively expressed as the reciprocal mass efficiency (or gravimetric yield) which is the fraction of the 
initial dry ash free mass of the biomass that remains after torrefaction [72]. 
c Current systems are limited to 200 kt due to feedstock availability limitations [73]. 
d The calorific value for torrefied biomass depends on the process conditions and exact values are likely to 
be influenced end-user requirements [74], [75], [2] 
e Grindability of torrefied biomass depends on the severity of torrefaction. Using a Retsch SM 2000 
laboratory heavy duty knife mill Phanphanich and Mani [3] give grinding energy for pine chips of 103 kWh/t 
(at 225 oC) and 24 kWh/t (300 oC); for logging residues energy required is 114 kWh/t (at 225 oC) and 38 
kWh/t (300 oC); Using a Retsch SM1 knife mill with a 8 mm grid, Repellin et al. [12] give grinding energy for 
beech as 300 kWh/t (at 220 oC) and 100 kWh/t (at 280 oC), while for spruce the energy required is 350 
kWh/t (at 220 oC) and 150 kWh/t (at 280 oC) using a RetschZM 1 centrifugal mill; Bridgeman et al. [13] use 
the Hardgrove grindability index (HGI) to evaluate the grinding energy requirements for willow and 
miscanthus at 290 oC for 60 minutes using a Retsch PM 100 ball mill. They give an HGI of 32/49 for willow 
and 66/92 for miscanthus. The HGI expresses the relative difficulty of pulverising coal to a particle size, the 
higher the HGI value the more easily a coal can be reduced to smaller sizes. 
f Several experiments show that unpelletised torrefied biomass absorb water and up to moisture content of 
10-15%. In pellet form the water absorption is lower and 24 hours immersed fully in water still did not 
affect moisture content [76]. The impact of storing TOPs outside in a pile form for several weeks is still 
uncertain [23]. However according to [77], [78], [48] hydrophobicity depends on the severity of torrefaction 
and biomass particle size. Peng et al. [33] show the moisture uptake of torrefied pellets made from 
different size (0.23, 0.67 and 0.81 mm) torrefied pine sawdust and torrefied with different degrees of 
severity. The torrefied material is preconditioned to 10% moisture content for 24−72 hrs and densified at a 
die temperature of 100 oC. On exposure in the humidity chamber for 6000 hours, the saturated moisture 
uptake decreased with increasing the degree of torrefaction.  Torrefaction at 200 oC reduced water uptake 
marginally compared to ordinary wood pellets, while samples torrefied at 300 oC and with higher weight 
loss reduced the saturated water uptake from 18% to 12%, representing a 33% reduction. 
g Acording to Stelte [79] current studies give conflicting views on the energy requirements for pelletising 
torrefied biomass. A number of studies that have analysed pelletization after torrefaction include [80], [81], 
[82], [78], [77], [33] argue that more energy is required to pelletise torrefied biomass due to loss of lubricity 
when hemicellulose is destroyed. Hot pelletisation is an option which is not feasible with current 
technology due to fire risks and also because current pellet die lubricants would evaporate at torrefaction 
level temperatures. The pressures and energy required for densification can be reduced by a factor of two 
when material is densified at a temperature of 225°C. The pellets that are produced have a higher 
mechanical strength, typically 1.5-2 times greater, than conventional wood pellets [52]. Consequently, the 
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pelletiser capacity would require to be derated [83] and die life is shorter [2] to account for this additional 
effort. According to [77], [78], [33]  there is a trade-off between pelletisation effort, torrefaction severity 
and pellet quality; severe torrefaction gives highly hydrophobic pellets, but these pellets are difficult to 
make. Mild torrefaction reduces the hydrophobicity and the grindability, but the pellet is easier to produce 
and stronger. 

3.2.2 Reactor concepts and stages of commercialization 

 
The majority of the torrefaction technologies being developed are based on already 
existing reactor concepts designed for other purposes such as drying or pyrolysis [89], 
and thus only require technical upgrading for torrefaction applications.  
 
Table 3-4: Overview torrefaction reactors under development 

Reactor technology Companies (developer) Reactor 
technology 

(Planned) 
Capacity  

Belt dryer Agri-Tech producers LLC/RTF 
(USA)

a
 

Torr-Tech 5 ton/hr 

4 EnergyInvest - AmelBiocoal (BE)
b
 Stramproy 38 kt/yr 

New Earth Eco Technology (USA)
a
 Eco-Pyrovac 2 ton/hr 

Stramproy Green 
Investment(NL)

a,b
 

Stramproy 45 kt/yr 

Rotary drum Torr-Coal (NL)
a,b

 Torr-coal 35 kt/yr 

Andritz (AT) ACB/ECN 
c
   50 kt/yr 

Atmosclear (UK)/Airless (CH)
a
 CDS (UK) 50 kt/yr 

ETPC-Umea University (SWE)
a,b

 BioEndev 25-
35kt/yr 

Torkapparater (S) - 100 kt/yr 

BIO3D (FR), Stramproy (B), Earth 
Care Products (US), TSI (US) 

- - 

Screw conveyer BioLake BV/ATO (NL)
a
 BO2/ECN 5-10 kt/yr 

BTG (NL)
b
 BTG 5 ton/hr 

Foxcoal (NL)
a
 - 35 kt/yr 

Multiple hearth furnace CMI-NESA (BE)
a
 NESA - 

Integro Earth Fuels LLC (USA)
a
 Wyssmont 50 kt/yr 

Compact moving bed Buhler (GER)
a
  - 

ECN (NL)
a,b

 BO2 5 ton/hr 
2
 

Thermya (FR)
a
 Torspyd 20 kt/yr 

Torbed (Rotating fluidised 
bed) 

Topell (NL)
a,b

 Torbed 60 kt/yr 

Microwave CanBiocoal (UK)
a
 Rotawave 110 kt/yr 

Hybrid Airex (CAN), Torrefaction Systems 
(US) 

- - 

Fluidised bed River Basin Energy (US) - 6 t/hr 

Other / unclear BioTorTech (NL), Alterna (CAN), 
Ecotech/ Sea2Sky (US), Energex 
(CAN), Torrproc (US), New Earth 

- - 
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Renewable Energy Fuels (US) 

Source: 
a
[5], [6]; 

b
 [75], [87], Company websites 

Key: AT- Austria, BE-Belgium; CA-Canada, CH-Switzerland, FR-France; NL- Netherlands; GER-Germany; S- 
Spain, SWE-Sweden, UK-United Kingdom, USA-United States of America 
c (ACN)-Accelerated Carbonised Biomass technology developed by EBES ABC Entwicklungs GmbH  - 
demonstration plant operational at 1 ton/hr in Frohnleiten Austria; ECN design - demonstration plant at 1 
ton/hr to be commissioned in Denmark in 2012 [88]. 

 

Most torrefaction technology developers are companies with extensive backgrounds 
in biomass processing and conversion technology, such as carbonization and drying. 
See Table 3-4. The reactors being developed are in most cases established 
technologies that companies are familiar with and have been optimising for 
torrefaction applications. Currently, no single technique is fundamentally superior to 
the others as all of them have their advantages and disadvantages [6],[75],[76],[90]. 
Proper selection of reactor is important as each reactor has unique characteristics and 
is well suited to handle specific types of biomass [46],[91]. Therefore, for given 
biomass properties and application, the proper technology can be selected.  

3.2.2.1 Choice of torrefaction reactor 

 
Table 3-5 compares the performance of the eight common torrefaction reactors on 
the market, highlighting some of their key advantages and disadvantages. This study 
selected the state of the art technologies based on the extensive knowledge that is 
available on the compact moving bed reactor which has been under development by 
companies such as ECN and Thermya for numerous years. Unlike other reactor 
technologies, where very little information is in the public domain, several reports on 
the performance and characteristics of the moving bed reactor have been published 
(e.g. [92],[90],[93],[21], [46]).  
 
Table 3-5: Comparison of performance of moving bed reactor concepts under development 

Reactor type Advantages Disadvantages 

Compact  
(moving) bed 
reactor 

 Relatively simple and low 
cost reactor 

 High heat transfer 

 High capacity of the reactor 
able to support large 
biomass throughput 

 No moving parts in reactor  

 Can process biomass with 
lower density without large 
disadvantages 

 Presence of dust particles cause high 
pressure drops, which can result in 
automatic reactor shut down  

 Limited biomass size and type due to 
pressure drop  

 Temperature distribution is not uniform, 
especially with indirect heating 

 Possibility for channel formation 
between biomass particles causing 
unequal torrefaction 

 Difficult temperature control 

 Scale-up potential is unproven 

Torbed 
reactor  

 Low residence time (< 100 
seconds) 

 High utility fuel demand 
a
 

 Volumetric reactor capacity is limited 
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 Large throughput due to fast 
heat transfer and low 
residence time 

 Scalable technology (to 25 
t/hr) 

 No moving parts (low 
maintenance) 

 Ability to precisely control 
product  

 High temperature leads to a greater loss 
of volatiles 

 Risk of tar formation due to relative 
higher loss of volatiles 

Belt dryer  Better temperature control 

 Ability to take wide range of 
biomass sizes 

 Relatively low investment 
costs 

 Easy control of residence 
time through the speed of 
the belt 

 Proven technology from 
biomass drying industry 

 The holes in the belt can become clogged 
with tar and dust, causing unequal 
torrefaction - torrefied product is not 
homogeneous 

 Limited upscaling potential since capacity 
is dependent on the surface area of the 
belt (other systems are volume 
dependent) 

 Limited temperature control  

 System has too many mechanical parts, 
which increases maintenance costs 

Rotary drum  Various methods to control 
torrefaction process. It can 
employ both direct and 
indirect heating 

 Uniform heat transfer 

 Ability to take wide range of 
biomass sizes and waste 
types 

 Proven technology for 
biomass drying 

 Lower heat transfer 

 Poor temperature control 

 Increase of dust due to friction between 
biomass and drum wall  

 Limited upscaling ability. Maximum 
capacity is at 10-12 t/hr input, or 5 t/hr 
torrefied product 

 High cost and large footprint 

Screw 
conveyer 

 Relatively cheap reactor  

 Better biomass flow 

 Ability to take wide range of 
biomass sizes 

 Proven technology 

 Unequal torrefaction as biomass that 
touches the reactor wall is heated 
relatively more – results in hot spots 

 Poor heat exchange because mixing of 
biomass is limited 

 Limited scaling potential as the ratio of 
screw surface area/biomass volume is 
less attractive with larger screws 

Multiple 
hearth 
furnace  

 Good heat transfer 

 Good temperature control 

 Ability to take wide range of 
biomass sizes  

 Scalable technology (7-8 
meter of diameter possible) 

 Large size of reactor 

 Heat demand is met through gas 
consumption making process less 
sustainable and gas combustion leads to 
moisture production in the flue gas. This 
gives a lower efficient combustion of the 
flue gas  

Fluidised bed  Good heat transfer 

 Scalable technology 

 Selective particle size 

 Slow temperature response 



Chapter 3 

 

115 

 

 Excessive biomass attrition and loss of 
fines 

 Separation of bed solids and biomass 

Microwave  Radiation based heat 
transfer instead of 
convection and conduction 

 High heat transfer and fast 
torrefaction 

 Heat transfer less dependent 
on the size of the biomass 
particle - ability to use large 
size biomass 

 Good temperature control 

 Modular 

 Unproven technology for drying or 
torrefaction of biomass - effects of rapid 
heating of biomass not known 

 Electric energy needed for process 

 Heating of biomass interior is not 
uniform  

 Requires integration with other 
conventional heaters to achieve uniform 
heating 

 

Source: [6], [5], [94], [46], [75].  
a
 But according to [94], this reactor has low energy consumption 

3.2.3 Production Technology  

 
Torrefaction is the thermal upgrading (heating) of biomass into an energy-dense and 
homogeneous product useful for further thermochemical conversions [95]. Torrefied 
biomass retains up to 96% of its chemical energy, becomes hydrophobic and resistant 
to biodegradation. Furthermore, biomass loses its visco-plastic properties, becomes 
brittle and can grind easily [96], [61]. Torrefaction is carried out in inert environment 
(typically nitrogen) and normally under atmospheric conditions [40], [7], [61], [65] – 
although some groups are experimenting with torrefaction under pressure e.g. [37] 
and in oxygenated environment e.g. [97], [98] as well as in hot compressed water (so-
called wet torrefaction

28
). During torrefaction, the more easily combustible 

components of biomass (i.e. hemicelluloses) are decomposed first and most 
vigorously, through carbonization and devolatisation. The mass loss of biomass is 
mainly due to this hemicellulose reaction [64]. Only minor decomposition of lignin and 
cellulose occur at torrefaction temperatures (200°C -300°C) but rate of decomposition 
depends on the type of biomass [99]. Their chemical structure is changed but no 
significant mass losses occurs [21], [92].  
 
Key torrefaction reaction products (of which the solid is of main interest) can be 
classified according to their state at atmospheric pressure and room temperature 
[30]. These include solids (in the form of char, original sugar structures and ash) and 
all the volatile compounds released during the process. The volatiles consist of 
condensables or liquids (mainly water, organics and lipids) and non-condensables or 
the permanently gaseous fraction (mainly CO and CO2) [74], [92], [65]. See Figure 3-1. 

                                                                 
28

 Yan et al. 2009 [143], claim that wet torrefaction achieves greater energy densification than 
‘dry’ torrefaction.  
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The distribution of these products depends highly on the process conditions such as 
torrefaction temperature and residence time

29
 [84], [65]. 

 

 
Figure 3-1: Distribution of torrefaction products (this distribution is specific for torrefaction of 
(dry) willow at a temperature of 250 

o
C (reaction time of 30 min) using the BO2 process 

technology. 

Source: Adapted from [60], [74]. 

3.2.3.1 Process techniques 

 
Figure 3-2 gives an overview of an integrated torrefaction plant. Incoming biomass is 
chipped to allow efficient drying and subsequent torrefaction. In the case of residues, 
the biomass is usually screened for impurities before sizing [84]. After sizing, biomass 
is dried to 20% moisture content and a small fraction of the feedstock biomass is used 
as fuel for the drying and torrefaction process. Direct or indirect heating with hot air, 
flue gas or steam are possible [75], [84]. 
 
During the torrefaction process, moisture that is still contained in the biomass is 
driven out, as well as various low calorific components described before. In 
combination with the de-polymerization process, this results in the end product of 
torrefied biomass. The gases leaving the torrefaction process can be divided into flue 
gases (mainly water and CO2) and combustible gases merged under the name ‘torgas’. 
The exact composition of the torgas

30
, as well as the ratio between the torgas and flue 

                                                                 
29

 Torrefaction products of lignocellulosic biomass are approximately 70-90% solids, 6-35% 
liquid, and 1-10% gases (on a mass basis) [91]. 
30

 Usually dominated by CO, acetic acid, methanol and 2-furaldehyde [21]. 
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gas, depend strongly on the type of biomass feedstock and the processing parameters 
[21]. The torgas is combusted together with a part of the biomass feedstock, 
generating heat for the drying and torrefaction process. However, torgas is difficult to 
handle as it contains water, tar and dust [100]. 
 
When the energy content of the torrefaction gases matches exactly the overall heat 
input requirements of the entire process, the torrefaction process is said to be 
running at the “point of auto-thermal operation” [21]. If the process is operated 
below auto-thermal operation, the additional energy needs to come from combustion 
of additional biomass feedstock. Operating the process above the point of auto-
thermal operation reduces the overall thermal efficiency, as there is too much energy 
available from the torrefaction gas which cannot be fully utilized [101]. Consequently, 
the torrefaction process should be designed and operated closely below auto-thermal 
conditions to optimise the overall process thermal efficiency

31
 and to improve the 

process economics. If torrefaction gas is insufficient to operate at autothermal 
conditions, additional biomass feedstock needs to be combusted or a utility fuel is 
added [66]. 

 
Figure 3-2: Overview of an integrated torrefaction plant 

Source: Adapted from [74] 

                                                                 
31

 Overall thermal efficiency depends strongly on the heat integration design through 
optimising the use of torgas [111], [85].  
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To enable densification, the torrefied biomass is pulverised before it is densified in a 
pellet mill

32
.  A simpler rotor mill can be used for grinding instead of a hammer mill 

[102]. Currently, it is more efficient to allow the grinded biomass to cool before it is 
pelletised (cold feed).  After pelletisation, the torrefied pellets are left to cool before 
being bagged or stored. It may be necessary to add a screening stage to check the 
product quality [84]. The presence of oxygen (outside the torrefaction reactor) and 
hot pulverised torrefied biomass poses fire risks [80],[74], therefore cold feeding is 
necessary with current technology to ensure torrefied biomass is below safe self-
ignition temperatures (below 130 

o
C) [103]. Hot feed (at e.g. 250 

o
C) could also lead to 

overheating of the pellet mill and melting of lubricants [80]. However, hot feeding 
would be more efficient as the thermally softened lignin at torrefaction temperatures 
acts a natural binder [79], [104] since lignin undergoes relatively lower degradation at 
mild torrefaction temperatures [8,41,105]. Despite high lignin content, the low 
moisture content of torrefied biomass can increase the glass transition temperature 
of lignin and thereby affect its bonding properties [80], [106]. 

1.1.1 Technological Challenges  
 
Despite global efforts to develop torrefaction technology, there are still several 
technical and economic challenges that need to be overcome before the technology is 
fully commercialised [20]. The torrefaction process itself is not fully understood 
scientifically

33
 and the effects of reaction conditions are still being investigated 

[36],[37],[33],[107],[108], [109],[93],[105],[46]. However, significant progress has 
been made within a relatively short period, and the next few years can be considered 
a commercial demonstration phase for the technology [76]. For full 
commercialisation, torrefaction reactors still require to be optimised to economically 
meet end use requirements and achieve market standardisation of the product [6], 
[76]. Certain characteristics need to be proven or scaled up in order to meet 
commercial expectations [23], [110], [96].  
 
A major operation challenge is achieving optimum torrefaction process control of the 
biomass feed, process temperature and residence time to ensure optimal thermal 
efficiency and consistent torrefied product [89], [6], [100], [20], [65].  
 
There is no scientific consensus on the hydrophobicity and grinding characteristics of 
torrefied biomass from current commercial scale tests [6], [33], [1], [96]. These two 
characteristics are important in improving handling of biomass and competitive 

                                                                 
32

 It is also theoretically possible to directly blend torrefied biomass (chips or power) with coal. 
33

 Torrefaction is a complex series and mixture of many endothermic and exothermic reactions 
[144], [97], [100]. Experiments are still being conducted to study the kinetics and pyrolytic 
behaviour of different types of biomass under different conditions using e.g. thermogravimetric 
(TGA) analysis (e.g. [107], [47], [108], [105], [42], [68]), [65]. For some biomass types, 
exothermic reactions may occur at lower temperatures than expected [84]. 
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substitution of coal. The uptake of torrefaction technology in the utility industry will 
depend to a large extend on these two characteristics [11].  
 
As a pre-processing technology, torrefaction technology’s ability to accept a wider 
variety of heterogeneous biomass other than very clean woody biomass is very useful 
[34] in increasing the biomass resource base, especially if torrefaction can handle low 
cost agricultural residues (as ATO/Biolake is experimenting with

34
).  Agricultural 

residues are problematic as they ignite easily, have lower density and long fibres 
[111]. Inconsistent biomass sizes also result in uneven torrefaction [2], [75]. 
 
Currently, binding during pelletisation of torrefied biomass is done by adding steam or 
hot water [32], [112], [21]. Torrefied pellets may require additional binding material 
(e.g. glycerine, or dried distiller grain or soybean [70]), especially for severely torrefied 
biomass with high heating value [6], [2], [85],[2] and this could as a result affect the 
sustainability of torrefied biomass

35
 [2], [111]. At current (demonstration and 

laboratory scale) production levels, there are inadequate quantities of torrefied 
biomass to test torrefaction products at a commercial scale [113], [110], [96], [20].  
 
Given the highly reactive dust [75], presence of flammable gases and need to operate 
in oxygen free environment [2], there are significant challenges for ensuring safety 
associated with self-ignition

36
, spontaneous combustion and dust explosions of 

torrefied biomass [85], [74]. 
 
Although, significant efforts are made to identify optimum conditions for efficient and 
cost effective torrefied biomass, the effect of varying process conditions (e.g. particle 
size, residence time, process temperature and heating rate) is inconclusive [33], [114], 
[53]. For instance, a lower residence time enables a higher biomass throughput and 
lower process operational costs, but it does require smaller particle sizes to enable 
sufficient heat transfer to take place. This results in additional costs and energy use, 
and thus a trade-off and optimisation is required [111]. Also, severe torrefaction can 
yield a biomass product with a very high energy density >23 GJ/t. However, there is a 
trade-off in the energy density and the efficiency of the torrefaction system, benefits 
along the transportation chain and the desired characteristics at the final energy 
conversion plant [111], [68]. Hence there is a need for identifying optimum conditions 
for torrefaction systems through ‘trial and error’ [83], [85], [76] and matching end-use 
requirements [89]. Kiel et al. [74] argue that mild torrefaction is preferable in most 
applications as shown by the simple rating in Table 3-6. Although severe torrefaction 

                                                                 
34

 http://www.biolake.nl/ 
35

 Use of hydrophilic or chemical binders can result in end-use problems such as corrosion and 
fouling of boilers [145], [146], [147]. 
36

 Self-heating propensity depends on biomass type, torrefaction degree and end product 
(pellets or chips) [74],[80]. 
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has higher heating value [68], it is not cost-effective while light torrefaction does not 
adequately improve the characteristics of biomass. 
 
Table 3-6: Impact of severity of torrefaction on biomass attributes 

Attribute Degree of torrefaction 

 Light Mild  Severe 
Densification effort ++ - --- 
Grindability of biomass -- ++ +++ 
Self-heating (propensity for) +++ + --- 
Heating value --- ++ +++ 
Reactivity (thermal stability) 

a
 +++ + --- 

Cost of production +++ ++ --- 

Source: Adapted from [74] 
a
 Nordin [20] argues that the reactivity is actually diminished by torrefaction 

 

3.3 Mass and energy balance modelling 

3.3.1 Methodology 

 
The feed to product ratio and the thermal efficiency are key torrefaction performance 
indicators and need to be determined from the process mass and energy balance. A 
simplified

37
 design of the balance is presented in Figure 3-3.  

 
In modelling the energy and mass balance, a number of process parameters (e.g. 
heating value of torrefied product, moisture content of biomass) need to be 
predefined while others are calculated as described below. An important outcome of 
the model is optimising the entire process to achieve high energy yields and feed to 
product ratio by effective utilisation of torgas heat. Biomass feedstock and air to the 
combustor are the input streams, while torrefied biomass and flue gas are the only 
output streams. The ash that remains after combustion is considered negligible (on 
both mass and energy basis) and is therefore not included in the mass and energy 
balance.  

                                                                 
37

 In reality, the mass and energy balance design is more complicated than presented in Figure 
3-3. 
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Figure 3-3: Design of the mass and energy flows in the mass and energy balance of 
torrefaction. Processing steps are presented in the squares, actual mass streams are 
presented in the oval shapes. 

Modelling the mass and energy streams is not a straightforward calculation since 
there are feedback loops in the process (part of the flue gas from the combustion 
process eventually heads back to the combustor). The model is based on the 
principles of preservation of mass and energy, and is composed of a simplified 
theoretical model (based on [101]), adjusted by using confidential information

38
 of the 

mass and energy flows of an existing pilot torrefaction plant and by specifying the 
feedstock characteristics. Critical adjustments made to the theoretical model using 
more detailed data include: 
 

 More detailed estimation of the moisture content during the different steps of 
the process 

 Adding efficiencies for the heat exchanges and different processing steps 

 More precise calculation of the energy requirement for evaporating the water 
contained in the biomass 

 Adjusting the torrefaction parameters such as the energy yield (energy ratio 
between the flue gas and torgas). 

 
Key modelling steps: 
 

 Establishing biomass feedstock characteristics (i.e. moisture content, heating 
value and volumes required for processing) 

 Establishing the (desired) calorific value of the torrefied end product 

 Establishing biomass moisture contents during process (after drying, after 
torrefaction) 

                                                                 
38

 The actual modelling was much more detailed and complex than the core model 
and entailed adding and adjusting process parameters using industry and confidential 
practical data from an existing pilot plant as well as expert estimates. 
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 Calculating process efficiencies (combustion, drying and torrefaction) 

 Calculating the thermal energy requirements for drying and torrefaction process 

 Calculating the amount and energy content of torgas (to ensure process operates 
below the auto-thermal zone) 

 Calculating the additional biomass feedstock combusted to fulfil the total thermal 
requirements of the facility 

 Calculating the energy losses at various points in the facility (including heat 
exchangers, combustor, and flue gas stack losses) 

 Calculating the energy content in the biomass at every stage of the facility 

 Calculating the gravimetric and energy yield of the facility 
 
Model calculations were performed using the solver option in Excel. The thermal 
efficiency of the balance was optimized by varying the percentage of biomass heading 
to the combustor. Parameters regarding the biomass feedstock characteristics were 
set in advance, as well as the calorific value of the torrefied biomass. Several process 
parameters such as the efficiencies of the process steps, air to fuel ratio of the 
combustor, heat demand of the dryer and characteristics of the torgas could be varied 
in the model. However, these parameters were set based on the knowledge from the 
mass and energy balance of the existing pilot torrefaction plant

39
. The process 

conditions used for modelling include temperature of 275 
o
C, reaction time of less 

than 60 minutes, heating rate of 50 
o
C per minute and biomass particle sizes of 20-30 

mm. 

3.3.1.1 Mass and energy balance equations 

 
We present here the mass and energy balance equations that were used to model 
torrefaction of woody biomass. These flows are presented for the main processing 
components (i.e. drying, combustion and torrefaction) in simplified form.  
 
Drying 
 
Energy requirements for drying the biomass are supplied by combustion gases from 
the combustion isle. These combustion gases use part of the biomass stream as well 
torgas as fuel. However, to simplify the mass and energy balance, we estimate the 
thermal energy requirements drying using only the biomass component. Equation 3-1 
below is used as the basis for estimating the dry biomass combusted (mtdbc) to provide 
drying heat: 
 

                                                                 
39

 Publication of this data is not possible due to the confidentiality reasons. 
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Equation 3-1 
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Where mtbi – is total annual biomass processed (tonnes) 
 mci – is moisture content embodied in wet biomass (%) 

mco – is moisture content embodied in dried biomass (%) 
 B – is total dry biomass consumed per ton of water evaporated (2.5 GJ/twe) 
 LHVdry – is the lower heating value of dry biomass (GJ/tonne) 
 ηdry – is the efficiency of the dryer 

 
The energy required for drying (Edry in GJ) is given by Equation 3-2: 
 
Equation 3-2 

                   

For the main biomass and flue gas streams, the mass balance is given by the following 

equation: 

Equation 3-3 

                                            

 
Where mraw biomass – is the raw biomass to be processed into torrefied material 
(tonnes) 
 mdried biomass – is the dried biomass (output of dryer) (tonnes) 
 mflue gas dryer – is the amount of flue gas emitted from dryer (tonnes) 
 
The mass balance of the flue gas streams is given by: 
 
Equation 3-4 

                                    

 
Where mflue gas – is the total amount of flue gas emitted by the plant (tonnes) 
 mcomb gas – is the amount of combustion gas produced (tonnes) 
 
To calculate the energy balance of the flue gas streams (which represent total thermal 
energy losses of the plant), we use the following equation: 
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Equation 3-5 

                                              

 
Where Uflue gas – is the amount of energy in the flue gas emitted from plant (GJ) 
 Uflue gas dryer – is the amount of energy in the flue gas from the dryer (GJ) 
 Qdryer – are the energy losses from the dryer (GJ) 
 Qcomb – are the energy losses from the combustion isle (GJ) 
 Qtorr – are the energy losses from the torrefaction isle (GJ). 
 
Combustion 

All the process heat requirements of the plant are provided by the combustion isle 
using part of biomass stream and torgas as fuel. This thermal energy is supplied to the 
dryer and torrefaction reactor.  Part of this energy is lost with the emitted flue gases 
as well as through the heat exchangers. The mass balance of the combustion isle is 
given by the following equation: 
 
 
Equation 3-6 

                            

 
Where mcomb gas – is the amount of combustion gas produced (tonnes) 
 mtbc – is the amount of biomass used for process heat (tonnes) 
 mtorgas – is the amount of torgas used for process heat (tonnes) 
 mair – is the amount of air intake for the combustion process (tonnes). 
 
The total combustion energy (which is corresponds to the total thermal energy 
requirements of the plant) is given by the following equation: 
 
Equation 3-7 

      
            

     
 
                             

     
 

 
Where Ucomb – is the total energy of the combustion gases (GJ) 
 Utbc – is the total energy of the biomass used for process heat (GJ) 
 Utorgas – is the total energy of the torgas (GJ) 
 LHVtorgas – is the lower heating value of torgas (GJ/tonne) 

ηcomb – is the efficiency of the combustion device (%). 
 

Torrefaction 

The mass balance of the torrefaction isle is given in the following equation: 
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Equation 3-8 

                                          

 
Where mdried biomass - is the dried biomass input into the torrefaction reactor (tonnes) 
 mtorgas – is the amount of torgas produced during torrefaction (tonnes) 
 mtorrefied biomass – is the amount of torrefied biomass produced (tonnes). 
 
Energy requirements for torrefaction (εtorr) are estimated as: 
 
Equation 3-9 

      
(                                                )                   

     
 

Where LHVtorr – is the lower heating value of torrefied biomass (GJ/tonne) 
 ηtorr - is the efficiency of the torrefaction reactor (%) 
Total system losses (Ucomb) are represented by the difference between the total 
thermal demand of the plant (Ecomb) and the effective energy used for drying and 
torrefaction as follows: 
 
Equation 3-10 

            (          )  
          

       
 

Mass and energy yields 

The dry ash free (daf) mass and energy yields of the solid residues are calculated, 

based on the following equations: 

Equation 3-11 
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)
   

     

Where Ymass is the gravimetric yield on daf basis, 

Equation 3-12 

       ( )        (
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Where Yenergy is the energy yield of the torrefaction process on a daf basis. 
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When considering the torrefaction of other feedstocks, such as straw or switchgrass, 
the mass and energy balance changes. Due to the low moisture content of straw (15-
20%), pre-drying of the feedstock becomes unnecessary. Therefore, for modelling 
straw, a similar process design has been used with the exception of the drying step. 
The biomass feedstock is directly torrefied, implying that heat is only demanded for 
this torrefaction process. However, because straw has higher ash content, heat losses 
may increase. 

3.3.2 Results of mass and energy balance modelling 

 
Results of modelling the mass and energy balance of the torrefaction process are 

shown in  

Figure 3-4 and Figure 3-5. All mass and energy balances represent steady state 
conditions reached after the start-up of the process. Initially, a larger part of the 
biomass feedstock needs to be combusted to generate sufficient heat for the drying 
and torrefaction process, since torgas is not yet available at the starting point. Results 
are separated for the different types of feedstock (wood and straw) that are analysed, 
since the mass and energy balances of torrefaction differ to a large extent for these 
different types of feedstock.  

3.3.2.1 Eucalyptus as feedstock 

 
The mass and energy balance for eucalyptus is presented in  

Figure 3-4. Of the biomass feedstock that enters the torrefaction plant, 4% is 
combusted directly to generate heat which is used for (pre)drying and torrefying the 
biomass. After the biomass is dried to 20% moisture content, torrefaction is applied 
until the biomass reaches the desired calorific value and moisture content. The 
released gas from the torrefaction unit (torgas) is combusted together with the part of 
biomass that is directly combusted to generate heat. The feedstock to product ratio 
can be derived from this balance, by dividing the mass of the biomass feedstock (1.0 
kg) by the mass of the torrefied biomass (0.48 kg), resulting in a feedstock to product 
ratio of 2.10. The thermal efficiency can be calculated by dividing the thermal output 
(10.3 MJ) by the thermal input (10.9 MJ), matching an efficiency of 94%. 
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Figure 3-4: Simplified energy and mass balance of integrated torrefaction facility with 
eucalyptus feedstock at 40% moisture content 

3.3.2.2 Straw as feedstock 

 
Straw has a low bulk density (<100 kg/m

3
). The low moisture content (20 %) enables a 

torrefaction process in which the pre-drying step can be left out. The higher sulphur 
and chlorine concentration however might affect parts of the process and equipment. 
In combination with the lower calorific value, this makes a high calorific output (in 
terms of GJ/tonne) difficult. Theoretically, also straw can be torrefied until a calorific 
value of 21.5 GJ/tonne is reaches. In practice, this is not likely as the corresponding 
torrefaction reaction time increases which in turn decreases the thermal efficiency. 
Therefore, the mass and energy balance model has been used to determine the 
optimal calorific value of torrefied straw. The model showed that a calorific value of 
17-18 GJ/tonne is feasible without decreasing the thermal efficiency of the process, 
but since there is little experience with torrefying straw, the quality of the TOPs is not 
known. The characteristics of torrefied straw pellets (and of conventional straw 
pellets) are presented in Table 3-7. 
  
Table 3-7: Product parameters for straw pellets and torrefied straw pellets 

Parameter Pellets TOPs 

Calorific value (GJLHV/tdm) 13.8-14.5 17-18 
Density (kg/m

3
) 550-600 665-725 

Sulphur content 0.24% 0.30% 
Ash content 5.0% 6.3% 

Source: [115].  
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When assuming a similar plant design, the mass and energy balance of torrefying 
straw can be presented as in Figure 3-5. As a direct result of the pre-drying step 
becoming unnecessary, only 1% of the initial biomass is needed for heat generation. 
Therefore, the thermal efficiency increases to 96% (11.5 MJ/12 MJ), and the feedstock 
to product ratio is much lower when torrefying straw, namely 1.55 (1 kg/0.65 kg). 

 
 

Figure 3-5: Simplified energy and mass balance of integrated torrefaction facility with straw 
feedstock at 20% moisture content 

3.3.2.3 Effect of moisture content on product ratio (woody biomass) 

 
The feedstock to product ratio is affected by the moisture content. Table 3-8 and 
Figure 3-6 presents both the theoretically feasible feedstock to product ratio and the 
thermal efficiency as a function of the moisture content, as well as the modelled

40
 

outcomes of the mass and energy balance for wood with a calorific value of 17.5 
GJ/tonne.  
 
Curves are only presented for feedstock with a moisture content in the range of 20-
60%, since the torrefaction of feedstock with a lower moisture content is performed 
using a different process design (drying step becomes unnecessary), and biomass 
feedstock with a moisture content higher than 60% is almost always air-dried first 
before it is processed. One can see that the theoretically feasible product to feedstock 
ratio for torrefaction process (1.35-3.6) is higher than for the pelletisation process 

                                                                 
40

 The formulae used in the calculations are presented in section 3.3.1.1.  
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(1.2-2.9), and the theoretically feasible thermal efficiency for torrefaction (94-98%) is 
slightly below the efficiency of pelletisation (96-99%). 
 
Table 3-8: Relation between feedstock to product ratio and thermal efficiency and biomass 
moisture content (eucalyptus) 

Moistur
e 
content 

Model values 
(torrefaction plant) 

Theoretical* values 
(torrefaction plant) 

Theoretical values (wood 
pellet plant) 

Thermal 
efficienc
y 

Feedstock to 
product ratio 

Thermal 
efficienc
y 

Feedstock to 
product ratio 

Thermal 
efficienc
y 

Feedstock to 
product ratio 

20% 96.4% 1.59 98.0% 1.35 98.8% 1.19 

30% 95.4% 1.84 97.6% 1.70 98.4% 1.4 

35% 94.8% 1.99 97.3% 1.88 98.2% 1.53 

40% 93.8% 2.18 96.9% 2.11 97.9% 1.69 

45% 92.7% 2.41 96.3% 2.35 97.5% 1.89 

50% 91.0% 2.72 95.6% 2.67 97.1% 2.14 

55% 88.6% 3.11 95.0% 3.08 96.5% 2.47 

60% 85.5% 3.59 94.1% 3.57 95.7% 2.92 

* The theoretical values are calculated by assuming that there are no energy losses in the processes. 

The feedstock to product ratio results from modelling with actual plant data
41

 (1.6-
3.6) are slightly above the theoretical achievable ratios, and converge at higher 
moisture content. However, the modelled thermal efficiencies (86%-96%) are much 
lower compared to the theoretical values. This is mainly the result of lower 
efficiencies assumed for the dryer and torrefaction unit, as well as the addition of 
energy losses in the heat conversion processes (these equipment efficiencies are 
confidential). 

                                                                 
41

 This plant data is confidential and can therefore not be elaborated. 
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Figure 3-6: Relation between feedstock to product ratio and thermal efficiency of the 
torrefaction process (y-axis) and the moisture content (x-axis) using eucalyptus wood as 
feedstock. 

3.3.2.4 Effect of moisture content on product ratio (straw) 

 
The feedstock to product ratio and thermal efficiency as a function of the moisture 
content for both torrefaction and pelletisation of straw is presented in Table 3-9 and 
Figure 3-7. Curves are only presented for feedstock with moisture content in the 
range of 10-25%, since straw with is very unlikely to have lower or higher moisture 
content. Similar to the processing of woody biomass, the torrefaction process has a 
higher feedstock to product ratio and lower thermal efficiency. 
 
Table 3-9: Relation between feedstock to product ratio and thermal efficiency and biomass 
moisture content (straw) 

Moisture 
content 

Model values (torrefaction plant) Theoretical values (straw pellet plant) 

Thermal 
efficiency 

Feedstock to 
product ratio 

Thermal 
efficiency 

Feedstock to 
product ratio 

10% 96.6% 1.37 99.0% 1.05 

15% 96.4% 1.45 98.9% 1.1 

20% 96.0% 1.55 98.8% 1.19 

25% 95.7% 1.65 98.6% 1.30 
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If the moisture content of the feedstock exceeds 20%, this would strongly affect the 
mass and energy balance. Torrefaction efficiency decreases dramatically if the 
biomass that enters the process has higher moisture content. Therefore, if the 
moisture content of straw is over 20% either the thermal efficiency decreases, or the 
addition of the pre-drying step is required again. Similar results were also obtained by 
Sha et al. [66]. 
 

 
 
Figure 3-7: Relation between feedstock to product ratio and thermal efficiency of the 
torrefaction and pelletisation process (y-axis) and the moisture content (x-axis) using straw as 
feedstock. 

3.4 Economics of torrefaction 
 
Since torrefaction is an emerging technology, estimation of investment costs uses the 
factorial approach where cost components are estimated using factors and 
percentages on the basis of the purchased equipment cost (following [102], [116], 
[117]). For new technologies, cost estimates are highly uncertain due to unexpected 
implementation challenges [118] and thus additional indirect costs need to be 
accounted for to cater for unforeseen contingencies. However, despite these 
uncertainties, costs of major pieces of equipment are to a great extent known and 
these offer the basis for reliable production cost estimates [116]. 
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Lifetime 
 
There is no consensus on the lifetime of torrefaction plant. None of the pilot plants 
have operated for long enough time to determine the extent of wear that takes place, 
or the maintenance and repair required. In general it is assumed that the equipment 
should be able to last for a period of 15 years [119]. This is the same lifetime for pellet 
plants currently operating. Conservative studies are however using a lifetime of 10 
years [21], [120], [24], to reflect the depreciation of drying and reactor equipment, 
which dominate investment costs [21]. Mul [120] estimate the lifetime of dryers and 
pelletizers to be typically 15 years. Grotheim [121] also indicate a depreciable 
economic life of process equipment (i.e. chipper, hammermill, dryer, reactor, pellet 
mill) of 15 years. 
 
It is unclear if operational costs for pelletisation of torrefied biomass are lower than 
for conventional pellets [37], [70], [50], [79]. However, many recent studies 
increasingly suggest that pelletising torrefied biomass requires much more energy as 
the lubrication characteristics of hemicellulose and cellulose are destroyed during 
torrefaction [80], [81], [82], [78]. Consequently, the pelletiser capacity would require 
to be derated [83] and die life is shorter [2] due to high friction in press channel and 
higher wear on the pellet mill parts [83]. Briquetting is also being investigated as it has 
potential to reduce densification effort [73]. 
 
Scaling factor 

Scaling up the torrefaction reactor is expected to lower investment costs as relatively 
less material is needed for a larger capacity. A corresponding scaling factor can be 
derived which gives the proportional decrease investment costs for increasing 
capacity installations, and expressed as follows: 
 
Equation 3-13 

           
           

 (
     
     

)
 

 

Where α is the scaling factor ranging between 0 and 1.  
 
Since commercial industry players are operating their first torrefaction facility, no 
precise scaling factors are available from existing projects. However, basic principles 
behind scaling can be used to estimate the scale factor for increasing reactor designs 
based on the different rates of increase of area and volume of reactors. 
 
Some reactor designs are limited in their scaling possibilities. For example, a screw 
reactor with a diameter above 40 cm causes a significant decrease in heat transfer 
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and a high increase in material costs
42

 [5], [29] . Rotary drum reactors, as used by 
Umea University can be scaled up to 120 kt/year [122]. 
 
All other components of a torrefaction facility are based on existing equipment and 
thus their scaling factors are well known [89]. Thus, the hypothetical cost reduction 
with up scaling of the torrefaction facility, apart from the reactor itself, can be carried 
out in the same manner. Bergman [21] and Uslu et al. [24] are the only studies that 
attempt to analyse the scale factors of torrefaction facility components. 
 
Above 12.5 tonnes/hr (current maximum reactor scale) capacity, multiple units need 
to be installed in parallel to achieve the desired capacity. In this study we also show 
the impact on the economics of torrefaction for plant scales of 50, 100, 250 kt/yr in 
the short term and scaled up to 500 kt/yr in the long term. 
 
Overall, a scaling factor of 0.7 is used for the state of the art torrefaction system. This 
scaling factor takes into account the subcomponents that can be scaled up relatively 
easily (a dryer or storage silo) and other components which cannot. This figure 
compares well to other studies e.g. [21] and [24] which use an average scale factor of 
0.63. A key difference is that a chipper and pelletizer are missing from the system of 
[21] and [24].  

3.4.1 Torrefaction cost data 

 
For a torrefaction production facility, the capital expenditure (Capex) consists of 
constructing the whole pre-processing facility, including the torrefaction reactor. This 
includes direct costs such as bare equipment and installation while indirect costs 
include the engineering design of the plant, supervision, fees and contingencies. 
Annual costs, (Ia) are calculated using the following formula: 
 
Equation 3-14 

     
 

(  (   )  )
 

Where: 
I  =  the total initial investment requirement ($) 
i = the discount rate (%) 
N = the lifetime of the facility (years) [117] 
 
The operational expenditures (Opex) include the energy costs, labour, maintenance, 
rent, insurance, taxes and depreciation. Biomass feedstock cost is excluded. Opex is 

                                                                 
42

 Scaling potential is limited since the ratio of screw surface area/biomass volume becomes less 
attractive with larger screws [5]. Bergman and Kiel [29] estimate the maximum capacity of 
screw reactor plants to be around 50-60 kt/yr. 
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expressed as a percentage of Capex. Table 3-10 below gives the general economic 
parameters assumed in the study. 
 
Table 3-10: General economic parameters 

 Item Value Units 

Interest rate 8% % 
Exchange rates  1.3 (US$/€) 
Electricity costs  50 (US$/MWh) 
Source: [27] – assuming plant in located in Finland.  

1.1.2 Capex data 
 
Table 3-11 gives an overview of publicly available investment figures from 
demonstration and current pilot plants. It remains an arbitrary question whether one 
can compare these figures with one another as it is not known what costs have been 
taken into account and which ones have not.  For example, construction contingency, 
the risk of financing the project (and thus cost of capital), management of the 
construction project and assigned a contractor might or might not be included.  
 
Table 3-11: Investments and capacity of selected torrefaction facilities 

Company/Institute Capacity Investment costs  Status 

 (kt/yr) (t/hr) (mUS$) (mUS$/t/hr)  
Ebes/Andritz 

a
 10 1 5.1 5.07 Pilot 

Thermya 
b
 20 2-3 5.2 2.08 Demonstration 

4Energyinvest 
c
 42 5-6 16.9  3.07  Pre-Commercial 

Topell/RWE 
d
 60 8 19.5  2.44  Pre-Commercial 

Torr-coal group 
e
 70 9 22.8  2.53  Pre-Commercial 

UMEA University 
f
 30 4 14.3  3.58  Demonstration 

Industry average 
g
    1.56-2.34 commercial estimate 

Industry average 
h
    1.3-1.95 commercial estimate 

Source: 
a-e

[123] (This reference is a periodic magazine that analyse pellet market 
trends. Investment figures are derived from industry experts) 
a 

1 t/hour pilot plant in Frohnleiten, Austria.  
b
 Demonstration plant (2-3 t/hour) in Northwest Spain together with IDEMA, group Lantec.  

c
 Plant in Amel, Belgium. Operated through subsidiary Renogen. Stramproy initially started 

building the plant in February 2009 but it was terminated in June 2010. 4 Energy invest is now 
managing the project and looking to ramp up production in 2011 (Annual report 2010, 4 Energy 
invest) 
d
 8 t/hour facility in Duiven, Netherlands -commercial ramp up takes place in 2011/2012.  

e
 Plant located in Rotum, Belgium -is not operating at maximum capacity yet.  

f
 Demo plant in Örnsköldsvik, Sweden. Construction in 2011 and operation in 2012 [122]. 

g
 Estimate [23]. This reference is from an industry expert 



Chapter 3 

 

135 

 

h
 Estimate [120]. This is a full study which is based on various sources including industry experts 

and grey literature. 

 

Table 3-12: Operation and maintenance costs of torrefaction facilities (excluding feedstock) as 
reported in different studies 

Reference Opex (% of 
Capex) 

O&M and depreciation costs(US$/GJ)  
excludes biomass feedstock costs 

Industry experts 
estimate

a
 

8% 3.3 - 5.9 (for systems capacities from 
50kt/yr-250kt/yr);  4.8 (100kt/yr) 

Bergman [21]
b
 Not 

available 
3.8 – 4.2 (45 kt/yr) 

a 
Estimates derived from torrefaction industry experts 

b 
Equipment based cost estimation of torrefaction facility. Figures are inflation adjusted to 2012. 

 
Table 3-13: Economics of integrated torrefied pellet production system at scale of 250 kt/yr 
(compact moving bed system) 

 Base  
scale 

Max 
scale 

Base 
cost 

O&M 
costs 

No 
of 
units 

Scale 
factor 

Total 
invest 

Energy 
costs 

Annual 
costs 

 (t/hr) t/hr MUS$ MUS$   MUS$ MUS$ MUS$ 

Chipping 
(Chipper) 

a
 

5 80 0.07  0.12 2  0.6-
0.70  

0.61  0.19   0.38 

Drying (Rotary 
drum type) 

b
 

6 50  0.44   0.11  9  0.65  3.75  0.26   0.81  

Torrefaction 
reactor 
(moving bed 
reactor) 

c
 

5 12.5  4.4- 
6.25  

 2.65-
3.77  

4  0.72  33.1-
47.03 

 0.48   7.00-
10.11  

Milling 
(hammermill) 

b
 

5 50 0.07 0.022   1   0.70  0.37  0.073   0.15 

Pelletising 
Pellet mill 
Cooler 

d
 

 
5 

 
20 

 
 1.46  
0.013 

  
0.41 

 
7  

  
0.61  

 
10.18 

  
0.359  

  
1.96 

Bio-CHP boiler 
e
 -  - - - 0.62-

0.74 
 - - 

a
 [124], Vogel et al. [125] give estimates for costs for a chipper with a base scale of 500 m

3
/h at 

0.48 M€, scale factor is 0.6.  
b
 [126], [127]. For a belt dryer Staufer [128] gives a scale factor of 0.6 for a 20 twb/hr output 

Swisscombi Belt Dryer system. Swisscombi estimates that cost reduction due to economies of 
scale in the order of 5-10% are achievable with its technology. Based on 2003-2011 installed 
capacity the technological learning rate for belt dryers is 12%. On the other hand, Trattner [129] 
provides a scale factor of 0.25 for a 56 twb/hr maximum output Andritz Belt Dryer system. 
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c
 Uslu et al [24] gives maximum scale for ECN’s compact moving bed reactor at 12.5 t/hr and 

scale factor of 0.72. Pommer [122] indicates the Umea university rotary drum dryer reactor can 
be scaled up to 15 t/hr. 
d 

Processco (2012) - www.processco.net/pellet-mills.php; Staufer [128] gives a scales factor of 
0.7 for a Swisscombi pelletizer with a maximum scale of 40 t/hr. 
e
 For comparison, scale factor is specifically for the boiler; the scale factor of a Bio-CHP project 

based on Engineering Procurement and Construction is 0.81 [130]. 

3.4.2 Scaling up torrefaction facilities 

 
Table 3-14 shows the results of applying the varying scales and subsequent production 
costs for torrefied pellets at today’s technology. 
 
Table 3-14: Economic characteristics of torrefaction plants (2012) 

Cost Item Scale of plant (thousands of tonnes of 
TOPs) 

Units 

 50 100 250 500  
Capex  23.4   38.1   72.3   117.5  M$ 
Capex/yr  2.7   4.4   8.4   13.7  M$/yr 
Opex/yr  1.9   3.0   5.8   9.4  M$/yr 
Electricity cost  0.3   0.5   1.4   2.7  M$/yr 
Production costs  97.7   80.4   66.2   51.7  $/tonne 
Production costs 
(excluding feedstock costs) 

 4.8   4.0   3.3   2.6 $/GJ 

 

3.5 Outlook on future torrefaction system performance 
 
Although available knowledge is limited, estimation of the future cost development of 
torrefaction technology can be estimated using the technological learning concept. 
Considering the long term timeframe up to 2030, it is most likely that the torrefaction 
production processes will improve and that more plants will have been built. 
Numerous studies [130], [131], [102] have shown that as cumulative installed capacity 
increases the costs for installing a specific capacity decrease. The rate at which costs 
decline for every doubling of cumulative capacity is expressed as the learning rate 
[132]. For torrefaction technology, a learning rate can also be estimated for future 
cost analysis. The extent to which technological learning has effects on the cost of 
production in 2030 depends on the assumed learning rate and the cumulative 
installed capacity which can be achieved in the period up to 2030. We consider 



Chapter 3 

 

137 

 

specific cost reductions through upscaling (scale-dependent learning
43

) as an integral 
part of overall cost reductions over time. 
 
Currently, there are about 60 torrefaction initiatives worldwide, at different 
commercialization stages [6], [20]. The total capacity of 12 of the planned initiatives 
amounts to 500 kt/yr which are expected to be operational by 2015 (pre-learning 
phase). It is possible that during the early commercialization of technologies, costs 
may actually increase instead of decrease ([133], [134], [118], [102]). This is because 
of uncertainties in initial cost estimations for scale up of pilot and prototypes [133], 
[118], [20]. This leads for example to high contingency costs. Only after the 
installation of a commercial scale unit that is operated at its stated capacity can the 
optimization of the design effectively take place. We expect this phase to be reached 
in 2015. 

3.5.1 Increase in installed capacity (doublings of installed capacity) 

 
The extent to which the learning rate has an effect on the costs by 2030 depends on 
the increase in installed capacity (represented by the amount of doublings of installed 
capacity compared to the base year). Future capacity is also affected by the 
cumulative use of individual system components in other industries (e.g. dryers and 
pelletizers are also used in the food industry). To estimate the cumulative installed 
capacity, a conservative approach is employed in this study as presented in Table 
3-15.  
 
Table 3-15: Estimation of growth in torrefaction capacity by 2030 

Torrefaction reactor 2010-2015 
a
 2020 2030 Total doublings 

Added capacity (Mt) 0.5 7.0-8.0 19.5-20.5  
Total capacity (Mt) 0.5 

a
 7.5-8.5 

b
 27.0-28.0 

c
  

Number of capacity doublings - 4 2 4-6 
Other components 2010 2020 2030 Total doublings 
Added capacity (Mt) - 50-60 50-60  
Total capacity (Mt) 28 

d
 70-80 

e
 120-140 

f
  

Number of capacity doublings - 2 1 2-3 

Year shown is the year after which the maximum cumulative capacity is reached.  
a 

Pre-learning phase: 0.5 Mt capacity is expected to be installed by 2015. This figures accounts 
for all the reactor technologies. Not all announced projects are taken into account-some 
planned projects may fail.  
b
 Wood pellet demand is divided between use for small-scale residential heating (bulk and 

bags), medium-scale district heating and for large scale power production (including CHP). The 
respective shares for the three uses is assumed as follows in EU-27: 40%, 20%, 40% in 2010 and 
33%, 22% and 44% in 2020 [135]. This study assumes torrefied pellets will primarily be 
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 Scale-dependent learning are the reductions associated with economies of scale only (as 
depicted in Equation 3-13), whereas scale-independent learning are the improvements through 
technological process development, efficiency improvements and process optimization [102]. 
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introduced for large scale power production, and that by 2020 only 25% of that figure will 
feature torrefied pellet production processes.  
c
 Figure linearly extrapolated. Share between 3 uses is still assumed: 33%, 22% and 44%. 

Torrefied pellets production for large scale energy purposes will account for 50% of installed 
capacity (from 25% in 2020).  
d
 US 6 Mtonnes, Canada 2.5 Mtonnes, Europe, 19.9 Mtonnes [136]. 

e
 Based on the scenarios by Sikkema et al. [135]. Consumption level in EU could increase to 35 

Mtonnes by 2020. Assumption is that EU has 80% of global consumption [137] and that 
utilization rate of 54% of pellet production capacity in EU is maintained on a global level [138].  
f
 Linear extrapolation from 2008 and 2020 figures.  
 

Based on estimations by Sikkema et al. [135] by 2030 wood pellet facilities will have 
doubled in capacity by 2-3 times. Torrefied pellet facilities will have increased from 
the starting base of 0.5 Mton by end of 2015 to 20–28 Mton by 2030. The approach is 
modest in that it assumes that Torrefied pellet plants are only suitable for large scale 
power production, and that only 25% of pellet plants will feature torrefaction 
reactors. However, it is expected that most pellets plants would be converted into 
integrated TOPs facilities if torrefaction is successfully commercialised [139], [140]. 

3.5.2 Estimation of the learning rate 

 
The majority of the components for torrefied pellet production have already widely 
been used in the wood pellet industry, as well as in other industries. Most reactors are 
mature technologies and apart from optimising process control, not much learning is 
expected inside the reactor. Optimisation is however expected in heat integrating of 
the torgas loop including the biomass/torgas combustor and condensers, waste heat 
utilization, inert nitrogen gas feed, moderation of exothermal reactions, fouling and 
maximising overall efficiency as well as addressing other challenges discussed earlier 
[20], [6], [89], [76]. Following de Wit et al. [132] , we use a scale-independent learning 
rate of 2% by taking the learning rate of second generation biomass to liquid plants 
(BtL) as a proxy for integrated torrefaction plants. This is a conservative estimate, but 
realistic considering the 15 year period that we are projecting our capital cost 
estimates. In addition, scaling effects have a much stronger impact on specific cost 
reduction than scale-independent learning [131] and are likely to be decisive in 
expected cost reduction.  
 
Based on the assumed learning rate and scaling effects the following production costs 
for torrefied pellets might be obtained in the future (Table 3-16). The costs shown 
below exclude biomass feedstock costs. 
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Table 3-16: Estimated future torrefied pellets production costs by 2030 (assuming 6 capacity 
doublings) 

Cost Item Torrefaction capacity (kt/yr) Units 

 50 100 250 500  
Capex 22.7  36.7  69.1 109.8 M$ 
Capex - adjusted to reflect pre-learning 
uncertainties 

27.3 44.0 83.0 131.8 M$ 

Capex/yr 3.2 5.1 9.7 15.4 M$/yr 
Opex/yr 2.2 3.5 6.6 10.5 M$/yr 
Electricity cost  0.2  0.4  0.9 1.9 M$/yr 
Costs  111.2 90.4 69.1 55.1 $/tdm 
Costs  5.11 4.15 3.18 2.56 $/GJ 

 
Figure 3-8 shows the cost development of torrefied pellets expected by 2030. We 
illustrate the impact of scale dependent learning as well as scale independent 
learning. In addition, we illustrate the significance of the pre-learning phase in which 
production costs for the first commercial plants (currently being implemented) 
increase before full commercialisation occurs. This phenomenon which is expected to 
last until about 2015 is due to unexpected performance shortfalls, uncertainties in 
scaling up prototype plants and unforeseen challenges during full scale construction 
and operation [102]. Using experiences from other technologies, we estimate that 
production costs may increase by up to 20% during the pre-learning phase, before 
technological learning begins [102]. 
 
Current TOPs conversion costs are estimated at 4.6 $/GJ at a scale of 50 kt/yr and are 
expected to increase to 5.8 $/GJ by 2015 in the pre-learning phase. Thereafter, cost 
reduction can be expected due to technological learning. Scale dependent learning 
has potential to reduce production costs by 23%, 38% and 50% for scaling up to 100, 
250 and 500 kt from 50 kt capacity respectively. Scale independent learning is 
estimated to reduce costs by a further 11% from 3.6-3.2 $/GJ at a scale of 250 kt/yr, 
giving an aggregate cost reduction of 56% as shown in Figure 3-8. Although, scaling up 
to 500 kt/yr is technically feasible, economically feasible systems have maximum 
designs of 250 kt/yr capacity [73]. In principle, cost reduction to 2.6 $/GJ at 500 kt/yr 
is also possible.  
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Figure 3-8: Estimated future torrefied pellet production costs in 2030 (based on woody 
biomass, price of feedstock is not included) 

Apart from a reduction in production cost over the time, the characteristics of 
produced pellets might also improve. The process can be become more efficient on a 
technical level, such that higher energy density levels might be achieved at an 
acceptable feedstock cost. The demand of the final user (in this case utility 
companies) will determine exactly how the characteristics of the product will develop 
over time, i.e. through experimentation, the optimal energy density of torrefied 
pellets to co-fire with coal can be found.  

3.6 Discussion 

3.6.1 Data quality 

 
Since torrefaction for large scale bioenergy production is currently being developed, 
there is limited documentation on its techno-economic performance and as a result, 
most of the data used in this study is based on grey literature, and also interviews and 
industry knowledge that is confidential.  Given the sensitivities surrounding 
proprietary techno-economic data, companies and technology developers are 
generally reticent about sharing actual information, and thus the level of detail 
presented in this study is limited. It is important to take into perspective that the data 
sets used in this study are all based on demo, pilot and pre-commercial facility runs. 
Also, as the technology is rapidly evolving, the datasets are highly dynamic during this 
pre-commercial phase as companies are optimising their production processes for 
commercial scale operations. For example, considering the difficulties in obtaining 
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efficient heat transfer at the Torr-coal, Topell and Stramproy plants, it is likely that 
actual energy efficiencies are lower than the values currently being reported. Shah et 
al. [66] use an efficiency of 60% for the torrefaction reactor, torgas combustor and 
heat exchange. 

3.6.2 Economic performance 

 
Based on the compact moving bed reactor, this study has estimated the investment 
costs for integrated torrefaction systems to be about 2.1 to 3.8 MUS$/t/hr 
operational capacity. Investment figures for other reactor technologies and facilities 
ranged from 1.3-5.1 MUS$/thr capacity. Shah et al. [66] give very low investment 
costs of 0.1-0.3 MUS$/thr assuming an economic life of 30 years for the plant, 
although it is not clear which reactor technology is used. It is difficult to compare 
these investment figures as it is often unclear which investment elements are 
included to enable a bottom-up comparison. According to Ereev and Patel [116], the 
main source of inaccuracy in economic estimates is missing an investment component 
(e.g. indirect costs elements and contingency) rather than under/over-estimation. In 
this study, we increased the contingency to 30% to reflect technological uncertainty, 
whereas typical contingency values for energy projects of proven technology are 
between 10-25%. For specific projects, one would need to account for country specific 
costs such as correcting construction costs for country specific labour cost, 
environmental protection costs and equipment delivery costs (typically 10% of the 
purchased equipment cost). The factorial approach employed in this study is practical 
for new technologies and estimated production costs are theoretically accurate within 
±30%. 
 
Production costs of TOPs were estimated to be between 3.3 -4.8 US$/GJLHV for 
operational scales of between 50 and 250 kt/yr, with an uncertainty of ±38-48%. This 
was only done for woody biomass

44
. It is technically feasible to scale up to 500 kt and 

reduce costs to 2.6 US$/GJLHV. However, economically feasible torrefaction plants are 
currently in the range of 200-250 kt/yr, based on multiple torrefaction reactors, 
mainly due to feedstock supply limitations. In the future 500 kt/yr plants may be 
achievable. For comparison, van der Burg [94] gives the processing cost of landed 
TOPs at 2.28 $/GJ while Shah et al. [66] gives production costs of about 0.8 US$/GJLHV. 
 
With expected technological learning, TOPs production costs are expected to fall to 
within an average range of 2.6-5.1 US$/GJLHV with an uncertainty margin of ± 20-24% 
(based on variation in Capex ranges). If pre-learning uncertainties are not taken into 
account, the production costs decrease by about 20% and average costs are estimated 
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 For straw, one would deduct the costs of pre-drying step, but this is rather simplistic as the 
heat integration of various components for a purely straw system would require a different 
setup compared to a woody biomass system. Ideally, an integrated torrefaction facility should 
be able to accept feedstocks with different characteristics and optimally adapt its processes. 
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to be from 2.1-4.1 $/GJ. However, these uncertainties are real as current experience 
with first pre-commercial plants indicate that initial investment cost were 
underestimated and companies are investing more capital into fine-tuning and 
reconfiguring their facilities to achieve desired product characteristics. Estimating the 
cost reductions was based on future cumulative system installations up to 2030 based 
on Sikkema et al. [135]. However, depending on the attractiveness of torrefaction, it is 
anticipated that all traditional wood pellet facilities would be converted into 
integrated torrefaction plants to take advantage of this technology [20]. We chose a 
conservative learning rate of 2% since most components are mature and learning is 
mainly in their integration. Our estimates (total installed capacity of 28 Mtonnes by 
2030) are also conservative considering that Vattenfall alone has target to co-fire 10 
Mtonnes of biomass by 2020 [141]. Another approach could have been to estimate 
future global energy scenarios e.g. based on the IEA Blue Map scenario [142], which 
targets a 50% CO2 reduction by 2050. To meet the desired targets, installed capacity 
of power from biomass must increase by 10 GW each year until 2050 or over 10 
Mtonnes capacity must be added each year leading to significantly higher capacity 
doublings

45
. It is important to note that technological learning is expected to occur 

around the torrefaction reactor, and not primarily within the reactor – reactors are 
mature technologies in their own right. Important optimisation is expected to occur 
around integration of the torgas loop, combustor, heat exchangers as well as nitrogen 
feed. 

3.6.3 Technical performance 

 
The performance of the torrefaction process is mainly based on its ability to achieve 
efficient and uniform heat transfer to the biomass, optimised torgas use for operation 
below autothermal conditions, precise adaptability to feedstock characteristics 
(especially moisture content) and final product requirements (such as heating value 
and energy density). Its mass and energy yield are important indicators of the 
performance of the torrefaction process and depended strongly on the moisture 
content and heating value. This study has presented simplified mass and energy 
balances of the torrefaction process, which are more detailed than the theoretical 
balances in previous studies (e.g. [21], [24]). Feedstock to product ratio for woody 
biomass was estimated to be 2.10-2.48 and the thermal efficiency of the process was 
93-94%, and depending on the moisture content (40% and 45% respectively) and on 
the calorific value of the biomass feedstock (16.4 and 18.1 GJLHV/tdm respectively). 
Based on woody biomass with 18.1 GJLHV/tdm, simulated feedstock to product ratios 
range from 1.6-3.6 and efficiencies range from 86%-97% for corresponding moisture 
content of 60-20%. Theoretically, the feedstock to product ratio range from 1.35-3.6 
and efficiencies range from 94-98%. More detailed data cannot be presented as the 
information is confidential. However, key parameters presented in these balances 
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 But such linear increase also seems unlikely, typically technology growth follows an S-shaped 
pattern, so smaller increases in initial years are plausible. 
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were estimated by verifying them with practical figures from a pilot plant. Besides, the 
model itself is built and based on knowledge from an existing torrefaction plant. To 
simplify the modelling, and ensure confidentially, internal energy streams such as flue 
gases and torgas show higher energy content than their actual energy content. This 
was mainly the result of assigning the energy conversion losses (in drying, 
torrefaction, combustion and heat exchange) within the process to the energy content 
of the gases.  
 
Overall, the presented mass and energy balances are simplified compared to the 
actual balances, but do represent the current situation very well, especially regarding 
the main outcomes in the form of thermal efficiency and feedstock to product ratio. 
The presented mass and energy balance for the torrefaction of straw is based on 
theoretical assumptions since torrefaction of straw does not yet occur, which result in 
higher uncertainties regarding the mass and energy streams. Torrefaction of straw can 
achieve a smaller feedstock to product ratio of 1.55 and a higher thermal efficiency of 
96%, due to the omitting of the pre-drying step in the process – assuming moisture 
content of 20% and heating value of 15 GJ/tdm. Variation of moisture content from 10-
25% results in feedstock to product ratios of 1.37-1.65 and efficiencies of 95.7-97% 
respectively. The projected performance remains uncertain given that other 
characteristics of straw such as lower bulk density and higher sulphur and chlorine 
content do require changes in the process design. In contract, Svoboda et al. [56] give 
lower mass and energy yields for torrefaction of grass and wheat straw compared to 
woody biomass. However, Carter [47] also experimentally show promising results for 
using switchgrass; Chen et al. [53] using coffee residues and rice husks; Patel et al. 
[59] using cotton stalk and bagasse and Medic et al. [44] using corn stover. 
 
Furthermore, the degree of hydrophobicity and grindability of torrefied biomass is 
uncertain, and these are important characteristics for handling and use when 
comparison is made with coal. It is also not fully clear if the torrefaction process can 
efficiently accept a wider variety of biomass feedstocks such as agricultural residues. 
In addition, it is still not clear if torrefied pellets require additional binding materials 
and how these affect fuel characteristics. Also, no commercial scale tests have been 
conducted for torrefied material to verify demonstration level results.  

3.7 Summary and conclusions 
 
This study has shown that with current technology and based on modelled conditions 
with the compact moving bed reactor, woody biomass can be torrefied with an 
thermal efficiency of 94% (in the range 70-97%) and with a mass efficiency of 48% (in 
the range 28-77%) on a dry ash free basis. For straw corresponding energetic 
efficiencies are 96% (in range 95-97%) and mass efficiency of 65% (range 61-73%). In 
the long term the technical performance of torrefaction processes is expected to 
improve, especially the thermal efficiency. For woody biomass, energy efficiencies are 
expected to be at least 97% as optimal torgas use and efficient heat transfer are 
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realised. Similarly, future energy efficiencies for straw processing are expected to be 
at least 98%. Of importance to torrefaction system performance is the achievement of 
consistent and uniform product, at desired end-use heating value and energy density. 
Also, it is expected future production processes would identify suitable process 
conditions that would produce the ideal TOP in terms of grinding energy, 
hydrophobicity, densification energy requirements, pellet robustness and energy 
density.  
 
Short term investment costs for integrated compact moving bed reactor base 
torrefaction systems are estimated to be between 2.1-3.8 MUS$/t.hr for systems with 
maximum capacity of 250 kt/yr. Corresponding production costs for woody biomass 
TOPs were estimated to be between 3.3 -4.8 US$/GJLHV.  The study has shown that 
significant reductions in TOPs production costs of over 50% of current production cost 
estimates are possible in long term due to scaling up and technological learning. 
Future TOPs production costs are expected to fall to within an average range of 2.1-
4.1 US$/GJLHV for woody biomass, but expected increases in pre-learning costs are 
likely to drive production costs upwards to an average range of 2.6-5.1 $/GJ. At such 
cost levels, torrefied pellets would become competitive with traditional pellets.  
 
Torrefaction is a promising biomass energy pre-treatment technology, with potential 
to make a major contribution to the commodification of biomass as a renewable 
energy resource. Given their ability to directly replace coal, torrefied pellets have 
huge market potential. However, there are still many challenges such as bringing 
production costs down while producing a homogeneous, fully hydrophobic and stable 
product, capable of fuel flexibility. Of key importance is efficient heat integration and 
optimal use of torgas to achieve autothermal operation with minimal safety risks. 
 
Depending on the feedstock supply costs, production of torrefied pellets will improve 
the economics of long distance shipment of biomass from various production of the 
world to centres of high biomass demand. For full commercialisation, torrefaction 
reactors still require to be optimised to economically meet end use requirements and 
achieve market standardisation of the product. Rapid deployment and technological 
learning would be key to bring production costs down and making the torrefied 
pellets competitive. Ultimately, the presented advantages of torrefied pellets need to 
be proven or scaled up in order to meet commercial expectations. 
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4 Optimisation potential of biomass supply chains 

with torrefaction technology 
 
 
 
Bothwell Batidzirai, Floor van der Hilst, Hans Meerman, Martin  Junginger, André P.C. 
Faaij. Biofuels, Bioprod. Bioref. (2013) DOI: 10.1002/bbb.1458. 
 
Abstract 
 
This study compared the economic and environmental impacts of torrefaction on 
bioenergy supply chains against conventional pellets for scenarios where biomass is 
produced in Mozambique, undergoes pre-processing before shipment to Rotterdam 
for conversion to power and FT fuels. We also compared the impacts of using 
different land quality (productive and marginal) for feedstock production, feedstocks 
(eucalyptus and switchgrass), final conversion technologies (XtY and CXtY) and 
markets (Netherlands and Mozambique). At current conditions, the torrefied pellets 
(TOPs) are delivered in Rotterdam at higher cost (7.3-7.5 $/GJ) than pellets (5.1-5.3 
$/GJ). In the long term, TOPs costs could decline (4.7-5.8 $/GJ) and converge with 
pellets. TOPs supply chains also incur 20% lower GHG emissions than pellets. Due to 
improved logistics and lower conversion investment, fuel production costs from TOPs 
are lower (12.8-16.9 $/GJFT) than from pellets (12.9-18.7 $/GJFT). Co-firing scenarios 
(CXtY) result in lower cost fuel (but a higher environmental penalty) than 100% 
biomass fired scenarios (XtY). In most cases, switchgrass and the productive region of 
Nampula provide the lowest fuel production cost compared to eucalyptus and the 
marginally productive Gaza region. Both FT and power production in Mozambique are 
more costly than in Rotterdam. For the Netherlands, both FT and power production 
are competitive against average energy costs in Western Europe. The analysis shows 
that large-scale bioenergy production can become competitive against fossil fuels. 
While the benefits of TOPs are apparent in logistics and conversion, the current higher 
torrefaction costs contribute to higher biofuel costs. Improvements in torrefaction 
technology can result in significant performance improvements over the future chain.  
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4.1 Introduction 
 
Biomass has the potential to make a significant contribution to future sustainable 
energy systems, given its functional ability to directly substitute coal and oil in many 
applications [1-4]. Given the growing global demand for biomass, especially in the 
power and heat sectors [5-7], driven by renewable energy targets and incentives [5,8], 
energy security and environmental objectives [1,9], it is anticipated that biomass 
energy use will grow considerably in the near future. The International Energy Agency 
(IEA) estimates that biomass will contribute about 71.5 EJ to total global energy supply 
(under a Current Policies Scenario) in 2035 [10] and the contribution of biomass to the 
world’s energy supply is expected to increase to about 18% in 2050 (under the Blue 
Map scenario) [11]. Key biomass markets are currently centred around and likely to 
remain in Europe, North America and East Asia while major biomass production 
regions are located in North America, Russia, Scandinavia, South America, parts of 
Africa and Asia [8].  Already a burgeoning international solid biomass trade is evident: 
18 Mt of solid

46
 biomass was traded in 2010 up from 3.5 Mt in 2000 (of which wood 

pellets trade increased from 0.5 Mt to 6.6 Mt over the same period) [5,12].  
 
However, biomass has several constraining characteristics which limit its effective use 
in current systems designed for fossil fuels [13] as well as handling challenges that 
compromise the competitiveness of this renewable resource [14]. Biomass comes in 
various types and forms, and is therefore highly heterogeneous, which results in wide 
variations in combustion properties [4,15,16]. In addition, biomass usually has high 
moisture content and consequently low heating value [17-20]. It is hydrophilic and 
biodegradable, posing storage problems [13,21]. Its combustion efficiency is lower 
than fossil fuels [20], which decreases the capacity of especially thermal conversion 
systems. Furthermore, biomass is usually tough and fibrous and thus difficult to grind 
[2]. Biomass therefore often needs to be pre-treated to improve its characteristics and 
associated handling [22]. However, pre-treatment costs are significant and can render 
biomass uneconomical [23]

,
[24]. 

 
Pelletising biomass is currently the most important pre-treatment approach for solid 
biomass, but this only partly improves the handling and (wood) pellets still have 
drawbacks because pelletising only improves the energy density of raw biomass from 
2-4 GJ/m

3
 [20] to about 7-10 GJ/m

3
 [25] but this is still relatively low compared to coal 

(25-40 GJ/m
3
), while the other disadvantages remain unresolved [26].  

 
Torrefaction (combined with pelletisation) is a promising biomass pre-treatment 
technology which has potential to produce a homogeneous biomass carrier with 
improved energy density and combustion characteristics, and whose properties 

                                                                 
46

 Solid biomass includes wood pellets, wood chips, wood waste, fuelwood and other 
residue trade streams [5] 
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closely match those of low grade coal [2-4]. This would allow co-firing with higher 
percentages of biomass than is currently possible with wood pellets [26,27]. Given the 
global distribution of biomass production regions and key markets [1], torrefaction 
could play an important role in improving biomass supply chain economics, and 
enable biomass to be delivered to the market cost-effectively with lower downstream 
investments [23,28,29]. Ultimately, torrefied pellets (TOPs) could improve the 
competitiveness of biomass as a renewable energy carrier and allow the cost effective 
transition to a sustainable energy future. This will become even more important when 
very large scale biomass based systems (such as integrated gasification–
polygeneration (IG-PG) systems) are deployed in the medium to long term. 
 
Little analysis has been done to assess the impact of torrefaction on the performance 
of bioenergy supply chains [30,31]. Examples of torrefaction studies include Bergman 
[29], Zwart et al. [24], Uslu et al. [23], Magalhaes et al. [32] and Kabir and Kumar [33]. 
Those earlier studies were however crude with respect to biomass production, local 
logistics, and performance of pre-processing and final conversion facilities. At present, 
more detailed data on spatial distribution of biomass, local logistics and performance 
of torrefaction and final conversion facilities are available. We therefore perform 
state-of-the-art system analysis combining spatially explicit GIS analysis (performed 
and described by van der Hilst et al. [34] and better pre-processing and conversion 
performance data [14]. The latter includes detailed energy and mass balance 
modelling for both the short and long term, taking into account technological learning 
and up-scaling of the technology. 
 
The objectives of this study are centred on evaluating the impact of torrefaction pre-
treatment technology on the technical and economic performance of bioenergy 
supply chains. This is compared to conventional (wood) pellets (WPs) supply chains for 
both the short (current) and long term (2030). First, we compare the economic 
performance of TOPs and WPs based on different feedstocks (eucalyptus and 
switchgrass). We also include a brief comparison of the greenhouse gas emissions 
performance of the switchgrass/eucalyptus and WP/TOPs supply chains. Second, the 
study evaluates the impact of supplying biomass from different regions (productive 
and marginal land quality in Mozambique). Mozambique was selected as a suitable 
production region because of the availability of unutilised land and conducive climate 
(see Batidzirai et al. [35]and van der Hilst et al. [36]). Third, we compare the impact of 
TOPs and WPs on different final conversion applications

47
 (i.e. biomass to liquid 

conversion (BtL) and biomass based power generation (BtP), co-feeding biomass with 
coal in a coal-biomass to liquid (CBtL) facility; or cofiring biomass with coal in a coal-
biomass to power (CBtP) plant). Lastly, the study compares the competitiveness of 

                                                                 
47

 Final conversion is denoted by XtY, where X is either coal (C), biomass (B), or combinations 
such as CB for co-feeding. Y denotes either Fischer-Tropsch fuels/liquid (L) or power/electricity 
(P). To distinguish between wood pellets (also referred to as white pellets) and torrefied pellets 
conversion, the former is denoted BtL (biomass to liquid) and the latter TtL (TOPs to liquid). 
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supplying different markets (close to biomass production sites in Mozambique or in 
Western Europe) as shown in Figure 4-1.  
 
The chapter is structured as follows: Section 2 presents the approach and 
methodology used in the supply chain analysis and this includes organisation of supply 
chains, the rationale for selecting the production regions, choice of feedstock, and 
technological pathways considered. Section 3 assesses short and long term feedstock 
production cost as well as performance characteristics of torrefaction, pelletising and 
conversion technologies. Section 4 presents the results of the supply chain modelling 
and optimised performance of the biofuel production pathways. It does so for the 
short term and long term for the selected production regions, feedstock types, pre-
treatment technologies, conversion technologies and final markets. The chapter 
concludes with a discussion and concluding remarks in section 5. 

4.2 Approach and methodology 
 
This study makes use of results and assumptions from several published studies. 
These include: 
 

 Van der Hilst et al. [36] for land use mapping in Mozambique,  

 adapted Van Dam et al. [37] methodology for switchgrass production economics 
in Argentina and applied for Mozambican conditions,  

 Van der Hilst and Faaij [34] for eucalyptus production economics,  

 Meerman et al. [38] for technical aspects of biomass-coal co-feeding conversion,  

 Meerman et al. [27] for biomass and coal co-feeding economics,  

 Knoope et al. [39] for long term conversion performance aspects and  

 Batidzirai et al. [14] for torrefaction technology techno-economics. 

4.2.1 Organisation of supply chains 

 
Biomass energy supply chains were modelled, from feedstock production to final 
conversion. The number of intermediate stages in a chain was varied depending on 
the feedstock characteristics, pre-treatment requirements, infrastructure, proximity 
of market relative to supply source, and final conversion technology [40]

,
[35]. On this 

basis, we compare the impacts of alternative technological pathways for producing 
and supplying different forms of biomass energy from different regions of 
Mozambique (i.e. Gaza and Nampula) as shown in Figure 4-1. We also compare the 
impact of local biofuel production in Mozambique and supplying the local market, 
against final biofuel conversion in Western Europe (using Rotterdam, Netherlands as a 
potential location).  
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4.2.1.1 Production regions 
 
Results of GIS analysis (from van der Hilst et al. [36]and van der Hilst and Faaij [34]), 
shown in Figure 4-2, give detailed insights into the potential distribution of land 
availability and suitability in Mozambique for different scenarios. To select promising 
potential sites for energy crop production, we consider four main criteria: availability 
of clusters of land (considering fragmentation, potential conflict, risks), production 
costs/land quality, logistics implications (complexity and condition of infrastructure 
and distances to the coast), and opportunities for ecosystem services. 
 

 
Figure 4-1: Supply chain pathways (scenarios) for production and supply of biomass energy 
from Mozambique 

Based on these criteria, initially five potential energy crop production regions were 
selected as shown in Figure 4-2. These regions depict a diversity of land quality: from 
productive regions of Nampula to marginal areas of Tete and Gaza. What is apparent 
is that land availability is higher in the marginal areas than in the productive zones. 
However, biomass yields are lower and average production costs in marginal areas (88 
and 96 USD2010/tdm) are higher than in the productive zones (below 40 USD2010/tdm) as 
shown in Table 4-1. Despite this, there are opportunities for maximising ecosystems 
services, such as land rehabilitation, soil improvement and nutrient regulation, carbon 
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sequestration, water retention and biodiversity improvement in marginal areas that 
could justify their use for biomass production [41]

,
[42]. 

 
Table 4-1: Selection criteria for potential biomass production regions 

Region Characteristics  

Production 
costs/ Land 
quality 
($/tdm) a 

Land 
availabilityb 

Logistics Ecosystem 
services  

Preconditions for 
success 

Cabo 
Delgado 

67 Few conflicts 
with other 
land uses but 
accessibility 
decreases 
further inland 

++ Region has no rail 
service, but the area 
is close to the coast. 
Area is extensive 
and thus substantial 
truck transport 
needed. Total 
transport cost  

0/+  -Improvement in 
agricultural 
management 
systems and crop 
yields which should 
result in lower 
demand for 
agricultural land 
-development of 
regional roads and 
harbour capacities 

Nampula  52 Expansion is 
limited due to 
other 
competing 
land uses 

++ Rail service is 
available in 
Nampula and the 
area is close to the 
coast. Total 
transport costs  

0/+ 
assuming 
agro-
forestry 
cropping 
system  

-Improvement in 
agricultural 
management 
systems 

Tete  88 Few conflicts 
with other 
land uses 

-- This is an interior 
region which is 
distant from both 
the major centres 
and the coast. 
Transport cost  

++ -Adequate water  
-Adequate capacity 
on Sena-Beira rail 
corridor and 
development of 
regional roads 

Gaza SE/ 
Inhambane  

67 Expansion 
areas 
available  

++ Road network in 
this area generally 
well developed in 
comparison to other 
regions and rail is 
also available. Area 
is extensive and 
requires significant 
road transport. But 
area is close to the 
coast. Transport 
costs  

+ -Efficient water 
management and 
appropriate 
selection of energy 
crop species 
 -improvement of 
regional lateral 
roads 

Gaza  96 Few conflicts 
with other 
land uses 

+ An interior region 
and local roads are 
in poor state, but 
area is close to rail 
line. Distance to 
coast is high. 
Transport costs 

++ -Adequate water 
-development of 
regional road 
network and rail 
capacity 

a weighted average values based on eucalyptus (see van der Hilst and Faaij [34] on how these feedstock 
production costs are derived) 
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b To ensure sustainability, available land for energy crop production is considered as surplus land available 
after developments in other land uses (such as cropland, pasture, built-up areas, forested areas, protected 
areas, etc.) have been taken into account as discussed in van der Hilst et al. [36]. 

 

Figure 4-2: Five promising regions for potential biomass production. Gaza/Inhambane and 
Nampula are analysed in more detail. The map and land use scenarios are based on van der 
Hilst et al. [36]. 

On the other hand, land availability in the productive zones is limited and dependent 
on preconditions such as improvement in agricultural management systems and 
innovative agroforestry production systems. The main advantages of productive areas 
are the lower biomass production costs and the lower risks of crop failure. 
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We selected two regions for potential large scale development of energy plantations, 
Gaza-Inhambane cluster and Nampula region. As shown in Table 4-2, the selected two 
regions offer contrasting possibilities for the production of biomass feedstock.  
 
The Gaza Inhambane area (referred to as Gaza region in the remainder of this article) 
was selected due to the high availability of unutilised land (based on both current uses 
and on long term projections), and its proximity to the coast, thereby avoiding costly 
inland logistics. Nampula region was selected due to its good land quality [34,35] and 
also proximity to the port of Nacala, and therefore potentially low biomass production 
and transportation costs (given the relatively low land rent of 1.2 $/(ha.yr) in 
Mozambique [34]. 
 
Table 4-2: Key characteristics of selected regions 

Characteristic Gaza -Inhambane Area 
(Southern) 

Nampula Province 
(Northern) 

General This area falls in the south 
eastern parts of Gaza 
province and western 
Inhambane province. Land 
productivity is marginal to 
moderate, but land 
availability is very high. 
Area is also close to the 
coast as well as Maputo 
port. Little precipitation, 
Low population density,  
lack of infrastructure 

This area falls in the 
Nampula province and is 
close to the coastal port of 
Nacala. The available area is 
very productive but 
potential for conflict exists. 
High precipitation levels. 
Higher population density. 
More infrastructures.  

Total land area (selected 
regions) 

9.18 million ha 7.88 million ha 

Available land (in 
selected regions)

a
 

3.9 million ha 1.3 million ha 

Average land 
availability

b
 

42.5% 16.5% 

Biomass productivity 
(eucalyptus)

c
 

2.7-17.4 tdm/ha 
Weighted Average – 7.7 
tdm/ha 

6.9-15.8 tdm/ha 
Weighted Average – 13.0 

tdm/ha 
a
 Available land is the total land area within the boundaries of the selected region which can 

potentially be utilised for energy crop production. 
b
 Average land availability = land available for bioenergy/surface area of selected region (as 

shown on map in Figure 4-2).  
c 
Average yield (productivity) = weighted average of yield per unit area 

Source: [34] 
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4.2.1.2 Feedstock selection 

 
We selected eucalyptus and switchgrass as suitable biomass feedstocks for production 
in Mozambique, given its regional environmental conditions, climate and land quality. 
Studies (e.g. [35,43]) have identified Eucalyptus Camaldulensis as the most suitable 
woody energy crops for marginal areas (such as Gaza) and Eucalyptus Grandis as the 
appropriate species for the more productive regions (such as Nampula). Eucalyptus 
has high productivity under tropical conditions [44,45] and is generally considered one 
of the most cost competitive woody energy crops for a region such as Mozambique. 
Switchgrass is an herbaceous perennial crop with potential for large scale energy 
applications [46]. This is due to its high productivity on marginal soils and its ability to 
tolerate adverse environmental conditions [47,48]. Table 4-3 summarises and 
compares the important characteristics of eucalyptus and switchgrass. 
 
Table 4-3: Comparison of the advantages and disadvantages of selected energy crops 

Characteristic  Subcategory Eucalyptus grandis Eucalyptus  
camaldulensis 

Switchgrass 

Adaptability Suited for 
marginal land 

-- (deep, fertile soil) +++ +++ 

Tolerance to salt, 
pH 

-- (intolerant of 
alkali) 

+++ +++ (5-7.6 pH) 

Biomass productivity tdm.ha-1yr-1 5-29 4.2-13 5-20 

Production cost  USD.tdm-
1 35-78 52-96 33–60 

Survival capacity Pest & diseases ++ +++  +++ 

Experience in 
Mozambique 

 +++ +++ -- 

Stand establishment & 
scale up 

 +++ +++ -- 

Management system  Fertiliser use ~400 kg N/ha ~120 kg N/ha 40-120 kg N /ha 

Water needs >1000 mm >250mm +++ 

Pesticides -- (fungus root rot) - +++  

Invasive potential  +++ +++  +++ 

Environmental 
impacts 

 ++ ++ +++ 

Feedstock 
composition 

Ash content 1.1 1.1  5.4 

Lignin content 27.2 27.2 18.0 

Moisture content -- (50%) -- (50%) ++ (<20%) 

Harvest pattern over 
the years 

 Harvested every 4-8 
years 

Harvested 
every 8-10 
years 

Annual harvests 

References  [49] [34,44,45] [37,46-48,50] 

Key: 
+++ good performance 
++ moderately good performance 
- slightly bad 
-- moderately bad 
--- extremely bad 
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4.2.1.3 Pre-treatment technology selection 

 
Wood pellets and TOPs were selected for comparison because WPs are currently the 
most important internationally traded biomass commodity, while TOPs have potential 
to improve the performance of bioenergy supply chains. To allow comparison of the 
WPs and TOPs system capacities, we assume a pre-processing plant scale of 250 kt/yr 
output. Variations of this capacity are also made to analyse the impact on feedstock 
and pre-processing costs. 

4.2.1.4 Final conversion pathways 

 
Eight types of final conversion configurations (CXtY and XtY) were selected as shown 
in Figure 4-1. Power generation was selected as co-firing currently represents the 
most important market for solid biomass in Europe. FT-fuel production was also 
selected, because FT-diesel can substitute oil in aviation, heavy trucks and marine 
shipping [1].  
 
The location of the final conversion facility and the market served by the biofuel is 
another factor that affects the bioenergy value chain. If the final conversion plant is 
located early in the supply chain, this could improve the competitiveness of the 
delivered fuel, as costly logistics of bulky biomass are avoided. However, mobilising 
investment to implement such a large scale project early in the chain is a difficult 
precondition (especially for developing countries such as Mozambique). Rotterdam 
was selected as the second location for a potential final conversion facility. The 
selection was made to allow for comparison of delivered bioenergy fuel costs with 
other studies that have also used Rotterdam as a final destination (e.g. [34,35,51,52]).  
 

4.2.2 Feedstock production cost assessment 

 
Development of energy crop plantations involves four major phases: site preparation, 
planting, maintenance and harvesting. Specific activities at each stage depend on the 
site quality, environmental conditions, crop type, cost of labour which influences the 
choice of species, planting density, required silvicultural treatments and level of 
mechanisation employed. At each stage in the production of biomass, cost factors 
such as labour, machinery, fuel and chemical inputs are accounted for. Table 4-4 gives 
a summary of key economic parameters used in the analysis. It is assumed that all 
feedstock production systems are carried out under well managed agricultural 
systems. Detailed analysis of eucalyptus and switchgrass production cost in 
Mozambique are given in van der Hilst and Faaij [34] and van Dam et al. [37].  
 
Energy crop yields are expected to increase in the long term due to technological 
learning (advances in seed technology, breeding, weather/pest resistance) and are 
based on current yields in Mozambique as well as on historical and expected growth 
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rates. For eucalyptus, the annual growth in yield is estimated on 1.5% per annum 
[34,56], see also Table 4-5.  
 
Table 4-4: General economic parameters 

Item Value Units 

Interest rate 8 % (international) 
 13 % (local Mozambique) 

a
 

Exchange rates  1.3 (USD/€) 
30 Mozambican Meticais/USD2013 

Labour costs 
b
 0.25 (USD/hour) 

Semi-skilled labour costs  0.51 (USD/hour) 
Electricity costs  50 (USD/MWh) 
Diesel fuel price  1.02 (USD/litre) 
a 

average interest rates for Mozambique (Trading Economics, 
(http://www.tradingeconomics.com/mozambique/interest-rate)) 
b 

based on the cost of factors of production in Mozambique [53].  
Source: [34,54,55]. 

Unlike eucalyptus, where considerable experience has been gained in energy 
plantations in Mozambique [34,35,43,54,57], switchgrass would be a new crop for 
Mozambique. However, there is some experience in switchgrass cultivation in other 
countries such as Argentina, where it is mainly used for livestock feed. Future 
switchgrass yield increases are estimated to be between 32–67% in 2030 compared to 
the current situation [37]. 
 
Table 4-5: Comparison of current and long term yields 

 Land quality Current yields (tdm/ha) Long term yields 
(tdm/ha) 

Eucalyptus [34]  Marginal soils 7.7  11.1 
Suitable soils 13.0 18.8 

Switchgrass [37]  Marginal soils 5 8.3 
Suitable soils 10 16.7 

 

4.2.3 Biomass supply chain logistics 

4.2.3.1 Estimating harvesting area and transportation distances 

 
Biomass production in Mozambique is based on spatially explicit state of the art GIS 
modelling following van der Hilst et al. [36]. Land availability estimates for bioenergy 
crops were modelled based on an advanced spatio-temporal land use change (LUC) 
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model (PLUC) [58] that mapped LUC dynamics with high resolution (1 km
2
 grid level) 

up to 2030. 
 
The required area for feedstock production to supply a 250 kt/yr pre-processing plant 
is calculated based on the required plant input capacity (taking into account biomass 
losses during pre-processing as shown in Table 4-6). Per tonne of product, TOPs 
require a larger biomass input than WPs, due to losses during processing. A typical 
mass and energy balance for woody biomass torrefaction is that 70% of the mass is 
retained as a solid product, containing 90% of the initial energy content. The other 
30% of the mass is converted into torrefaction gas [59]. Typically, less than 5% of the 
biomass is used to meet the thermal demand during pre-processing of biomass. For 
WPs, the thermal demands are mainly for drying feedstock (about 4% of eucalyptus 
and 0.9% of switchgrass is used for drying). For torrefaction, part of the thermal 
demand (at least 60% with current technologies) can be met by using torrefaction off-
gases, [14]. Thus, for an equal size of pre-processing unit, the required size of the 
harvested area is slightly larger for TOPS than for pellets. However, for woody 
biomass, torrefaction can utilise a larger part of the available wood as feedstock 
including residues that are normally considered unsuitable for wood pellet 
production. Depending on the biomass type, this can add up to 10-20% extra biomass 
feedstock [60]. This helps to offset the extra biomass demands in the torrefaction 
chain, thereby reducing land requirements and the effective cost of biomass. For 
eucalyptus, this may result in fact in lower land requirements, but not for switchgrass, 
where all available biomass can be used for pellets (see Figure 4-4) 
 
Table 4-6: Feedstock to product ratio or mass efficiency of torrefaction and pellet supply 
system 

 Units TOPs 
a
 Pellets 

a
 

Eucalyptus Switchgrass Eucalyptus Switchgrass 

Wood input 
(wet basis – 
30% mc) 
Switchgrass 
(wet basis – 
15% mc) 

twet/t 
pellets 

 1.72   1.46   1.34   1.07  

Biomass input 
(dry basis) 

tdry/t 
pellets 

 1.19   1.24   1.06   1.01  

a
 The supply chain efficiencies are calculated and represent the ratio of biomass amounts at the 

farm to the output of the pre-treatment plant. The efficiencies show losses incurred in the 
chain, biomass used for drying and torrefaction, as well as volatiles lost during torrefaction. 

Source: [14] 
 
To estimate the harvesting areas and transportation distances, we use the 
methodology developed by van der Hilst and Faaij [34] which takes into account 
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required biomass supplies, spatial distribution of available land, and potential biomass 
yields.  
 
Transportation costs in Mozambique (0.08-0.13 $/tkm) [61] are still much higher than 
average regional Southern African costs (0.04-0.05 $/tkm) [62]. It is expected that 
with the current investments into infrastructure in Mozambique, transport costs will 
decrease to 0.05-0.08 $/tkm and move towards the regional average rates. The 
productivity and efficiency of the rail lines in Mozambique is comparable to other 
southern African countries. Current rail costs are estimated to be about 0.05 $/tkm 
[63,64] and long term costs are expected to marginally drop to 0.04 $/tkm.  
 
International shipping data is given in Table 4-7. It is assumed that large dry bulk 
vessels can be used with current harbour facilities in Mozambique, as they are already 
being used for grain. Dry bulk handling charges in Mozambique are relatively low, at 
125–155 $/TEU

48
 [63].  

 
Table 4-7: International shipping data 

Item Value Units Reference 

Capacity Ship (Dry Bulk carrier Panamax) 75,000 DWT (tonne) [52] 
Stowage rate for wood pellets 0.77 t/m

3
 [65] 

Capacity 97,403 m
3
 calculated 

Shipping distance  
Maputo-Rotterdam 
Nacala-Rotterdam 

 
13,375 
14,857  

 
km  
km 

 
estimated 

Speed average 27.8 km/hr [37] 

Ship Charter costs 19,818 USD/day [34] 
Fuel use 36.7 t/day  [52] 
(Un-)load speed  220 t/hr [66] 
(Un-)load costs 2.6 $/t [34] 

4.2.3.2 Comparison of performance of torrefaction and pelletising 

technology 

 
We consider a pre-treatment scale of 250 kt/yr output to take advantage of 
economies of scale (although larger capacity pellet production plants exist, e.g. the 
750 kt/yr plant in Georgia [67] or the 900 kt/yr Vyborgkaya plant in Russia [8], current 
integrated torrefaction plants are being designed for this range [68]). Scaling effects 
for torrefaction are also investigated and further discussed in Chapter 3 and Batidzirai 
et al. [14].  
 

                                                                 
48

 TEU refer to “twenty-foot equivalent” unit, a measure for capacity in container transportation 
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As shown in Table 4-8, grinding torrefied biomass requires less effort (10 kWhe/t) 
compared to grinding raw biomass (30-50 kWh/t). However, pelletising torrefied 
biomass is more difficult than densifying raw pulverised biomass as the lubrication 
characteristics of hemicellulose and cellulose are destroyed during torrefaction [68-
71] – depending on the severity of torrefaction. Therefore, pelletising torrefied 
biomass results in greater equipment wear and electricity use, leading to higher pre-
processing costs (see Chapter 3 and Batidzirai et al. [14] for detailed insights on this). 
 
As a grass, switchgrass has lower sizing cost requirement compared to woody biomass 
[72] as shown in Table 4-8. But, due to its low bulk density, switchgrass requires more 
volumetric sizing capacity and therefore lower effective mass based capacity (70.2 
t/hr) than woody biomass (83.2 t/hr) for a 250 kt/yr system. 
 
Table 4-8: Energy balance for TOPs and WPs supply chains from Nampula province (MJ/GJ 
pellets) 

Supply chain 
stage 

Fuel type WPs TOPs 

Eucalyptus Switchgrass Eucalyptus Switchgrass 

Feedstock Diesel  5.37   6.93   5.30   7.13  

First Truck 
transport 

Diesel  1.37   2.55   1.34   2.91  

Chipping 
a
 Electricity  4.09   3.13   4.08   3.22  

Drying 
b
 Electricity  9.27   4.52   5.52   -    

Biomass  43.30   8.85   10.41   -    

Torrefaction Electricity  -     -     10.31   9.78  

Biomass  -     -     167.98   104.67  

Milling Electricity  10.31   6.35   1.64   1.64  

Pelletising 
c
 Electricity  15.26   15.66 

[73,74] 
 7.20   7.20  

Second truck 
transport 

Diesel  5.42   5.55   4.46   4.46  

Rail transport Diesel  2.33   2.40   1.93   1.93  

International sea 
shipping 

Heavy Fuel 
Oil 

 39.43   43.48   27.81   27.81  

Total   92.85   90.56   69.59   66.09 

Source: [60,75] 
a
 While woody biomass is sized by chipping, switchgrass bales are cut into short pieces or 

shredded (to about 25 to 50 mm) using a knife mill [76] or tub grinder [74,77]. Further grinding 
of the shredded or chopped biomass (to an average size of 1-3 mm) is attained using a hammer 
mill [78], disc refiner, pin mill or chain mill [72,79]. Mani et al. [77] give grinding energy 
requirements of 23-62 kWh/t for biomass particle sized to 0.8-3.2mm. 
b
 Drying effort and energy requirement is lower for torrefaction (from 30-20% moisture content 

for eucalyptus) than for pelletising (from 30 to below 10% m.c.) 
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c
 Van Dam et al. [37], Sikkema et al. [51], Mani [80] and Uasuf [52] give a range of values for 

electricity use of 33-119 kWhe/t. We use an average figure of 74 kWhe/t pellet. 

4.2.3.3 Future performance of torrefaction and pelletising technology 

 
As more systems are built, TOPs production processes are particularly expected to 
significantly improve in performance due to technological learning and scaling up of 
systems [14]. The impact of learning on the future cost of bioenergy production 
depends on the technological learning rate and the associated cumulative installed 
capacity. Based on the compact moving bed reactor, current investment costs for 
integrated torrefaction systems are estimated to be about 2.1 to 3.8 M$/(t.hr) 
operational capacity for system scales of up to 60 kt/yr output. Scaling up of 
torrefaction plants from 50 kt to 250 kt/yr is expected to reduce production costs 
from 4.8 to 3.3 $/GJ (excluding feedstock costs), assuming an overall scaling factor of 
0.7. By 2030, torrefaction facilities are expected to double in capacity by 4-6 times to 
20–28 Mt. Following de Wit et al. [81], we assumed a scale-independent learning rate 
of 2% for integrated torrefaction plants to estimate the total technological learning 
impacts on the biomass pre-processing costs. We also assume that production costs 
will increase by up to 20% to about 5.7 $/GJ during the pre-learning phase, before 
technological learning begins. Expected torrefaction production costs in 2030 range 
from 5.1 to 2.6 $/GJ for system scales of 50 kt/yr and 500 kt/yr respectively. 
 

4.2.3.4 Final biofuel conversion 

 
Two locations were selected for final conversion of biomass to either power or FT-
liquid fuels, namely Gaza/Nampula in Mozambique and Rotterdam in the 
Netherlands. Our reference plants (based on 40 PJHHV biomass input) are the TOPs to liquid 
(TtL) plant with a capacity of 1409 MWth HHV in and output capacity of 845 MWth HHV out 
for FT-liquid production and the TOPs to electricity (TtP) plant (1409 MWth HHV in and 
577 MWe out). All other conversion scenarios were normalised to the output of the TtL 
and TtP plants and compared as shown in Table 4-9 and Table 4-10. The performance 
data were based on detailed IG-PG scenarios in Meerman et al. [27]. The input scale is 
equivalent to annual biomass amounts of 1.78 Mt of TOPs, 2.18 Mt of eucalyptus 
pellets or 2.24 Mt of switchgrass pellets. For co-feeding and co-firing, we assume 50% 
biomass input in energy terms. The plant efficiencies for the XtP and XtL plants are 
shown in Table 4-11. For Mozambique, smaller scale conversion is assumed in the 
period to 2030: we assume direct fired power generation (Stoker) technology at 100 
MWe out and integrated gasification–Fischer Tropsch (IG-FT) technology at 367 MWth 

HHV in. For the selected technologies, there are no significant economies of scale 
beyond 400 MWth in [82,83]. 
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Table 4-9: Comparison of feedstock input (MWth HHV) and power output for (XtP) conversion 
pathways 

  BtP CBtP CtP TtP CTtP 

  BtP-R 
a
 BtP-Local 

b
 

    

Input (MWth 

HHV) 
Coal 0 0 715 1396 0 700 

Biomass 1469 333 715 0 1409 700 

Total 1469 333 1429 1396 1409 1400 

Output  Power 
(MWe) 

577 100 577 577 577 577 

a
 BtP-R is power production from biomass in Rotterdam 

b
 BtP_Local is power production from biomass in Mozambique. BtP-Local is based on direct fired 

stoker boiler and steam turbine technology; 100 MWe output capacity, 30% efficiency, 2,600 
$/kWe out investment costs [1,83] 

 
Table 4-10: Comparison of feedstock input (MWth HHV) and output for fuel (XtL) conversion 
pathways 

  BtL CBtL CtL TtL CTtL 

  BtL-R 
a
 BtL-

Local 
b
 

    

Input 
feedstock 
(MWTH HHV) 

Coal 0 0 714 1379 0 695 

Biomass 1491 367 714 0 1409 695 

Total 1491 367 1427 1379 1409 1389 

Output  Power 
(MWe) 

202 15 179 163 181 170 

 FT (MWTH) 643 154 665 685 663 675 

 Total (MW) 845 169 845 845 845 845 
a 

BtL-R is BtL production in Rotterdam 
b 

BtL_Local is FT-production in Mozambique. BtL-Local is based on IG-FT technology using direct 
pressurised oxygen blown gasification; 42% efficiency fuel only, 46% including power. 
Investment cost (inflation adjusted)- 332 M$ [82]. Pre-treatment costs are excluded in the 
investment costs, since these are analysed separately in this study. 

 
Table 4-11: Plant efficiencies for final biomass conversion to electricity and FT-liquids 

  Coal TOPS  EP 

Electricity (XtP) Power 40% 39% 38% 

FT-Liquids (XtL) FT 49% 47% 43% 

Power (net) 10% 11% 12% 

Total 60% 58% 55% 

Source: [38] 
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The final fuel production costs are compared with current and future oil prices. A 
range of oil prices is used to take into account the different crude oil heating value of 
5113 GJ/bbl [84] to 6119 GJ/bbl [85]. Short term crude oil prices are assumed to be 
113 $/bbl while long term prices are assumed to be 140 $/bbl [86]. Assuming an oil 
refining cost of 3.32 $/GJ (Calore, P (http://business.whatitcosts.com/refine-oil-
pg3.htm)), petroleum diesel prices are estimated to be 21.8-26.2 $/GJ in the short 
term and 25.4-30.7 $/GJ in the long term. 
 
Despite the higher pre-processing costs, TOPs have the following cost advantages at 
the conversion site compared to WPs: unlike pellets, secure (covered) storage is not 
required for TOPs and milling can done with coal mills as shown in Table 4-12. See also 
Chapter 3, Meerman et al [38] and Batidzirai et al [14] for further discussion on the 
benefits of TOPs during conversion. 
 
Table 4-12: Comparison of investment requirements for biomass co-feeding in a CBtL plant 
(compared to a CtL plant)  

Capex equipment Pellets TOPs 

Truck intake system   

Biomass storage system    
c
 

Hammer mill installation   
b
 

DCS (Distributed control system) 
a
   

Safety measures   
c
 

Conversion efficiency Lower Marginally lower 
Plant output capacity (derating) Lower Marginally lower 
Key:  - required;  - not required  
a
 All systems concerned with the control of the co-firing facility.  

b
 As TOPs can be pulverised in a simpler (and low cost) rotor mill, no investment in hammer 

mills is required (this is the biggest investment when retrofitting a coal plant for co-feeding 
biomass). 
c
 Since TOPs are considered hydrophobic, they can be stored outside in conditions similar to 

coal, so no major investments are required. Additional safety measures may however still be 
required for TOPs. 
Source: [14] 

 
Plant de-rating 
 
TOPs have a lower O/C ratio than WPs, making them more suited for gasification co-
firing and power co-feeding. Due to their lower energy density compared with coal, 
pellets have lower combustion efficiencies and this reduces the thermal efficiency and 
capacity of existing gasification and boiler units [38,87,88]. This necessitates both 
capacity and efficiency de-rating of coal plants [38,88,89]. Capacity de-rating implies 
that the maximum capacity of the plant is not reached but the maximum efficiency is 
maintained. On the other hand, efficiency de-rating implies that the maximum load of 
the plant is maintained but the efficiency is below maximum efficiency. Normally both 

http://business.whatitcosts.com/refine-oil-pg3.htm
http://business.whatitcosts.com/refine-oil-pg3.htm
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effects are observed. This is because coal plants are often constrained by the volume 
of fuel and the resulting fuel gas flow that can cycle through various components of 
the plant. When the higher gas-flow cannot be maintained (because of lower energy 
density of biomass), the rated loading and therefore output of the plant is not 
attained. These effects can be partially overcome by over-dimensioning the gasifier. 
For power plants, efficiency losses are also encountered due to a sub-optimal supply 
of fuel to the boiler, an increase in electrical energy used in milling, or a larger flue gas 
stream which affects the de-NOx or de-SOx units [38]. De-rating the plant capacity and 
efficiency leads to higher final conversion costs due to increased operational costs and 
reduced plant output. These effects are much more significant for pellets (especially 
at higher co-feeding rates) than TOPs. For example, in an IG-PG setting (following 
Meerman et al. [38]), a capacity de-rating of 16 MWth and 46 MWth is estimated for 
TOPs and pellets respectively (at a biomass co-feeding of 20%) compared to CtL plant 
of capacity of 845 MWth out. Corresponding efficiency losses are estimated to be about 
0.5% for TOPs and 1.5% for pellets. 

4.2.3.5 Future performance of conversion technologies 

 
Much of the technology for which BtL plants are based on (gasification and Fischer-
Tropsch (FT) synthesis) is mature [81,90]. However, for biomass conversion, there are 
a number of technological challenges that are not yet fully proven or commercially 
available. For example, a critical step is gas cleaning, and it still has to be proven 
whether the (hot) gas cleaning section is able to meet the strict cleaning requirements 
for reforming, shift and synthesis [81]. To estimate future performance of IG-PG 
concepts we adopted the methodology used in Knoope et al. [39]. By 2030, cost 
reductions are expected to be 13% for XtP concepts and 15% for XtL conversion.  

4.2.4 Optimisation framework 

 
When modelling the biomass supply chains, several optimisation strategies were 
considered aimed at maximising the supply chain cost efficiency (in terms of $/GJ 

delivered) and energy efficiency (in terms of GJprimary energy/GJ delivered) as well as minimising 
environmental impacts (in terms of kg CO2e/GJ delivered). These strategies include: 
 

 minimising biomass feedstock production (by maximising yields, rotations and 
minimising harvesting costs)  

 early reduction in logistical capacity through biomass pre-treatment (to improve 
the energy density and reduce handling costs ) 

 minimising road truck transportation and maximising rail transport 

 effective use of economies of scale for transport (e.g. trucks and ships) and 
processing  

 strategic location of pre-processing and final conversion facilities 

 effective use of equipment and maximising load factors 

 reducing logistical bottlenecks by e.g. effective use of storage 
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 reduction in material losses along the supply chain (in terms of % dry matter 
losses) 

 
Using these strategies, we employed a modular Excel based spreadsheet for modelling 
the techno-economics and GHG emissions of the selected supply chain scenarios as 
shown in Figure 4-3 (following Hamelinck et al. [40]). This optimisation approach did 
not employ linear optimisation algorithms. But instead, it evaluated the key factors 
(and activities) that influence the performance of the supply chain and thereby allow 
the design of each supply chain step that maximises the overall supply chain 
performance (by minimising delivered fuel costs, primary energy use and GHG 
emissions). For example, by using scaling laws, the most economically optimal scale 
for pre-processing biomass can be identified. When this pre-processing cost is 
combined with other supply chain elements, a much lower overall fuel costs can be 
calculated. These strategies are described in more detail below. 
 

 
 
 
 
Figure 4-3: Modelling framework (following Hamelinck et al. [40]) 
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Energy crop cultivation - matching species and site selection: Matching species with 
the site is crucial for successful energy crop establishment [91-93]. This is important 
for achieving maximum biomass productivity and economic returns. The key factors in 
site selection include soil fertility and texture (nutrients availability), water availability 
(and related soil types), and climate (especially diurnal temperature range) [93]. As 
shown in Table 4-3, we selected the energy crops that scored best on these key 
factors for conditions in Mozambique. Combining climatic mapping and crop 
performance data is useful for recommending species suitable for particular areas. 
However, local trials should always be undertaken to confirm the suitability of 
particular trees for specific areas [94,95]. 
 
Optimization of rotations to maximize yields and financial returns: The length of the 
rotation cycle is influenced by financial returns, yields, species and wood applications 
[96,97]. A typical rotation for eucalyptus short rotation coppice (SRC) plantations is 4-
6 years

49
, but much longer rotations are used for timber and pulp and paper [98,99]. 

These rotation ages are considered optimal in terms of the rate of mean annual 
increment and best economic returns [98]. According to Whitesell et al. [100], yields 
and economic returns for shorter rotations (2-3 years) are poorer and can result in soil 
compaction and erosion due to frequent harvesting. However, we assume switchgrass 
is harvested annually. 
 
Species used in SRC systems resprout (coppice) after harvest, and usually maintain 
high productivity thereby precluding the need for replanting. This avoids the added 
costs of establishment (site preparation, seedling, and planting costs), and lowers 
feedstock production costs. However, the plantations eventually lose vigour over time 
and re-planting will then become necessary [101].  
 
Efficient harvesting (& forwarding) and cost reduction: Harvesting represents the 
largest cost component in biomass feedstock production [102-104]. Mechanical or 
manual harvesting can be employed depending on the biomass type, availability of 
labour and scale of operations. Manual systems can be cost-effective where labour is 
cheap and plentiful, or where the terrain does not allow the use of machinery 
[35,90,105]. For eucalyptus, highly mechanised harvesting using expensive machinery 
over a short operating window and storing the biomass for long periods has been 
shown to be unattractive economically compared to frequent harvesting of small 
areas throughout the year (using simpler techniques such as tractor mounted saws 
and manual systems) [106]. We assume the latter for eucalyptus harvesting in 
Mozambique. 
 
Also timing of harvests for SRC affects the growth and biomass yields form a re-
coppicing plantation. According to IEA Bioenergy [98], harvesting SRC biomass should 
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 In comparison, willow can cost-effectively be harvested every 2-3 years [105] 
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not be done in very wet or very dry conditions. Under dry conditions, harvesting may 
damage the stump as the bark is dry and easily separated during cutting. Harvest 
under very moist conditions promotes fungus and insect attacks on the sprouts [107]. 
 
Open air drying and implications of reduced drying needs: Harvested biomass can be 
air dried in the field or at the landing site for a few weeks to drive the moisture 
content down from 50% to about 30%. Biomass can be air-dried to 15%-35%, 
depending on the size and characteristics of the material and ambient conditions 
[35,40,108]. This also helps in reducing the weight of biomass to be transported by 
truck. The energy requirements for drying are also reduced significantly and this 
assists in further reduction in pre-treatment costs. For eucalyptus, we assumed open-
air field drying to 30% moisture content in Mozambique, but for switchgrass, the 
biomass is harvested below 20% moisture content.  
 
Reduction of truck transportation: Current analyses of regional and international 
biomass supply chains show that road transport of untreated and bulky biomass 
becomes uncompetitive, as well as a significant factor in energy use when crossing 
distances of 100-150 km, depending on the biomass distribution density, quality of 
the road network and transportation means (see e.g. Dornburg & Faaij, [109]and 
Hamelinck et al. [40]). Hence when long distance transport is required, early pre-
treatment and densification in the supply chain is employed to minimise longer 
distance transport costs. 
 
Key factors that influence first truck transport costs include: 

 required biomass volumes (there is a trade-off between low conversion costs due 
to economies of scale and high transport distances (and costs) of the low density 
raw feedstock. As shown in Figure 4-5 and Figure 4-6, the most optimal pre-
processing scales are estimated to be around 250 ktonnes/yr. To supply higher 
amounts of biomass for final conversion, several pre-processing plants located 
around the supply region are then required).   

 biomass productivity and the spatial distribution of biomass production in an area 
(the first truck transport distance is estimated based on the distribution and 
productivity of available land as shown in van der Hilst and Faaij [34]),  

 the availability and the quality of road infrastructure, and average speed of trucks 
(operating costs on unpaved roads are higher due to lower speeds-typical truck 
speeds for forestry operations are 30-40 km/hr unloaded and maximum 25 km/hr 
when loaded) [110,111], 

 truck capacities influence the tonne-km operating costs through economies of 
scale (while larger capacity trucks have lower tonne-km costs, road vehicle weight 
regulations limit the maximum truck capacity to the following gross vehicle 
weight on public roads in Mozambique: 1-axle (8 tonnes); 2-axles (16 tonnes); >3-
axles (26 tonnes); articulated vehicle combinations-4-axles (34 tonnes); 5-axles 
(42 tonnes); 6-axles (48 tonnes); > 7 axles (56 tonnes) [112]. We assumed 26-
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tonne trucks for primary transport and 34-tonne trucks for secondary truck 
transport in Mozambique. 

 
The second transport distance (and cost) is optimised using GIS-based least cost 
estimation (as discussed in van der Hilst and Faaij, 2012).  
 
Centralized versus decentralized pre-treatment: Pretreatment of biomass is necessary 
to improve logistic efficiency. It includes sizing, drying and densification. An important 
logistical question is to identify the most cost effective pre-treatment options that can 
best upgrade biomass properties for optimal logistics and the scale at which this can 
be done. Some processes which are cost effective at small scale may be carried out 
locally, but generally capital intensive processing benefit from economies of scale and 
are therefore best implemented at large scale capacity.  
 
For integrated torrefaction and pelletisation facilities, our scaling analysis showed that 
production at 250 kt/yr capacity gives the most optimal economics taking into account 
the delivered biomass feedstock costs. Using scaling laws, individual components 
within the integrated pre-processing plant are scaled separately between a base scale 
(t/hr) to a maximum scale. Above a specific maximum capacity- where there is no 
longer economy of scale, multiple units need to be installed in parallel to achieve the 
desired capacity. Batidzirai et al (forthcoming) has details of the base scale, maximum 
scales and costs for the main components of integrated biomass pre-processing 
facilities that were applied in this study.  
 
Conversion plant location and economies of scale: Similar to biomass pre-processing, 
final conversion costs are also improved by scaling production capacity to 40 PJth, in 
(about 1500 MWth, biomass in). In this study we also considered locating the final 
conversion plant early in the biomass energy supply chain (in Mozambique), as this 
avoids additional international transportation costs and handling charges. However, 
due to the higher investment risks for advanced bioenergy conversion technologies in 
Mozambique, we assumed smaller conversion capacities (< 400 MWth, in) compared to 
plant capacities in Western Europe. 
 
Effective use of equipment, operating window optimisation and equipment load 
factors: Overall, it is important to ensure that capital intensive equipment (mainly pre-
processing and final conversion) is utilised effectively throughout the year and this 
takes consideration of the operating window

50
 of various activities as well as 

equipment load factors. The “effective use of equipment” or equipment utilisation 
factor - the actual effective operation time of equipment- needs to be maximised. For 
some activities, this may be constrained by the 8 hour day shift, feedstock limitations 
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 The operation window represents the number of months per year of uninterrupted operation 
and is affected by the seasonality of agricultural operations. For instance, the harvest window 
for biomass in Mozambique is limited to 175-250 dry days per year.  
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and other site specific factors such as equipment transfer between sites in forestry 
[111,113]. For capital intensive conversion operations, we designed the scale of 
conversion to match the feedstock availability throughout the year and ensure the 
equipment utilisation is only limited by technical load factor. Effective use of storage 
is employed to provide adequate feedstock buffer for continuous processing 
operations. 
 

4.3 Results 

4.3.1 Feedstock production costs 

 
The estimated average biomass feedstock production costs of eucalyptus at farm gate 
are 2.6 $/GJ in Gaza region and 1.8 $/GJ in Nampula, assuming a moisture content of 
eucalyptus at harvest of 50% and a heating value of 18.4 GJLHV/tdm. Estimated future 
costs (i.e. by 2030) are expected to decrease to 2.1 $/GJ for Gaza and 1.6 $/GJ for 
Nampula. Corresponding switchgrass production costs are estimated to be 1.8$/GJ in 
Gaza and 0.9$/GJ in Nampula region.  In the long term switchgrass is expected to cost 
1.6 $/GJ to produce in Gaza and 0.7 $/GJ in Nampula. It is assumed switchgrass has a 
moisture content of 15% at harvest and its heating value is 17.9 GJLHV/tdm.  
 

4.3.1.1 Land requirements  

 
Table 4-13 shows the required harvested areas to supply a 250 kt/yr pre-treatment 
facility and the necessary first truck transportation distance from the energy 
plantation to the pre-treatment plant. 
 
Table 4-13: Land requirements and average first truck transport distance for supply of a 250 
kt/a pre-treatment plant 

Crop Parameter Gaza Nampula 

Pellets TOPS Pellets TOPS 

ST 
a
 LT 

a
 ST LT ST LT ST LT 

EU Land required (kha/yr) 40.4 28.0  38.8  26.9 23.9 16.6  23.0 15.9  

Average truck distance 
(km) 

 12.1   8.2  11.8 8.0  13.7   6.9  13.4 6.7 

SW Land required (kha/yr) 50.4  25.2 61.9 30.9  30.4 15.1 37.3 18.5 

Average truck distance 
(km) 

 13.8   7.7  15.2 8.5  15.6   6.4  17.3 7.1 

a
 ST – Short Term; LT- Long Term 

 
The amount of land required to supply different capacities of the pre-processing 
plants varies with productivity and the case of eucalyptus is shown in Figure 4-4. As 
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productivity decreases, the differences in land requirements increase. This is 
especially the case for land with productivity levels below 40%. 
 

 
 
Figure 4-4: Land requirements Mozambique for eucalyptus based WPs and TOPs production 

4.3.1.2 Pre-treatment scale and transportation costs 

 
As the capacity of pre-processing plants increase, the cost of pre-processing decreases 
due to economies of scale effects. However, the larger facilities require larger 
amounts of biomass feedstock, which thereby increases the effective biomass 
procurement area, and consequently leads to longer transportation distances in the 
first step and thus higher transportation costs. There is a trade-off between pre-
processing cost reduction from scaling effects and higher transportation costs for 
larger scale plants as shown in Figure 4-5 and Figure 4-6. For instance, the pre-
processing costs of eucalyptus based pellets decrease by 40% from 1.63 $/GJ at 50 
kt/yr scale to 0.97 $/GJ for a 250 kt/yr plant, and by a further 26%to 0.72 $/GJ at a 
scale of 500 kt/yr. On the other hand, first step transport costs increase by 45% from 
50 kt/yr to 250 kt/yr facilities, with further increases of 90% for 500 kt/yr plants. 
Similar pre-processing cost decrease ranges are also noted for switchgrass based 
pellets. First truck transport costs increase by 35% from 50 kt/yr to 250 kt/yr 
capacities and double for plant capacities of 500 kt/yr. From Figure 4-5, the optimal 
scale for pellet plants for both feedstocks is close to 250 kt/yr. 
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Figure 4-5: Trade-off between scale of pre-treatment plant and transportation costs – white 
pellets 

For TOPs, pre-processing costs decrease by 31% from 4.8 $/GJ at a 50 kt/yr scale to 
3.3 $/GJ at a 250 kt/yr scale. Corresponding transport costs increase by 45% over the 
capacity range. At the 500 kt/yr scale, first transport costs increase by 173% to about 
1.0 $/GJ while pre-processing costs decrease to 2.6 $/GJ. For switchgrass, first truck 
transport costs increase by 38% from 0.93 $/GJ at 50 kt/yr capacity to 1.28 $/GJ for 
250 kt/yr capacity. Corresponding costs at 500 kt/yr capacity for switchgrass are 2.30 
$/GJ, an increase of about 146% compared to a 50 kt/yr plant. From Figure 4-6, the 
optimal scale for torrefaction plants for switchgrass is about 250 kt/yr while for 
eucalyptus, the optimal scale is at least 500 kt/yr. 
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Figure 4-6: Trade-off between scale of pre-treatment plant and transportation costs – TOPs 

4.3.2 Comparison of the economic performance of supply options 

4.3.2.1 Feedstock production regions 

 
Biomass supply from Nampula region is delivered in Rotterdam at much lower costs 
than corresponding supplies from Gaza province (see Table 4-14). For Gaza region, 
pellets are delivered in Rotterdam at costs ranging from 5.9-6.2 $/GJ while TOPs are 
delivered at 7.3-7.5 $/GJ. By 2030, pellets from Gaza could be delivered at 5.2-5.3 
$/GJ while TOPs are delivered at 5.8 $/GJ. Similarly, at current conditions, pellets are 
delivered at 5.1-5.4$/GJ and TOPs at 6.5-6.8$/GJ for Nampula region. Corresponding 
long term costs are 4.3-4.8$/GJ for pellets and 4.7-5.3 $/GJ for TOPs as shown in Table 
4-15. The results show that biomass from Nampula are delivered at lower cost than 
from Gaza, due to the lower feedstock production costs associated with better quality 
land in Nampula. This highlights the importance and strong effect of feedstock 
production costs on the total delivered biomass energy costs compared to other 
supply chain factors.  
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Table 4-14: Biomass energy supply chain costs ($/GJ) from Mozambique to Rotterdam – Short 
Term 

Supply 
chain stage 

Pellets TOPS 

Gaza Nampula Gaza Nampula 
EU SW EU SW EU SW EU SW 

Feedstock  2.74   1.75   1.88   0.88   2.48   1.85   1.75   0.93  
Storage  -     0.07   -     0.07   -     0.09   -     0.09  
Truck  1.20   1.80   1.39   2.03   1.05   1.74   1.21   1.94  
Chipping  0.07   0.06   0.07   0.06   0.08   0.06   0.08   0.06  
Drying  0.18   0.12   0.18   0.12   0.17   -     0.17   -    
Torrefaction  -     -     -     -     2.23   2.14   2.23   2.14  
Milling  0.11   0.07   0.10   0.07   0.03   0.03   0.03   0.03  
Pelletising  0.59   0.59   0.59   0.59   0.42   0.42   0.42   0.42  
Rail  0.52   0.54   0.34   0.35   0.42   0.42   0.27   0.27  
Ship  0.80   0.87   0.87   0.94   0.59   0.59   0.64   0.64  
Total  6.21   5.86   5.42   5.09   7.46   7.34   6.80   6.52 

 
Due to the lower land productivities in Gaza, more land is required to produce the 
same amount of biomass as in Nampula. This means biomass is harvested over a 
much larger area in Gaza and this requires much longer first truck transportation of 
raw biomass from the farm to the pre-processing facilities. However, Nampula region 
has lower land availability (16.5%) compared to Gaza (42.5%). This means biomass 
cultivation is distributed over large areas, even though the biomass density on 
individual stands is much higher. This results also in increased transportation of 
biomass. As shown in Table 4-14 and Table 4-15, truck transportation ranges from 1.1-
1.8 $/GJ for Gaza and 1.2-2.0 $/GJ for Nampula, which shows that the truck transport 
contribution is higher for Nampula than for Gaza region. 

4.3.2.2 Feedstock type 

 
Biomass from switchgrass is delivered at a lower cost for both the short term and long 
term. This is mainly attributed to the lower production costs of switchgrass. In the 
short term, biomass from switchgrass is delivered at 5.1-7.3 $/GJ compared to 
biomass from eucalyptus (5.4-7.5 $/GJ). In the long term, switchgrass is delivered at 
4.3-5.8 $/GJ while eucalyptus is delivered at 4.8-5.8 $/GJ. Figure 4-7 gives a 
breakdown of the cost contributions of supply chain elements to the total delivered 
cost for eucalyptus TOPS from Gaza. Across all supply chains, feedstock production 
costs represent the highest cost element (up to 44% of total delivered costs). Due to 
the low bulk density of switchgrass bales (100-140 kg/m

3
), the first truck 

transportation costs for switchgrass are much higher (1.7-2.0 $/GJ) than for 
eucalyptus (1.1-1.4 $/GJ), of which the logs have a bulk density of around 460 kg/m

3
. 

In addition, switchgrass incurs high storage costs at the farm as it is more susceptible 
to moisture increases and dry matter losses if stored in the open. 
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Table 4-15: Biomass energy supply chain costs ($/GJ) from Mozambique to Rotterdam – Long 
term 

Supply chain 
stage 

Pellets TOPS 

Gaza Nampula  Gaza Nampula 
EU SW EU SW EU SW EU SW 

Feedstock  2.18   1.54   1.69   0.68   2.25   1.83   1.79   0.81  
Storage  -     0.07   -     0.07   -     0.09   -     0.09  
Truck  0.83   1.28   0.92   1.37   0.77   1.32   0.83   1.37  
Chipping  0.08   0.06   0.08   0.06   0.09   0.07   0.09   0.07  
Drying  0.19   0.13   0.19   0.13   0.17   -     0.17   -    
Torrefaction  -     -     -     -     1.02   0.98   1.02   0.98  
Milling  0.13   0.09   0.13   0.09   0.03   0.03   0.03   0.03  
Pelletising  0.59   0.59   0.59   0.59   0.43   0.43   0.43   0.43  
Rail  0.52   0.54   0.34   0.35   0.42   0.42   0.27   0.27  
Ship  0.81   0.88   0.87   0.95   0.60   0.60   0.64   0.64  
Total  5.34   5.18   4.82   4.29   5.79   5.78   5.28   4.71 

 

4.3.2.3 Comparison of pellets and TOPS based chains 

 
Generally, torrefied pellets are delivered in Rotterdam at higher costs than traditional 
pellets in the short term, but there is convergence in costs between TOPs and WPs in 
the long term due to lower torrefaction costs in the long term. In the short term TOPs 
are delivered at 6.5-7.5 $/GJ and pellets at 5.1-6.2 $/GJ, but in the long term TOPs are 
estimated to cost between 4.7 and 5.8 $/GJ while WPs are between 4.3 and 5.3 $/GJ.  
These differences are due to lower efficiency of torrefaction chains and the higher 
torrefaction production costs compared to WPs. Torrefaction is an additional costly 
step (at least 2 $/GJ in the short term) compared to pelletising (about 0.5$/GJ). 
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Figure 4-7: Contribution of supply chain components to biomass feedstock cost delivered to 
Rotterdam (based on eucalyptus TOPs from Gaza) 

4.3.2.4 Overall supply chain cost comparison – BtL 

 
Figure 4-8 shows the overall fuel costs for the selected supply chain scenarios. It is 
apparent that feedstock, truck transport and conversion costs are dominant and 
together constitute up to 90% of final fuel costs, see also Figure 4-9. Pre-treatment 
costs are also important, contributing up to 20% to the final fuel costs. Also, lower 
cost fuel is produced from chains based on the more productive Nampula region 
(15.6-21.1 $/GJ) compared to Gaza (16.5 and 22.7 $/GJ). It is also clear that fuel from 
supply chains based on switchgrass is produced at lower cost (15.6-22.4 $/GJ) than 
from eucalyptus (16.0-22.7 $/GJ). 
 
Final fuel conversion costs are influenced by the properties of the feedstock as it is 
more costly to convert raw biomass than TOPs and coal. Biomass conversion requires 
additional investment and results in decreased plant capacity and efficiency. These 
additional costs are lower for TOPs than for WPs as TOPs have characteristics that are 
closer to coal. TOPs chains have lower conversion costs (9.1-9.6 $/GJ) than WP chains 
(9.3-10.4 $/GJ). However, the additional cost of torrefying biomass outweighs the 
benefits of lower conversion costs as pellet based chains deliver lower cost fuel (15.6-
21.5 $/GJ) than the TOPs (16.4-22.3 $/GJ). 
 
It is also apparent that co-feeding biomass with coal results in a lower fuel cost 
production: fuel from CBtL and CTtL is produced at 15.6-17.4 $/GJ while BtL and TtL 
fuel ranges from 18.9-22.3 $/GJ. Local BtL fuel production in Mozambique, at 20.9-
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22.7 $/GJ results in higher fuel costs compared to BtL production in Rotterdam. This is 
due to the relatively higher investment costs of smaller scale plants and higher 
interests rates (13%) compared to the Netherlands (8%). However, biomass feedstock 
costs are much lower in Mozambique due to avoided international logistics. 
 

 
 
Figure 4-8: Overall XtL production costs – Short Term 

At current conditions, the lowest production costs are obtained for a CBtL production 
in Rotterdam (15.6 $/GJ) using switchgrass pellets from Nampula. The highest 
production costs is via BtL production in Mozambique (Gaza) at 22.7 $/GJ. Overall, the 
cost of fuel production from biomass in the short term is competitive compared to 
petroleum derived diesel which is estimated here in the short term to be between 
21.8 and 26.2 $/GJ. If consideration is made that FT fuel is a 2

nd
 generation biofuel, it 

might be possible to obtain a premium in the European or US market in the future 
compared to first generation biofuels. 
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Figure 4-9: Contribution of supply chain elements to final fuel costs (TtL scenario based on 
eucalyptus from Gaza) 

 

Figure 4-10: Overall XtL production costs – Long Term 

In the long term, the FT production costs across all biofuel supply chains are 9 to 28% 
lower than in the short term, see Figure 4-10. Fuel produced from Nampula (12.8-16.3 
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$/GJ) is still lower than from Gaza (13.9-18.7 $/GJ), and switchgrass fuel (12.8-18.7 
$/GJ) is lower than eucalyptus based fuel (13.4-17.5 $/GJ). However, the cost of fuel 
from TOPs (12.8-16.9 $/GJ) is lower than from WPs (12.9-18.7 $/GJ). Fuel production 
in Mozambique (18.5-20.3 $/GJ) is estimated to remain higher than in Rotterdam 
(12.8-18.7 $/GJ). Co-feeding through CBtL and CTtL (12.8-14.7 $/GJ) remains a 
cheaper option than BtL and TtL (14.6-18.7 $/GJ). The lowest production cost (12.8 
$/GJ) is obtained from the conversion of switchgrass based pellets in a CTtL plant 
located in Rotterdam. Overall, the estimated long term FT-fuel production costs (12.8-
20.3 $/GJ) are much lower compared to expected petroleum diesel costs in 2030 
(estimated to be between 25.4 and 30.7 $/GJ). 
 
Figure 4-11 compares the long term performance of XtL scenarios for both WPs and 
TOPs from Eucalyptus produced in Gaza. The graph shows the key elements that are 
responsible for the decrease in future costs. For pellets, cost reduction is influenced 
by lower feedstock production costs (19%), lower truck transport costs (34%) and 
lower final conversion costs (19%). Apart from these factors, TOPs based chains are 
mainly influenced by lower torrefaction costs (56%). 
 

 
 
Figure 4-11: Comparison of short and long term BtL and TtL eucalyptus based biomass supply 
chain costs (with final fuel conversion in Rotterdam) in Gaza. 
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4.3.2.5 Overall supply chain cost comparison – Electricity 

 
Biomass to power supply chains (XtP) follow the same general trends as XtL supply 
chains. This implies that while the final conversion technologies

51
 are different, the 

supply chains are influenced by basically the same factors in the same way. Feedstock 
costs and conversion costs also dominate the overall electricity supply cost and 
account for up to 80% of total costs. Conversion is the most important cost element 
and represent up to 56% of overall power supply costs as shown in Figure 4-12.  
  
For XtP scenarios, power is generated in Rotterdam at 93.5-108.4 $/MWh and co-
firing 50% biomass (CXtP) is 81.0-89.7 $/MWh). The lowest electricity production costs 
(22.5 $/GJe or 81.0$/MWh) are associated with co-firing switchgrass pellets from 
Nampula (i.e. the CBtP-R-SW scenario in Figure 4-12). These costs are comparable to 
the average power generation costs in the Netherlands (55-91 $/MWh) [91]; and 
much lower compared to average electricity tariffs in Netherlands (estimated to be 
198 $/MWh) [92]. 
 

 
 
Figure 4-12: Comparison of short term biomass based electricity production costs against 
current average national electricity production costs in South Africa and Netherlands 

Power production costs in Mozambique are estimated to be 106-115 $/MWh. These 
costs are much higher than the average levelised electricity generation costs for South 

                                                                 
51

 Power is generated in an Integrated Gasification-Combined Cycle (IGCC) within the IG-PG 
setting, whereas FT-fuels are produced via FT-synthesis and upgrading following Meerman et al. 
[38].  
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Africa (32-54 $/MWh) [91]. For comparison, the average electricity tariffs in South 
Africa

52
 are about 70 $/MWh (NERSA, (http://www.nersa.org.za)).  

 
Long term power production costs across all scenarios are estimated to be 6 to 21% 
lower at 71-106 $/MWh) than in the short term. This is attributed to technological 
learning and scaling up of facilities across the bioenergy value chain, especially in 
critical components of feedstock production, pre-processing and final conversion. 
Final conversion dominates overall costs representing 42- 57% of power production 
costs across all scenarios. Although feedstock costs are still important, they account 
for a much lower proportion of total costs (7-25% of overall costs). Regional cost 
differences across the scenarios are marginal but evident; long term power 
production in Gaza scenarios range from 76 to 106 $/MWh while in Nampula costs are 
70-99 $/MWh. Power production in Mozambique (96-106 $/MWh) is more costly than 
in Rotterdam (71-95 $/MWh).  
 

 
 
Figure 4-13: Comparison of long term biomass based electricity production costs against 
projected national electricity production costs in Netherlands and electricity tariffs in South 
Africa  

                                                                 
52

 We compare the power production costs in Mozambique with South African tariffs (since 
power supplies in both countries are intricately linked). Mozambique both exports and imports 
electricity from South Africa, its 2075 MW hydro plant supplies mainly South Africa while 850 
MW are imported from South Africa to supply the southern region [108]). In addition, future 
electricity prices are available for South Africa and not for Mozambique. 
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As shown in Figure 4-13, the lowest cost power pathway (19.7 $/GJe or 71 $/MWh) is 
associated with the co-firing switchgrass TOPs in Rotterdam. For the Netherlands, 
these future XtP production costs are competitive compared to future expected 
electricity generation costs (70-90 $/MWh) [93]. However, future electricity tariffs in 
South Africa are expected to be much higher at 120-173 $/MWh [94] – but these 
tariffs already include transmission, supply charges and taxes. 
 

4.3.3 Greenhouse gas emissions balance 

 
Table 4-16 shows the estimated GHG emissions for each stage of the supply chain for 
scenarios for biomass production from Nampula. For supplies from Mozambique, 
feedstock production and international shipping constitute about 90% of the GHG 
emissions. This is because the electricity related emissions (about 1 kg CO2eq/MWh) 
in Mozambique are very low [95] given the dominance of hydro power in the 
electricity supply mix. 
FT-fuel from TOPs is produced with lower GHG emissions (10.2-10.8 kg CO2e/GJFT) 
than WPs (10.8 -13.3 kg CO2e/GJFT). This is mainly attributed to the lower emissions 
during international transportation of TOPs. 
 
Table 4-16: GHG emissions balance for TOPs and WPs supply chains (kg CO2e/GJ FT fuel)  

Supply chain stage 
a
 WPs TOPs 

 Eucalyptus Switchgrass Eucalyptus Switchgrass 
Feedstock production 6.65 3.48 6.21 3.39 
- Fuel use at farm 0.69 0.89 0.65 0.87 
- Fertiliser and pesticides 
emissions 

b
 

5.96 2.58 5.56 2.52 

First Truck transport 0.18 0.33 0.16 0.36 
Chipping 0.002 0.002 0.002 0.001 
Drying 0.005 0.002 0.003 - 
Torrefaction - - 0.02 0.02 
Milling 0.01 0.003 0.001 0.001 
Pelletising 0.01 0.01 0.003 0.003 
Second truck transport 0.70 0.72 0.55 0.55 
Rail transport 0.30 0.31 0.24 0.24 
International sea shipping 5.43 5.98 3.62 3.62 
TOTAL 13.28 10.84 10.79 10.24 
a
 Except for feedstock production, emissions are based on energy use as given in Table 4-8 and 

corresponding emission factors, i.e. diesel 73.2 kg CO2 eq/GJ; electricity 0.28 kg CO2 eq./GJe for 
Mozambique electricity mix; HFO 78.0 kg CO2/GJ fuel. 
b
 Emission factors based on Franke et al [55] given in gCO2 eq/kg of input, i.e. N-fertiliser (5941), 

P2O5-fertiliser (1017); K2O-fertiliser (584); CaO-fertiliser (31); N2O field emissions (6228); 
Pesticides (11096); eucalyptus cuttings (5); switchgrass seeds (736). 
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FT fuel produced using WPs and TOPs (XtL scenarios) results in significant GHG 
reduction (75-78 kg CO2e/GJfuel) when compared to both GHG emissions from oil. 
Similarly, power generation scenarios (XtP) result in much higher emissions reduction 
compared to emissions (133-142 kg CO2e/GJ) from pulverised coal power as shown in 
Table 4-17. Co-feeding scenarios (CXtL), however result in more emissions compared 
to   oil (2.3-9.2 kg CO2e/GJ). This is due to the significant GHG emissions from the coal 
fraction (82-85 kg CO2e/GJ) combined with the biomass supply chain emissions. 
Biomass to power chains achieve very high emission savings compared to coal (186.4 -
193.7 kg CO2e/GJ).  For the co-firing scenarios (CXtP), power is produced with 
significant GHG emissions reduction (63-74 kg CO2e/GJ). This is due to the higher 
emissions of the reference pulverised coal plant in the Netherlands (206 kg CO2e/GJ). 
 
Table 4-17: Comparison of GHG emission reduction potential for selected supply chains 

Supply chain 
 

GHG emissions  
(kg CO2e/ GJ) 

WP TOPs 

Eucalyptus Switchgrass Eucalyptus Switchgrass 

Reference oil 
[96] 

 88    

XtL Supply chain 
emissions 

 13.3   10.8   10.8   10.2  

Avoided emissions  74.7   77.2   77.2   77.8  

CXtL Supply chain 
emissions 

 97.2   94.9   92.9   90.3  

Avoided emissions -9.2 -6.9 -4.9 -2.3 

Reference coal 
plant [97] 

  205.6     

XtP Supply chain 
emissions 

 19.2   15.6   15.7   11.8  

Avoided emissions  186.4   189.9   189.9   193.7  

CXtP Supply chain 
emissions 

 142.4   139.0   137.0   133.2  

Avoided emissions  63.1   66.5   68.6   72.4 

 

4.4 Discussion 
 
Biomass feedstock production 
 
Biomass production in Mozambique is based on spatially explicit state of the art GIS 
modelling following van der Hilst et al. [36]. Land availability estimates for bioenergy 
crops were modelled based on an advanced spatio-temporal land use change (LUC) 
model (PLUC) [58] that mapped LUC dynamics with high resolution (1 km

2
 grid level) 

up to 2030. The required land estimates were in the same range as previous studies 
(e.g. [35,121,122]). However, improvements can still be made to the modelling 
framework. For instance, validation of high spatial resolution was not done due to lack 
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of historical (spatial) data. Other uncertainties and methodological weaknesses are 
discussed in van der Hilst et al. [36] and Van der Hilst and Faaij [34]. 
 
Comparison of biomass production costs is complicated by the different agro-
ecological conditions and assumptions (e.g. management practices, inputs costs, 
exchange rates and discount factors) that are used in different studies [34]. Van Eijck 
et al. [54] reports eucalyptus production costs of 3-6 $/GJ depending on management 
setting in Mozambique. These costs are much higher than feedstock costs assumed in 
this study (1.8-2.6 $/GJ). In the US, Dougherty and Wright [123] show costs of 
between 2.9 and 3.3 $/GJ for productivities of between 9 and 18 tdm/(ha.yr). 
 
Van Dam et al. [37] estimates switchgrass production costs in Argentina to be 1.65-
4.55 $/GJ for different land quality. For several European countries, Smeets et al. 
[124] estimates switchgrass production costs to be between 2 and 5.7 $/GJ. This study 
uses switchgrass production costs of between 0.9-1.8 $/GJ for Mozambique, which 
are lower than other studies due to the low cost of land and labour. In the US, 
switchgrass costs are much higher at 4.2-4.7 $/GJ, mainly due to higher land costs 
[47]. 
 
Biomass production costs are expected to change over time due to a number of 
factors. In the future, various factors of production (land, labour, diesel, chemical 
inputs) are likely to increase but the rate of increase is highly uncertain. These 
increases will be counteracted by improved biomass yields and technological learning. 
Several studies [56,125-128] have shown that increase in biomass productivity is the 
most important driver for decreasing feedstock production costs, contributing 65-85% 
to the total cost decline. These developments are discussed in detail in van der Hilst 
and Faaij [34].  
 
Pre-processing 
 
A more detailed discussion on uncertainties of the performance of torrefaction 
technology is given in Batidzirai et al. [14]. Here, it is sufficient to point out that 
torrefaction is a technology that is currently undergoing development and 
performance data is based on pilot plants.  
 
Comparison of delivered fuel costs in Rotterdam 
 
Torrefied pellets from Mozambique are delivered in Rotterdam at higher costs (7.3-
7.5 $/GJ) than traditional pellets (5.1-6.6 $/GJ) at current conditions. In the long term, 
TOPs could be delivered at lower costs (4.7-5.8 $/GJ), converging with costs of WPs 
(4.3-5.3 $/GJ). 
 
Uslu et al. [23] evaluated supply of eucalyptus based TOPs and WPs from Latin 
America to Rotterdam and showed that TOPs were delivered at lower costs (4.29 
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$/GJ) compared to pellets (5.07 $/GJ). The lower costs are based on 13 $/tdm 
feedstock costs and crude estimates of torrefaction investment costs. This study has 
employed more detailed torrefaction performance data. Van der Hilst and Faaij [34] 
mention eucalyptus based TOPs delivery costs of 10.5-13 $/GJ; these values are higher 
due to pre-processing investment costs that are based on Uslu et al. [23]. Mul [129] 
also compares the TOPs and WPs supply chains from Canada and shows that TOPs are 
delivered in Rotterdam at marginally higher cost (6.0 $/GJ) than WPs (5.9 $/GJ). 
Different from our study, Mul [129] assumes low feedstock costs  (sawdust), no 
primary transport  and a larger torrefaction facility (350kt/yr) (which lowers 
torrefaction costs). Also, additional thermal energy needs are met by natural gas 
rather than biomass, thus reducing biomass demand in the overall chain. 
 
Overall chains comparison 
 
In the short term, XtL production costs range from 15.6 to 22.7 $/GJFT while calculated 
long term XtL costs lay between 12.8 and 20.3 $/GJFT. Similarly for power generation 
(XtP) scenarios, production costs range from 81-108 $/MWh in the short term and 
potentially declining to 71-106 $/ MWh in future. Conversion in Mozambique is more 
expensive due to the higher cost of capital and lower scales assumed compared to the 
Netherlands. It is important to note that interest rates higher than 13% (assumed in 
this study) have been recorded in Mozambique (e.g. 19% in 2011 [130]). Thus 
production costs in Mozambique could even be higher than we estimate in this study.  
 
The final conversion was simulated based on the methodology described in Meerman 
et al. [38] (technical aspects) and Meerman et al. [27] (economic aspects) as well as 
Knoope et al. [39] (long term performance aspects). These studies provide in detail 
the uncertainties and methodological limitations which also apply to this study. The 
conversion simulations apply to flexible IG-PG facilities which allows co-feeding 
biomass with coal for the production of FT-fuel, power and chemicals. The drawback 
of the IG-PG system is that the system is not optimised for either power or FT-
production. This results in higher capital costs and lower efficiencies for the plant. 
Meerman et al. [27] estimates FT-production costs of 25 $/GJ using TOPs feedstock 
and 29 $/GJ using WP feedstock at current conditions. The same study estimates 
power production costs of 34 $/GJ (using TOPs) and 38 $/GJ (using WP), assuming the 
both TOPs and WP are delivered at 8 $/GJ in Rotterdam. Knoope et al. [39] evaluates 
the future performance of integrated IGCC and FT production (in 2050). They estimate 
production costs of FT-fuel and electricity to be 14 $/GJ and 23 $/GJ respectively, 
assuming TOPs prices of 4 $/GJ in 2050. 
 
Prospects for commercialisation of advanced biofuel technologies 
 
Advanced bioenergy technologies represent an industry for which limited experience 
with commercial production yet exists. This also applies to pre-processing 
technologies like torrefaction. A number of technological and economic challenges 
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(especially in final biomass conversion) need to be overcome for the successful 
commercial deployment of these advanced bioenergy technologies [90,131-134]. A 
key pre-requisite is that a large, stable supply of lignocellulosic biomass be guaranteed 
[90]. Also, investment in infrastructural development along the biomass supply chain 
needs to be realised especially in developing countries. In addition, biomass supply 
chain logistics need to be optimised to ensure biomass is delivered at least cost. 
Furthermore, to ensure sustainability along the biomass value chain, it is important to 
develop and implement sustainability criteria and certification frameworks including 
for small scale producers in developing countries.  
 
Status of conversion technologies: IEA Bioenergy Task 39 estimates that there are 20 
pilot- and demonstration-sized projects (based on biomass thermo-chemical 
conversion technologies) being undertaken worldwide [132]. For BtL, there is little 
commercial experience of integrating biomass gasification with FT processes, even 
though coal gasification and FT synthesis have been commercially available for 
decades and applied on a large scale [135]. Key BtL challenges relate to the gasifier 
designs, syngas quality, product selectivity in chemical synthesis, process integration 
and demonstration at industrial scale [131]. In addition, there is need to optimise 
plant configurations to ensure technical and economic viability of BtL technology 
[133]. BtL technology is very capital intensive and large scale conversion facilities (in 
the GWth range) are required for cost effective operations [131,135]. Biomass 
production at such large scale requires mobilising large volumes of feedstock and this 
is a major challenge at transcontinental level. Supply chain logistics need to be 
optimised as the scale of operation may be limited by the distance over which 
biomass can be economically transported to the final conversion plant. Significant 
progress is being made in RD&D though, and it is likely that commercial scale plants 
will be deployed by 2020 [131].  
 
Although our analysis shows that, it is technically possible to establish next generation 
bioenergy plants in developing countries, it is unlikely that a first-of-a-kind plant can 
be established in developing countries in the short term. Given the current 
technological and commercial risks and because of these high investment costs, most 
advanced bioenergy plants are in the short term likely to be built in industrialised 
countries and a few emerging countries. When the technology has matured, 
replication could be possible in other regions. For example, first generation bioethanol 
production plants are now being commissioned in several developing countries 
(including Mozambique), following the successful implementation of the technology in 
other regions. 
 
Investments in infrastructure: Large scale biomass energy supplies demand the 
mobilisation of large volumes of biomass and this requires complex logistics and good 
infrastructure to deliver biomass competitively to the market. In particular, poor 
infrastructure in the rural areas of developing countries is a challenge for organising 
biomass supplies. On the one hand, the expected high biomass volumes imply major 
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opportunities for logistics companies and transport operators, but that can also be a 
source of major stress on the transportation infrastructure, especially in rural regions. 
Increased demand for biomass could also provide a strong incentive to improve rural 
transportation infrastructure, facilitating agricultural and economic development in 
concert with renewable energy. To build up large volumes of biomass and set up 
decent infrastructure in developing regions would require time to implement. 
Implementation is regional specific and covers different policy areas and therefore 
complex. There is need for further research in these aspects. 

4.5 Concluding remarks 
 
This study has assessed the impact of torrefaction on biomass supply chains compared 
to pellets for scenarios where biomass feedstock (eucalyptus and switchgrass) are 
produced in Mozambique, undergoes pre-processing before shipment to Europe for 
final conversion to power and FT fuels. Another set of scenarios evaluated the local 
conversion of biomass in Mozambique. At current conditions, the torrefied pellets are 
delivered in Rotterdam at higher cost (7.3-7.5 $/GJ) than pellets (5.1-5.3 $/GJ). In the 
long term, torrefied pellets are expected to decline in cost (4.7-5.8 $/GJ) and converge 
with pellets (4.3-5.3 $/GJ). However, TOPs scenarios incur 20% lower GHG emissions 
than pellets. And, due to improved logistics and lower conversion investment 
requirements, fuel production cost from TOPs is lower (12.8-16.9 $/GJFT) than from 
WPs (12.9-18.7 $/GJFT), especially in the long term. Co-firing scenarios (CXtY) results in 
lower cost fuel than 100% biomass fired scenarios (XtY) for both short and long term, 
but the environmental penalty of co-firing are still significant.  XtL and XtP scenarios 
results in avoided emissions of 75-78 kg CO2e/GJ fuel  and 186-193 kg CO2e/GJ e 
respectively, equivalent to GHG emission savings of above 85% for transport fuels and 
above 90% for electricity. The former would be well above the minimum GHG 
emission saving requirements as specified in the EU renewable energy directive.  On 
the other hand, CXtL scenarios result in higher GHG emissions. However, power is still 
produced in CXtP chains with significant GHG emissions reduction (63-74 kg CO2e/GJ). 
 
In most cases, switchgrass feedstock and the productive region of Nampula provide 
the lowest cost scenarios compared to eucalyptus and Gaza region. Feedstock costs 
and conversion cost dominate final fuel costs. Pre-processing and truck transport 
costs are also very significant. Both FT and power production in Mozambique are 
more costly than in Rotterdam, and we conclude that FT-fuel production in 
Mozambique would be more competitive compared to power production (given the 
low power costs in the Southern Africa). For the Netherlands, both FT and power 
production are competitive against average energy costs in Western Europe. 
 
In the short term, lowest FT-fuels and power production costs are obtained using 
switchgrass pellets from Nampula via CBtL and CBtP conversion in Rotterdam 
respectively. However, largest GHG emission benefits are obtained from switchgrass 
based TtL chains (for fuel) and XtP chains (for power) from Gaza with conversion in 
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Rotterdam. In the long term, switchgrass based TOPs chains (CTtL and CTtP) from 
Nampula have the best economics. 
 
The analysis shows that large scale bioenergy fuel production can become competitive 
against fossil fuels. In addition, it might be possible in future to obtain a premium 
price in the OECD market for advanced biofuels. While the benefits of higher energy 
density of TOPs are apparent in logistics and conversion, the current higher pre-
processing cost compared to pellets is more decisive on the final biofuel production 
costs. A combination of future cost reduction and final conversion operational 
benefits are likely to make TOPs more attractive as more experience is gained with 
this technology. 
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Abstract 

This study assessed the feasibility of mobilising maize and wheat residues for large-
scale bioenergy applications in South Africa by establishing sustainable residue 
removal rates and cost of supply based on different production regions. A key 
objective was to refine the methodology for estimating crop residue harvesting for 
bioenergy use, while maintaining soil productivity and avoiding displacement of 
competing residue uses. At current conditions, the sustainable bioenergy potential 
from maize and wheat residues was estimated to be about 104 PJ. There is potential 
to increase the amount of crop residues to 238 PJ through measures such as no till 
cultivation and adopting better cropping systems. These estimates were based on 
minimum residues requirements of 2 t.ha

-1
 for soil erosion control and additional 

residue amounts to maintain 2% SOC level.  
 
At the farm gate, crop residues cost between 0.9 and 1.7 $/GJ. About 96% of these 
residues are available below 1.5 $/GJ. In the improved scenario, up to 85% of the 
biomass is below 1.3 $/GJ. For biomass deliveries at the conversion plant, about 36% 
is below 5 $/GJ while in the optimised scenario, about 87% is delivered below 5$/GJ. 
Co-firing residues with coal results in lower cost of electricity compared to other 
renewables and significant GHG emissions reduction (up to 0.72 tons CO2e/MWhe). 
Establishing sustainable crop residue supply systems in South Africa could start by 
utilising the existing agricultural system to secure supply and a functional market. It 
would then be necessary to incentivise improvements across the value chain. 
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5.1 Introduction 
 
Utilisation of agricultural residues for large scale modern bioenergy production is now 
a common practice in many countries [1-3]. Several countries such as Denmark, UK, 
Spain, Sweden, China and India have developed large scale crop residue energy 
facilities [2,4,5]. Key crop residues include maize stover, wheat straw, rice straw and 
husks and bagasse [6-8]. Globally, the use of sugarcane bagasse for power and heat 
production is the most common and mature energy application of crop residues for 
those countries with large sugarcane industry [3]. There is less experience in energy 
conversion for other crop residues, but interest is significant in using maize stover for 
advanced biofuels, especially in the United States [6,9,10]. In Europe, Denmark 
pioneered large scale power generation using straw and has commercialised the 
technology since 1989 [1,11]. A key advantage of using crop residues is that their use 
lead to minimal to no land use change impacts (compared to energy crops). 
 
According to IPCC biomass energy deployment scenarios [6], agricultural residues are 
likely to play an important role in future energy systems contributing between 15 to 
70 EJ to long term global energy supply. Agricultural residues are considered to be less 
contentious, low cost, carry few risks [6,12,13] and thus represent an important 
energy resource for countries with a large agricultural production base. For countries 
such as South Africa, where the understanding of crop residues production and supply 
potential is limited, it is imperative that assessments be conducted to evaluate the 
technical, economic and environmental feasibility of their utilisation. South Africa was 
selected as a case study because it is a large country with a large agricultural 
production base where significant amounts of biomass remain unused [14]. In 
addition, crop residue use and soil erosion control are critical issues given South 
Africa’s semi-arid climate and geographic diversity. 
 
There is limited literature offering comprehensive methodology for assessing the crop 
residue harvesting and supply, while taking into account sustainability criteria (key 
being maintenance of soil fertility, nutrient and carbon levels as well as avoiding 
displacement of other competing uses of residues). Good examples of international 
studies that evaluate sustainable crop residue removal include Junginger et al. [15], 
Gallagher et al. [16], Nelson et al. [17], Andrews [18] and Cosic et al. [19].  Most 
studies only evaluate part of the supply chain or exclude the economic feasibility. 
Cosic et al [19] applies a methodology for economic bioenergy potential of various 
crop residues in Croatian counties, taking into account critical sustainability criteria 
and including supply chain economics up to the final conversion facility. Such 
assessments are useful for identifying what can sustainably be mobilized from the 
farm, but also what is economically feasible for bioenergy applications. 
 
For South Africa, only a few studies have been conducted on the bioenergy potential 
of agricultural residues in. Examples include Cooper and Laing [20], OECD/IEA [21], 
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Euler [22], Potgieter [14] and Valk et al. [23]. Cooper and Laing [20] provide very crude 
theoretical crop residue potentials in South Africa and do not take into account any 
sustainability criteria. The IEA study [21] provides some crude estimates of crop 
residue potentials based on national crop production statistics, and it also estimates 
residue supply costs. Potgieter [14] assesses the maize and wheat residue potential in 
the Greater Gariep agricultural area (Northern Cape). This study is limited in 
geographical scope and uses Google Earth satellite imagery to estimate biomass 
production areas. It also employs simplified biomass removal assumptions (e.g. that 
75% of biomass is recoverable). Euler [22] estimates detailed bioenergy potentials 
from various sources including agricultural residues. This study also provides insights 
into the supply chain economics to a centralised national conversion facility. However, 
Euler [22] does not account for soil organic carbon demands and does not perform 
detailed competing biomass application analysis. Valk et al. [23] provides a more 
detailed analysis of sustainable potential of biomass from crop residues in South 
Africa, taking into account state of the art methodology and key factors. Despite 
applying a detailed methodology, the spatial resolution in this study is not detailed for 
both the residue availability and cost supply analysis. Current studies also have not 
attempted to develop cost supply chains at the district level spatial resolution level or 
assess the impact of optimising the supply chain. This study, on the other hand, 
analyses biomass availability at a more detailed spatial scale to capture the unique 
local settings of the various districts such as crop yields, soil types, rainfall, 
temperature, livestock and transport characteristics. It also provides cost supply 
curves for the biomass supply from all potential locations to a centralised conversion 
location in Mpumalanga province. 
 
Objectives 

This chapter assesses the feasibility of mobilising crop residues for large scale biomass 
energy applications in South Africa. The study focusses on two main crop residues, 
maize stover and wheat straw, since these have the largest residue potential in South 
Africa [14,22,23]. 
 
A key objective of this chapter is to estimate quantities of maize and wheat crop 
residues that can be removed for bioenergy use from farming areas, while 
maintaining soil productivity and health, and also maintaining rain and wind erosion 
rates at tolerable soil-loss levels - the so-called sustainable residue removal rates. 
 
In addition, the study also aims to determine the cost of crop residues at the farm 
gate and at the factory gate for both dryland and irrigation type farming. At every 
stage of the supply chain, the study identifies optimisation measures that would 
improve the performance of the overall crop residue supply chain and enhance the 
competitiveness of biomass with respect to conventional fuels. 
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This chapter is structured as follows. Section 2 outlines the study methodology while 
section 3 and 4 summarises the results; section 2 provides a summary of residue 
availability and section 4 gives results of the overall supply chain costs. Section 5 
summaries the uncertainties in the analysis while section 6 discusses the necessary 
preconditions required to secure and mobilise large volumes of agricultural residues. 
Section 7 summarises the main findings of this chapter. 

5.2 Approach and Methodology  
 
The general approach used in assessing the feasibility of mobilising biomass from 
agricultural residues for large scale energy conversion follows six stages which are 
outlined briefly below. This procedure is discussed in detail in Junginger et al. [15]. Of 
importance in the analysis is the inclusion of relevant sustainability criteria, such as 
establishment of sustainable crop residue removal levels and accounting for other 
competing crop residue applications as follows: 
 
a. The first step estimates the theoretical crop residues production potential based 

on the agricultural production levels (at the required spatial scale) and the 
residue production ratios (RPR). In addition, the physical and chemical 
characteristics of the residues need to be determined (e.g. moisture content, 
calorific values). 

 
b. Second, various sustainability criteria and other constraints that limit residues 

availability are identified considering existing conditions in the country and 
international best practice. Environmental constraints are imposed to protect soil 
against erosion and to maintain soil organic carbon (SOC). Other aspects taken 
into account include agricultural management practices such as tillage practices, 
harvesting methods, residue recovery (equipment) constraints and infrastructure 
availability.  

 
c. The third step determines unutilised residues by taking into account residues that 

are used in competing applications (e.g. feed, fuel, fertiliser, fibre). Step two and 
three employ the methodology developed by Valk et al [23]. 

 
d. Step four determines the net available biomass residues potential after taking 

into account supply constraints and deducting competing applications.  
 
e. Step five evaluates the logistical requirements for supply of residues from the 

farm to the final conversion plant. At this stage also the harvesting, collecting and 
pre-treatment technologies and associated costs are evaluated. In addition, 
transportation and storage requirements are evaluated to estimate the delivered 
cost per tonne of biomass. 
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f. The last step is the composition of biomass supply curves based on various 
scenarios (which are determined by the parameters in the previous steps) and 
show the variation in available biomass at different cost levels. 

5.2.1 Methodology for estimating sustainable crop residue potential 

5.2.1.1 The function of residues in agricultural production systems 

 
Residues play a vital role in sustaining agricultural production systems, through mainly 
soil erosion control and soil conditioning [18,24-26]. These functions therefore 
represent direct competing applications of crop residues and have to be accounted for 
when estimating sustainable crop residue potentials. 
 
A residue cover protects the soil from water and wind erosion. Studies (e.g. Papendick 
& Moldenhauer [27]; Andrews [18]) have shown that soil loss is reduced to 10% by a 
residue cover of about 45% and 70% for wind and water erosion respectively 
compared to 100% residue removal. A residue cover of 70% would require roughly 2 
tonnes residues/hectare. Andrews [18] observed that leaving more than 2 tonnes 
residues per ha only has a very limited effect in reducing soil loss under no-till 
conditions. 
 
Residues (both above and below ground) are essential for recycling valuable nutrients 
and maintaining soil organic matter (SOM), improving microbial activity and soil 
quality. SOM loss is mainly caused by long term cultivation of land and soil erosion 
[24,28,29]. Residues also improve soil physical properties such as soil tilth and water 
infiltration. In addition, a residue cover assists in soil water conservation and reducing 
soil temperature fluctuations, which is important in semi-arid conditions [30-33]. 

5.2.1.2 Factors affecting crop residue availability  

 
Removal of agricultural residues is directly influenced by a number of factors including 
type of crops, crop yield, crop rotation, agricultural management practices (e.g., 
tillage), climate, and physical characteristics of the soil such as erodibility and 
topology as given in Table 5-1.  
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Table 5-1: Factors affecting sustainable residue removal 

Factor Description 

Management 
practice 
 

Soil tillage is important for weed control, incorporation of residues, 
erosion control, improving soil structure and moisture control [34]. 
No-till cultivation combined with a residue cover generally results 
in less erosion than conventional tillage [18]. Also the amount and 
distribution of SOM changes with the tillage system. Generally, no 
till cultivation increases SOC storage in the top 10 cm of soil [24,35] 
and thus results in less residue requirements to maintain a specific 
SOC level. On the other hand, conventional ploughing buries most 
residues and increases oxidation of organic matter. With no-till, 
residues are left on the soil surface where decomposition is slow, 
which then causes organic matter in the upper soil to increase after 
several years. Also crop roots decompose more slowly than 
aboveground residue, and so tend to contribute relatively more to 
soil organic matter than does aboveground residue [35]. The 
presence of a cover crop also positively affects SOM [28]. 

Crop type and 
residue yield 

The amount of crop residues produced depends on the crop yield 
and the ratio of residue to grain. For high residue yielding crops 
such as maize, an increasing amount of residues can be removed 
since the amount of residues required to maintain soil productivity 
is not dependent on crop yield [7,36]. It is thus preferred to harvest 
high residue crops and in good yield years. Also crop residues with 
a high C:N ratio (mainly hard woods) decompose slowly, and can 
thus allow greater accumulation of  SOM [37,38]. 

Climate Residue harvest in warm and humid areas is high-risk as SOM 
decomposes much faster than in cooler drier areas [38]. SOM is 
therefore negatively affected by warm and moist conditions. 

Soil type SOM levels can be maintained with less residues in fine-textured 
soils with restricted aeration [19]. Decomposition of organic matter 
occurs more slowly in poorly aerated soils, where oxygen is limiting 
or absent, compared with well-aerated soils. Thus heavy clay and 
poorly drained soils allow higher residue removal than coarser 
textured soils [38]. 

Topography Areas with steep slopes are more prone to runoff and soil erosion, 
and thus require greater amounts of residues [19,33]. 
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5.2.1.3 Estimating sustainable crop residue potential 

 
The gross amount of crop residues produced in South Africa is estimated based on the 
national crop production, crop yields, residue-to-product ratios, area under 
cultivation, moisture content. To estimate the sustainable crop residue that can be 
available for biomass energy purposes, the amount of residues required to prevent 
soil erosion and maintain soil carbon, as well as amount of residues required for 
competing applications are deducted from the gross residue potential. We use the 
methodology developed in Valk et al. [23] and we briefly discuss some key aspects of 
the methodology: 
 
Residues requirements for soil erosion control: A soil cover

53
 of about 70% or 2 

tonnes/ha of residues is enough to protect the soil against wind and water erosion 

when combined with no till cultivation. Leaving larger quantities of residues on the 

field reduces erosion only marginally as shown on Figure 5-2 [18]. 

 
Residues requirements for maintaining SOC: According to modelling performed by 
Valk et al. [23], SOC levels should be maintained at a minimum of 2.0%. This SOC is 
derived from above ground residues, below ground residues and rhizodeposition (root 
exudates and other root borne organic substances released during root 
growth).Below ground residues and rhizodeposition are important contributors to 
SOC [24,39]. The relative contribution of below ground residues to SOC is greater than 
that of above ground residues since the carbon is more efficiently converted into SOC 
[24]. Only 11-13% of carbon in above ground residues is incorporated into SOC 
compared to 37-50% for below ground biomass [40]. The difference is attributed to 
the slower decomposition of roots due to the high lignin content and lesser soluble 
carbon [24,38]. In South Africa, residue requirements range from 4.1-5.8 tonnes/ha 
for maize stover, and 4.6-7 tonnes/ha for wheat straw [23]. These differences arise 
from regional variations in the soil clay content and climatic conditions. 
 
Residue demands by competing uses: The most important competing use of crop 
residues in South Africa is for livestock use [14,41]. Wheat and maize residues are 
commonly used for livestock bedding and feed during the winter time when forage is 
poor and the cattle are kept indoors [19,42]. For maize stover the cattle feed demand 
depends on the cattle herd in a certain area and the length of the grazing season [16]. 
It is assumed that maize stover constitute only 25% of the dry matter feed 
requirement [43-45]. Wheat residues are primarily used as animal bedding since the 
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 From literature, residue cover requirements for soil protection range from 13% [117] to 80% 
[60] and the assumptions vary widely. For example, Gallagher et al. [16] assume a 30% required 
soil cover, required by the ‘National Resource Conservation Service’ while Kim and Dale [59] 
argue that 60% residue cover is necessary to allow for uncertainties about the local conditions. 
Cosic, et al. [19] assume that 1-2 tonne/ha of wheat straw soil cover is required while for maize 
stover, 20-30% of stover is adequate for erosion control. 
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feed value is too low [46,47]. This study only considers cattle, pigs and sheep as they 
are the largest consumers of straw. The average duration of this livestock wintering 
activity is about 70 days, limited by the window between harvest and field 
preparation for the coming season [48]. 

5.2.2 Cost of biomass 

 
Costs of residues at the farm gate are divided in direct and indirect cost. Direct costs 
include residue harvest operations and transport costs. Indirect costs are the 
compensation a farmer requires for the loss of nutrients due to residues harvesting. In 
addition, a farmer profit margin is included to the total costs, as an incentive to put in 
the extra work to harvest the residues [49]. This profit margin is assumed to be 10% 
[50]. Total annual costs at farm gate (CFG in $/tdm) are calculated using Equation 5-1:  
 
Equation 5-1: 

    (∑       
 

)  (   )      

Where: 
Ii: Annualised investment cost for activity i ($/tdm). 
O&Mi: Operation and maintenance cost for activity i ($/tdm). 
P: Overall profit margin for farmer (%). 
NCC: Nutrient compensation costs ($/tdm). 
 
Indirect costs- Farmer compensation for lost nutrients 

Agricultural residues contain a certain amount of vital nutrients, mainly nitrogen, 
potassium and phosphorous [16]. These nutrients are removed with the residue 
harvest. Since the farmer must make up for this nutrient loss by adding additional 
fertiliser in order to maintain yields, he must receive a financial compensation [18,49]. 
 
The nutrient compensation costs (NCC in $/tonne) are calculated according to 
Equation 5-2. 
 
Equation 5-2: 

     ∑      
 

 

Where: 
NCi: Nutrient content (tonnenutrient/tonneresidue) 
FCi: Fertiliser cost ($/tonne). 
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This assumes similar nutrient uptake efficiencies by plants for both fertiliser and crop 
residues. Table 5-2 shows the (breakdown of) the nutrient compensation cost for 
maize stover and wheat straw. 
 
 
 
Table 5-2: Nutrient compensation cost for the removal of maize and wheat residues 

 Nutrient Nutrient 
content (t/t) 

a
  

Fertiliser cost 
($/t) 

b
 

Nutrient composition 
cost ($/t) 

  A B C = A* B 

Maize 
stover 

Nitrogen 7.18E-03 566 4.06 

Potassium 1.28E-02 799 10.23 

Phosphorus 2.13E-03 680 145 

Total   15.74 

Wheat 
straw 

c
 

Nitrogen 4.99E-03 566 2.83 

Potassium 9.07E-03 799 7.25 

Phosphorus 1.36E-03 680 0.92 

Total   11.00 

Source: 
a
 Milhollin et al. [51]; 

b 
Grain SA

 
[52] – 5-year average fertiliser costs; 

c
 Mullen 

[53] for nutrient content. 

5.2.3 Supply chain analysis 

 
Strategies for supplying crop residues from farming areas around the country to the 
conversion plants are primarily targeting minimising costs and maximising energy 
efficiency as well as minimising environmental and other external impacts. We 
assume in this study that the crop residues are destined for co-firing in a typical power 
plant

54
 located in Mpumalanga province near Johannesburg (where most of the coal 

fired power plants are located).  

5.2.3.1 Supply chain design 

 
Figure 5-1 shows the structure of the supply chain for delivering crop residues from 
the farm to the conversion plant. The actual required activities mainly depend on 
whether pre-treatment is required. From the farm, the residue are baled and 
transported to either an on farm storage site or to the local distribution centre (LDC) 
being the nearest centre or town with logistical infrastructure to handle biomass from 
a particular region.  From the LDC it is transported to the conversion plant.  
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 We take Camden power plant as an example. Camden is a 1600MW, 46 year old power plant 
situated close to Ermelo in Mpumalanga [118]. 
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Organisation of crop residues supply chains from the various farming areas to the 
conversion plant requires optimal planning to ensure cost effective delivery at the 
plant gate. Loose crop residues are difficult to handle and bulk densities are low, 
making it difficult to transport and store them efficiently. These properties can be 
improved by pre-treating the residues early in the supply chain before transport to 
the conversion plant.  

 

Figure 5-1: Outline of biomass energy supply chain elements 

Two approaches are to be used to analyse the supply of crop residues, based on (i) 
least cost national supply strategy and (ii) distance cumulative availability. For the first 
approach, we identify crop residue availability across the country and their spatial 
distribution. After determining the farm gate costs for the crop residues, supply chain 
costs to the conversion plant are estimated; and a national cost supply curve is 
derived. 
 
The second approach attempts to identify biomass resources that are closest to the 
conversion plant and therefore logistically easier to procure. To accomplish this, the 
South African map is used to plot the biomass resources as in the first method. 
Available biomass is then mapped into radial circles based on distance from the 
conversion plant. The relative supply chain costs to the conversion plant are then 
estimated for each successive 50 km radial circle to build a distance-cumulative supply 
curve. 

5.2.3.2 Greenhouse gas emissions (GHG) and comparison of GHG mitigation 

costs 

  
GHG emissions along the supply chain are estimated for selected scenarios based on 
the energy use at each stage of the supply chain (including power generation via co-
firing with coal) and the corresponding emission factors (EF).  
 

    ∑((     )     )  ((        )     )

 

 

Where: 
Ef, Et, Ep, Er, Ec – energy use for crop residue harvesting at the farm, first truck 
transport, biomass pre-treatment, rail transport and final conversion respectively. 
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EFd, EFe – emission factor for diesel and South African grid electricity respectively 
 
Comparison is also made with GHG emissions for coal based power generation. The 
avoided emissions are compared with the additional costs associated with the 
biomass scenarios and the cost of GHG avoidance is then estimated. 
 

5.2.4 Scenarios (Base Case and Improved Case scenarios) 

 
Apart from the Base Case scenario – which evaluates the performance of biomass 
supply chains under current conditions, we also include an improved case scenario. 
The improved case scenario explores the potential improvements in biomass supply 
chain performance when several measures are implemented including: 
 

 Increased biomass supply: availability of crop residues can be increased by 
shifting to no-till cultivation; improved crop yields; improved animal feed 
conversion efficiency; double cropping; employing contractors instead of 
burning residues; and improved residue collection systems. 

 Optimised logistics: supply chain performance can be improved by reducing 
truck transport; maximising rail transport; and pre-treatment of residues at 
cost-effective scale. 

 Combine biomass streams: different biomass flows such as forestry residues, 
energy crops, and municipal waste can be integrated. 

5.2.4.1 Increased supply 

 
To improve crop residues availability, several measures are proposed at the farm 
level, including introducing no-till cultivation, improving animal feed conversion 
efficiency, improving agricultural management systems, as well as using contractors to 
collect residues where it they are currently burned.  
 
No till cultivation: When residues are left in the field for erosion protection, it is 

important that these residues are not incorporated in the soil by tillage as this reduces 

protection. Andrews [18] stresses the importance of tillage-residue interaction when 

looking into the protection against erosion. No-till without a residue cover can cause 

more soil erosion than conventional tillage. No-till combined with a residue cover 

generally results in less erosion than conventional tillage as shown in Figure 5-2. 

Therefore, no-till cultivation increases the net available crop residues compared to 

conventional tillage. 
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The base case scenario estimates sustainable SOC levels based on a conventional tilled 
agricultural production system. The response ratios

55
 for no till SOC under no till 

cultivation is estimated to be 1.23 for tropical moist soils and 1.17 for tropical dry soils 
[35]. For South Africa, this is of significance as less than 10% of cropland is currently 
under no-till [54], and means the potential for improving SOC management is high. 
Using the response ratios, a new set of SOC requirements can be estimated in the 
improved scenario for each province as shown in Table 5-3. 
 

 

Figure 5-2: The difference in soil erosion protection between surface residues and 
incorporated residues.  

Source: Adapted from Papendick & Moldenhauer [27] and Andrews [18] 
 
Improved agricultural management and crop productivities: Increased crop 
productivities lead to increased biomass yields and consequently higher residue 
availability. For the improved scenarios, we assume 50% and 25% increase for maize 
and wheat yields respectively under dryland farming (following Perlack et al. [7]and 
Chum et al.[6]).  These yield increases are based on US estimates are therefore 
considered conservative considering that the US agricultural system is more advanced 
than South Africa (and thus there is greater scope for productivity improvements in 
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 This represents the effect of changing agricultural management on SOC and is defined as the 
ratio of SOC content in no-till cultivation compared to conventional tillage [35]. 
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South Africa). Average maize yield of 9.2 t/ha and 4.3 t/ha for the US and South Africa 
respectively [55]. 
 
Improved feed conversion efficiency: Improved feed conversion efficiency

56
 in livestock 

production reduces the amount of crop residues used as livestock feed per unit of 
product (e.g. kg of meat), thereby increasing net available residues. Crop residues 
have low nutrition and cannot form a sole ration for livestock. However, processing 
can improve their nutrient availability. For South Africa we estimate an increase in 
feed conversion efficiency of 1.4 based on Smeets et al [56]. This implies a 30% 
reduction in the feed requirements for livestock by 2030 (in terms of dry weight feed 
per kg animal product). 
 
Table 5-3: Annual residue requirements to maintain SOC at 2.0% (tdm/ha) for different 
agricultural management systems 

Province Maize residues Wheat straw 

 Conventional 
tillage 

No-
till 

a
 

No till + 
double 

cropping 
b
 

Conventional 
tillage 

No-till 
a
 

No till 
+double 

cropping 
b
 

 tdm/ha   tdm/ha   
Northern 
Cape 

5.8  4.7   3.9  6.7  5.5   4.5  

Western 
Cape 

4.6  3.7   3.1  5.4  4.4   3.6  

Eastern Cape 4.2  3.6   3.0  4.8  4.1   3.4  
KwaZulu-
Natal 

4.7  3.8   3.2  7.0  5.7   4.7  

Free State 4.4  3.8   3.1  5.1  4.4   3.6  
North West 5.8  5.0   4.1  6.7  5.7   4.7  
Gauteng 4.4  3.8   3.1  5.0  4.3   3.5  
Mpumalanga 4.1  3.3   2.8  4.6  3.7   3.1  
Limpopo 5.3  4.5   3.7 6.0  5.1  4.2 
a
 Under no-till, SOC requirements decrease by 15-19% based on the no-till response ratios 1.17-

1.23 [35] 
b 

Double cropping results in 11%-24% lower residue requirements for SOC maintenance  

Source: [23] 
 
 
Double cropping: The continuous presence of a growing crop slows carbon decay 
allowing SOC to accumulate [57]. This results in lower residue requirements. When 
enough water is available to produce two crops in a year, double cropping is a very 
interesting option. In South Africa, double cropping is generally only possible under 
irrigation [58]. We assumed double cropping in irrigation areas, and the effect of the 
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 Improvements can be made by providing more feeding space, providing a better formulated 
diet, or improving digestibility [119]. 
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double crop is to lower the SOC requirements by 11%-24% (average 17.5% is used in 
this study). These values are estimates of SOC requirements under a continuous crop 
and are calculated using the Rothamsted model [23]. 
 
Other potential improvement options include returning biomass ashes to the farm 
and improved crop residue collection systems and employing contractors to collect 
residues. In irrigation areas, crops residues are sometimes burned since there is 
limited time to collect the biomass before preparing the fields for the next crop. 
Farmers burn residues to reduce the amount of the biomass and make the fields more 
workable. Excessive amounts of crop residues make pre-planting preparation difficult 
and encourages excessive moisture retention, which hampers the movement of 
equipment on the fields [41]. To allow the sustainable removal of crop residues in 
irrigation areas, contractors can be employed to collect and bale the biomass instead. 
However, these options were not included in this study due to lack of detailed 
information. 
 
These measures are grouped into four scenarios for maize and three scenarios for 
wheat as shown in Table 5-4. 
 
Table 5-4: Summary of elements included in Improved scenario 

 Improved 
Scenario 

Increased 
crop yields 

Not till 
cultivation 

Improved feed 
conversion 
efficiency 

Double 
cropping 

Maize 1     
2     
3     
4     

Wheat 1     
2   Not applicable  
3   Not applicable  

 

5.2.4.2 Optimisation of logistics 

 
The performance of crop residue supply chain logistics can be improved through 
measures such as: 

 reducing road truck transportation 

 maximising use of rail system 

 Pre-treatment of biomass early in the supply chain to reduce the logistical 
capacity and improve handling of biomass. This can include pelletising or 
torrefying the crop residues. 

 Strategic location of pre-treatment plants taking into account available biomass 
volumes and consideration of economies of scale. 
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5.2.4.3 Combining biomass flows 

 
Apart from maize stover and wheat straw, there are other promising biomass 
resources that can be harnessed in South Africa. These include: 
 

 Forestry waste and residues 

 Municipal solid waste 

 Sugarcane harvesting and processing waste and residues 

 Road side grass 

 Energy crops. 
 
These different biomass streams can be integrated into a supply system to improve 
the volumes of biomass available and diversity of resources. It is important to note 
that the estimation of these other biomass streams is not as detailed as the evaluation 
of the maize and wheat residues. The methodology is crude and is meant to provide 
insights into potential of other biomass resources that could be mobilised in South 
Africa.  
 
Estimating forestry waste: 
 
To estimate forestry waste, the following equations are used: 
 
Equation 5-3:  

   ∑(            )    
 

 

 
Where: 
FR - biomass potential of primary, secondary and tertiary forestry residues (tons/yr) 
WPi – is industrial roundwood production (for wood logging residues), roundwood 
consumption (for wood processing residues) or pulp and paper production (for pulp 
and paper waste) (in tons/yr) 
RGRi – is the residue generation ratio 
RFi - is the residue recoverability fraction 
Ui – other applications of wood industry residues and waste (tons/yr) 
 
Municipal solid waste is estimated based on the product of identified annual waste 
generation in South Africa and the estimated organic fraction. More details on the 
methodology and assumptions used to estimate additional biomass streams in 
available in the Appendix. 
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5.3 Residue availability 

5.3.1 Volumes and spatial distribution of crop residues -Base Case 

 
Table 5-5 summarises the sustainable maize and wheat residue potential for each 
region in South Africa. The gross crop residue potential from maize and wheat 
residues is estimated to be about 14.4 million tonnes, but only 6 million tonnes can be 
removed sustainably from the fields.  
For maize stover, the gross amount of biomass is estimated to be 16 million tonnes 
per annum as shown in Figure 5-3. It includes aboveground biomass (9.7 million 
tonnes), and 6.3 million tonnes of below ground biomass. About 4.2 million tonnes of 
maize stover would be required for soil erosion control while 9.3 million tonnes would 
be required for SOC maintenance. It is important to note that the below ground 
biomass can only be used for SOC control and is unavailable for removal. Since the 
amount of residues required to maintain SOC are more than the residues required to 
prevent soil erosion, some of the aboveground biomass used for SOC maintenance 
can also be used for erosion control.  
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Figure 5-3: Balance of above and below ground biomass vs. biomass required for erosion 
control, SOC and livestock demand in South Africa 

About 260 kt of maize stover are required to meet cattle feed (this figures applies to 
only those districts which have excess crop residue)

57
. The total amount of maize 

                                                                 
57

 The annual maize stover requirements for animal feed are estimated following the 
methodology in Valk et al. [23] as follows:  Stover requirement = (365-G)*0.25*P*F*C; where: G 
is the number of days in an average grazing season (70 days [48]); P is percentage of the 
livestock population feeding on residues ~50%; F is the daily feed requirement of cattle 
(estimated to be about 12 kg/day [16]); C is the head of cattle in each district. 
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stover required for meet sustainability demands (SOC and feed) is estimated to be 9.5 
million tonnes. This results in a net maize stover availability of 5.1 million tonnes per 
annum. 
 
Similarly, for wheat straw the gross biomass production is estimated to be 1.8 million 
tonnes (870 and 970 kt of aboveground and below ground biomass respectively). The 
amount of wheat straw required to maintain SOC and prevent erosion amounts to 
about 870 and 100 kt respectively. About 70 kt are utilised as livestock bedding

58
. This 

gives a net wheat straw availability of about 600 kt per annum. 
 
Overall, the sustainable biomass energy potential from maize and wheat residues is 
estimated to be about 6 million tonnes/yr (104 PJHHV). Regions with the highest 
potential include the Northern Cape, Mpumalanga, and Free-State accounting for 
about 87% of national residue potential as shown in Table 5-5 and Figure 5-4.  
 
Table 5-5: Sustainable maize and wheat residue potential for South Africa (Base case) 

Region Maize stover 
(million tonnes) 

a
 

Wheat straw 
(million tonnes) 

a
 

Total residues  
(million tonnes) 

Total crop 
residues  
(PJ HHV) 

b
 

Western Cape  0.01   0.002   0.01   0.2  
Northern Cape  1.33   0.385   1.71   31.0  
Free State  1.65   0.009   1.66   30.1  
Eastern Cape  0.03   0.003   0.03   0.5  
KwaZulu Natal  0.31   0.025   0.34   6.1  
Mpumalanga  1.58   0.019   1.60   29.0  
Limpopo  0.01   0.099   0.11   1.9  
Gauteng  0.24   0.005   0.24   4.4  
North West  0.01   0.055   0.06   1.1  
Total  5.15   0.603   5.75   104.5 
a
 The average residue to product ratios is assumed to be 1:1 for both maize and wheat 

[42,49,59-61]. 
b
 The HHV of the maize and wheat residues is estimated to be 18.2 and 17.8 GJHHV/tdm 

respectively [62,63]. 

Figure 5-4 shows the geographical distribution and relative abundance of crop residue 
availability in South Africa for all provinces and level of spatial detail is at ‘managerial’ 
district (or county) level. It is apparent most of the potential is located in the centre of 

                                                                 
58

 The annual wheat straw requirement for animal bedding also follows Valk et al forthcoming 
methodology as follows: Straw requirement = (365-G)*P*(HOC*1.5 + HOS*1* + HOP*0.5); 
where: G is number of days in the average grazing season; P is percentage of the livestock 
population using bedding; HOC is head of cattle; HOS is head of sheep and HOP is head of pigs. 
It is assumed that cattle, sheep and pigs require 1.5, 1 and 0.5 kg/head/day of residues for 
bedding respectively [19,120]. 
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the country and there is limited potential of crop residues in western and southern 
parts of South Africa.  

 

Figure 5-4: Distribution of crop residues by district in South Africa – Base Case. The map 
shows total biomass available in each district in tonnes per year calculated according to the 
system in Figure 5-3. 

 
Maize stover is potentially available in larger volumes in South Africa compared to 
wheat straw. On average, the sustainable potential of maize stover is about 94 PJHHV 
while the potential of wheat straw is about 11 PJHHV. Free State, Mpumalanga and 
Northern Cape provinces have the highest potential of maize stover (at 32%, 31 and 
26% of total potential respectively). Most of the wheat straw in South Africa can be 
found in Northern Cape and province (about 64% of the national potential). 

5.3.2 Volumes and spatial distribution of crop residues – Improved 

(future) case  

In the improved case, we analysed the impact of implementing the measures listed in 
5.2.4.1. As shown in Table 5-6, the amount of crop residues more than doubles from 6 
million tonnes (104 PJ) to over 13 million tonnes (238 PJ). 
 
Table 5-6: Sustainable maize and wheat residue potential for South Africa (improved 
scenario) 
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Region Maize stover 
(million tonnes) 

Wheat straw 
(million tonnes) 

Total crop residues 
(million tonnes) 

Total crop 
residues  
(PJ HHV) 

a
 

Western Cape  0.02   0.45   0.46   8  
Northern Cape  1.77   0.50   2.27   41  
Free State  3.90   0.17   4.07   74  
Eastern Cape  0.07   0.01   0.08   1  
KwaZulu Natal  0.60   0.04   0.65   12  
Mpumalanga  3.02   0.03   3.05   55  
Limpopo  0.08   0.15   0.23   4  
Gauteng  0.52   0.01   0.53   10  
North West  1.68   0.11   1.78   32  
Total  11.66   1.45   13.12   238 
a
 The underlying data is given in online “Supplementary Data” 

The spatial distribution of crop residue availability for South Africa is shown in Figure 
5-5. It is apparent that the highest increase in residue availability occurs in Free State, 
Mpumalanga and North West provinces. Maize stover still dominate the crop residue 
potential in the Improved case accounting for 90% of the total residue potential.  
 
Increased yields have a higher impact on residue availability, especially for maize 
stover as shown in Figure 5-6; for an increase of 50% for maize, the residue availability 
more than doubles (212% increase). For wheat, a 25% increase in yields results in 
almost double amount of residue available (180% increase). Introducing no till 
cultivation results in residue availability increases of 6% for maize stover and 123% for 
wheat straw. Improved animal feed conversion efficiency does not have a significant 
impact on maize stover availability contributing only 0.9% increase. Double cropping 
results in an increase in wheat straw availability of about 108% but results in no 
increase for maize stover. The latter is due to the fact that there are high amounts of 
below ground biomass in maize irrigation areas and any reduction in SOC 
requirements are not beneficial overall. For wheat, any reduction in SOC requirements 
is beneficial because the below ground biomass is available in smaller quantities. 
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Figure 5-5: Distribution of crop residues by district in South Africa – Improved Case 

 

Figure 5-6: Comparison of crop residue potential by scenario 
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5.4 Logistics 

5.4.1 Cost of maize and wheat residue production – Base case 

5.4.1.1 Maize stover 

 
Given the differences in crop yields and farming operations for production of maize 
and wheat using dryland and irrigation farming, the associated residue collection costs 
are also different. Crop yields are higher in irrigation farming (8 t/ha for maize and 5 
t/ha for wheat) compared to dryland farming (3.5 t/ha for maize and 2 t/ha for 
wheat). It is assumed that the work rate in dryland farms using a large square baler 
can be about 120 ha/day while in irrigation farms only 90 ha/day can be covered. This 
leads to disparities in the effective time of use of machinery, and consequently on 
residue collection costs. A distinction is therefore made for dryland and irrigation 
residue costs. Table 5-7 shows the breakdown of various costs elements for crop 
residues collection in a typical dryland farm.  
 
Table 5-7: Breakdown of current crop residue costs at the farm gate in dryland farming 
($/GJHHV) 

Activity/Cost element 
a
 Maize stover 

b
 Wheat straw 

b
 

Slashing  0.020  - 
Raking  0.024   0.039  
Baling  0.428   0.657  
Forwarding  0.015   0.025  
(Un)loading  0.019   0.032  
Labour  0.003   0.005  
Storage  0.059   0.060  
Farmer Compensation 0.865  0.618  
Subtotal 1.434  1.436  
Profit margin 0.057  0.082  
TOTAL  1.49  1.5 
a
 Equipment investment and operational costs are given in online “Supplementary Data” The 

machinery costs only include the cost of the implement use, there is an additional cost of the 
tractor pulling or driving the implement. Interest rates are assumed to be 8% and exchange rate 
is 9 ZAR: USD 
b
 Assumes slasher (2m, 35 kW) at 4.9 $/hour, Rake (7.2m, 26 kW) at 7.7 $/hour, Bale fork loader 

(2.7 m lift - 500 kg) at 1 $/hour, 10 tonne flatbed trailer at 4.1 $/hour and 44 kW two-wheel 
drive tractor at 11.7 $/hour; 95 kW Large square baler at 281 $/hour and 123 kW four wheel 
drive tractor at 46.3 $/hour; Labour at 2.5 $/hour [47]. For wheat operations, the slasher 
combination is not required. 

 
Overall the cost of collecting, baling and storing maize stover at the farm is estimated 
to be about 1.5 $/GJHHV. Compensation for the farmers for lost nutrients dominates 
the cost of maize stover at the farm accounting for 58% of total costs (or 0.87 $/GJ). 
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Baling is also very important cost element representing 29% of the total costs. A 10% 
farmer profit margin on direct costs is allowed in the estimated direct costs and this 
also represents about 4% of the total costs.  
 
The cost of maize stover at the farm gate on a typical irrigation farm (at 1.26 $/GJ) is 
about 16% lower than the cost at a dryland farm (1.49 $/GJ). This is mainly influenced 
by the higher crop productivities and corresponding higher residue availability in 
irrigation farms. Due to the lower work of machinery in irrigation scenarios, the cost 
element distribution is slightly different also. Absolute baling costs are lower than in 
dryland farming at 0.25 $/GJ (or 20% of overall costs) compared to the other cost 
elements. The relative contribution of farmer nutrient compensation is much higher 
at 69% of total costs. 

5.4.1.2 Wheat straw 

 
The costs of wheat straw at the farm gate are higher compared to maize stover due to 
the lower wheat yields and different operations involved in the collection, baling and 
storage. Wheat straw at a typical dryland farm costs about 1.5 $/GJ assuming a yield 
of 2 t/ha.  Baling dominates the overall wheat straw costs at 43% (or 0.66 $/GJ) and 
farmer nutrient compensation accounts for 41%. 
 
Wheat straw costs in irrigation areas are 36% lower (at 0.64 $/GJ) than in dryland 
farms. Nutrient compensation dominate overall costs at 54% while baling costs still 
accounts for a higher percentage of the overall costs (at 32%). 
 
Figure 5-7 shows the combined cost supply curve of crop residues in South Africa. 
Overall, about 7% of crop residues (6.8 PJ) are available at costs below 1 $/GJ at the 
farm gate while 34% of the residues are available at costs below 1.2 $/GJ. About 96% 
of the residues are available at cost below 1.5 $/GJ. 

5.4.1.3 Cost of maize and wheat residue production – Improved case 

 
In the improved case scenarios, about 80-85% of the biomass (185-193 PJ) is available 
at the farm gate at cost below 1.3 $/GJ. In addition, about 99% of the biomass is 
available at costs below 1.5 $/GJ. 
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Figure 5-7: Cost supply curve of combined maize and wheat residues at the farm gate (BAU vs. 
improved scenarios) 

5.4.2 Supply chain analysis to the conversion plant: Base Case 

 
Figure 5-9 shows the combined cost supply curve for the maize and wheat residues at 
the factory gate delivered to the conversion plant. These costs include the crop 
residue harvesting, collection, baling and storage at the farm, transport to a local 
distribution point as well as long distance transport by truck to the conversion plant.  
 
On average, crop residues in South Africa are delivered at a cost of about 7.1 $/GJ – 
this is a weighted average cost for biomass from all regions. About 11% of the biomass 
is delivered at the conversion plant at less than 3 $/GJ, whereas about 36% can be 
delivered at less than 5 $/GJ. About 82% is delivered at less than 10 $/GJ and only 5% 
of the biomass is delivered above 15 $/GJ.  

5.4.3 Supply chain analysis to the conversion plant: Improved Case 

 
In addition to the base case scenario, the study also considered three optimised 
scenarios as discussed in section 5.2.4.2. These scenarios depict an improved future 
situation characterised by higher biomass availability and use of rail transport instead 
of trucks for the second long distance transportation phase of the supply chain. See 
Table 5-8. We have also included a sensitivity analysis on the impact of future 
improvements (up to 2030) in pre-processing performance (indicated in Figure 5-8 as 
‘future’ TOPs and pellets scenarios). These improvements assume a modest 
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technological learning of 5% for pre-processing, and result in considerable decrease in 
pre-processing costs for TOPs but marginal cost reduction for traditional pellets 
(based on Chapter 3 and Batidzirai et al. [64]). 
 
Table 5-8: Summary of elements included in Improved logistics scenarios 

Scenario Biomass type Pre-
treatment 

Transport mode 

Truck Rail 

BAU Bales-raw  - X X 

Improved 1 Bales-raw: this scenario assumes crop 
residue bales are transported in their raw 
form with no further pre-treatment 

- X X 

Improved 2 Pellets: this scenario assumes the crop 
residues are pre-processed into pellets to 
achieve higher energy density before long 
distance transportation to the conversion 
plant 

X X X 

Improved 3 TOPs: this scenario assumes residues are 
pre-processed into torrefied pellets 

X X X 

Improved 4 Pellets: this scenario assumes 
improvements in future pelletising 
performance through technological learning 

X - X 

Improved 5 TOPs: similarly this scenario assumes 
technical and economic improvements in 
torrefaction  

X - X 

 
Figure 5-8 compares the weighted total supply average costs of crop residues 
delivered to the conversion plant for the various scenarios considered in this study. At 
current conditions, the supply chain that delivers pellets has the lowest cost biomass 
(4.1 $/GJ) followed by TOPs (5.7 $/GJ). As TOPs processing costs decline in the future, 
average delivered costs of TOPs are also expected to decrease to 4.7 $/GJ. The Base 
Case (with raw biomass bales) shows the highest delivered cost of 6.9 $/GJ compared 
to the Improved case supply chain (6.6 $/GJ). This is because train transport becomes 
more efficient with larger volumes of biomass associated with the improved case (raw 
bales). 
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Figure 5-8: Breakdown of average cost elements for biomass delivered at the conversion plant 
gate 

Despite the additional pre-treatment costs of biomass (13.3 $/ton for pellets and 52.4 
$/ton for TOPs), the pellet chain and TOPs chain deliver lower cost biomass to the 
conversion plant as shown in Figure 5-9 and Figure 5-10. For pellets, about 24% of the 
biomass is delivered at costs below 3$/GJ while only 12% of TOPs are delivered at 
costs below 4$/GJ. About 87% of pellets and 61% of TOPs are delivered below 5 $/GJ, 
compared to only 42% for the raw biomass scenarios. About 32% of pellets are 
available at the factory gate between 5 and 10 $/GJ, corresponding amounts of TOPs 
and raw biomass are 59% and 51% respectively. 
 
Similar trends are also exhibited by the scenarios that employ rail for the second 
transport as shown in Figure 5-10. About 24% and 14% of pellets and raw bales 
respectively cost below 3 $/GJ at the factory gate. For TOPs, 12% is delivered at costs 
below 3 $/GJ. At 5$/GJ, there are 42% of raw bales, 87% of pellets and TOPs. About 
92% of pellets based biomass is delivered at the factory gate at costs below 6$/GJ, 
while corresponding values for TOPs and raw bales are 89% and 60% respectively. 
Nearly all pellets and TOPs based biomass (99%) are delivered below 10 $/GJ.  
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Figure 5-9: Cost supply curve for maize and wheat residues delivered to the conversion plant 
(BAU vs. improved truck scenarios) 

 

Figure 5-10: Cost supply curve for maize and wheat residues delivered to the conversion plant 
(BAU vs. improved rail scenarios) 

 



Chapter 5 

 

239 

 

In absolute terms, only 42 PJ is delivered in the BAU below 5$/GJ compared to 96 (for 
raw biomass-improved scenario 1), 190 PJ (pellets –improved scenario 2) and 168 
(TOPs-improved scenario 3). Therefore, considering co-firing 30% biomass at Camden 
(1600 MWe out) requires 36 PJ biomass feedstock - at current conditions, there is 
adequate biomass below 5 $/GJ to meet this demand. For this particular power plant, 
supplies can therefore be built up over time with changing demand and 
improvements in supply. 
 

5.4.3.1 Distance supply curve 

 
Figure 5-11 shows the distance supply curve for maize and wheat residues with 
reference to the conversion plant. About 14% of biomass can be sourced within 100 
km radius of the conversion plant while 30% is within 200 km. Most of the biomass 
(82%) is within 600 km from the conversion plant and which especially would be 
suitable for rail transport. 
 

 
 
Figure 5-11: Distance supply curve for maize and wheat residues relative to the conversion 
plant 
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5.4.3.2 Combined biomass streams59 

 
Apart from maize and wheat residues, other potential biomass resources in South 
Africa include sugar cane residues, forestry industry residues and municipal solid 
waste. The biomass energy potential of forestry residues is about 189 PJ. See Figure 
5-12. Forestry residues resources include primary forestry residues (41 PJ), secondary 
forestry residues (17 PJ), tertiary forestry residues and waste (70 PJ) and wood chips 
(61 PJ). Residues from sugar cane plantations and from cane processing (bagasse) are 
estimated to be between 19 and 32 PJ (the higher end assuming state of the art 
energy conversion equipment is installed in sugar mills thereby increasing efficiency of 
steam and electricity production). There is an estimated 4.5 million dry tonnes of 
organic waste from municipal solid waste that can be utilised for energy which gives a 
potential of about 81 PJ. Overall, the biomass energy potential in South Africa ranges 
from about 400 to 550 PJ. This potential excludes the biomass potential from energy 
crops and from public grasslands and road side grasses. These two resources require 
more elaborate analysis to provide estimates of sustainable potential.  
 

 

Figure 5-12: Distance supply curve for selected biomass resources in South Africa relative to 
the conversion plant 

                                                                 
59

 More details on how these streams are calculated is provided in the Appendix. 
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Some preliminary estimates from other studies (e.g. Wicke et al. [65]) show that 

South Africa has potential land availability of about 1.3 million ha (mainly semi-arid 

and former homelands) which can produce energy crops in the order of 2.5 EJ. This is 

equivalent to the total coal energy use for power generation in South Africa [66]. 

About 4-5% of the total biomass potential is located within 100 km of the conversion 
plant, while 30% is within 250 km. About 50% of the biomass is located less than 350 
km from the conversion facility and 80% is within 550 km. 

5.4.3.3 Greenhouse gas (GHG) balance and mitigation costs 

 
GHG emissions at the various supply chain stages are based on the corresponding 
fossil energy use at each stage and the emission factors. For feedstock production, the 
energy balance is shown in Table 5-9. For post farm-logistics, the energy use for 
transport and pre-processing is also given below. 
 
Table 5-9: Energy use for biomass harvesting 

 Crop Activity Duration 
of 
activity 
(hrs) b 

Fuel 
use 
(ltr/hr)b 

Total 
fuel 
use 
(ltr) 

Biomass 
processed 
(t/hr) 

Specific 
Energy 
Consumption 
(ltr/t) 

Total 
energy 
use 
(MJ/t) a 

Dryland Maize Baling  5.2  22.14  
115.1  

42  2.7   99.73  

Raking  4.8  7.92  38.0  42  0.9   32.96  

Total      3.6   132.70  

Wheat Baling  3.86  22.14  85.4  28  3.1   111.06  

Raking  3.57  7.92  28.2  28  1.0   36.71  

Shredding  2.58  7.92  20.4  28  0.7   26.52  

Total      4.8   174.29  

Irrigation Maize Baling  5.2   22.1   
115.1  

72  1.6   58.18  

Raking  4.8   7.9   38.0  72  0.5   19.23  

Total      2.1   77.41  

Wheat Baling  3.9   22.1   85.4  49.5  1.7   62.82  

Raking  3.6   7.9   28.2  49.5  0.6   20.76  

Shredding  2.6   7.9   20.4  49.5  0.4   15.00  

Total      2.7   98.59  
a
 Diesel - 36.4 MJHHV /litre [67] 

b
 Source: [47] 

 
Table 5-10 summarises the GHG balance for selected biomass supply chains compared 
to emissions for a typical South African coal fired power plant (assumed to be 940 kg 
CO2e/MWh) [68,69]. Key differences in GHG emissions for the biomass scenarios are 
related to second transport (raw bales incur about 2.5 times more GHGs compared to 
pre-treated biomass) and pre-treatment (pelletising and torrefaction  stage result in 
about 0.2 tons CO2e/MWhe emissions). Compared to the reference coal scenario, 
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biomass co-firing reduces total GHG emissions by about 0.62-0.72 tons CO2e/MWhe. 
The power production costs for the depreciated reference coal are estimated to be 
about 10 $/MWhe while for the co-firing scenarios power production costs are 
between 22 and 30 $/MWh. Given the additional costs of between 12 and 20 $/MWh 
for the co-firing scenarios, the cost of GHG mitigation is estimated to be 28 $/ton 
CO2e for co-firing raw bales, 20 $/ton CO2e for pellets and 27 $/ton CO2e for TOPs. 
 
Table 5-10: GHG balance and mitigation costs of biomass co-firing scenarios 

 Reference 
scenario 

Biomass co-firing scenario Units 

 Coal Bales Pellets TOPs  

Feedstock 
c
 -    0.016  0.016  0.016  tons CO2e/MWhe 

First transport 
c,d

 - 0.003  0.003  0.003  tons CO2e/MWhe 

Pre-treatment - - 0.212  0.184  tons CO2e/MWhe 

Second transport 
c,d

 - 0.195  0.081  0.077  tons CO2e/MWhe 

Conversion (co-firing) 
a
 0.007 0.007 0.007 0.007 tons CO2e/MWhe 

Overall GHG emissions 0.94  0.22  0.32  0.29  tons CO2e/MWhe 

GHG emission reduction - 0.72  0.62  0.65  tons 
CO2e/MWhe 

Logistic costs - 21.25  13.32  18.44  $/MWhe 

Conversion costs - co-
firing 

b
 

10.27  9.19  9.19  9.19  $/MWhe 

Overall costs 10.27  30.45  22.52  27.63  $/MWhe 

Additional costs - 20.17  12.24  17.36  $/MWhe 

Mitigation costs - 28.04  19.71  26.58  $/ton CO2e 
avoided 

      

Levelised power 
generation costs of 
other technologies 

Average 
costs (US) 

e
 

Costs Range (US) 
e
 

Cost Range 
(Germany) 

f
 

 

Wind   86.6   73.5 – 99.8 67-131 $/MWhe 

Wind - Offshore   221.5 183.0 – 294.7
  

155-374 $/MWhe 

Solar PV   144.3 112.5 -224.4 164-401 $/MWhe 

Solar Thermal   261.5 190.2 – 417.6  - $/MWhe 

Hydro   90.3 58.4 – 149.2
  

35-103 $/MWhe 

a
 includes emissions from power plant operations [72] 

b
 This assumes a depreciated pulverised coal of 1600 MWe plant capacity at an investment cost 

of 2000 $/kW [73], interest rate of 8%, plant lifetime 30 years, efficiency of 33.4%, load factor of 
7000 hours. Thus only operational costs are assumed for the coal plant. Co-firing is assumed to 
be at 30% (energy basis) and additional investment are estimated to be 400 to 600 $/kW [74]. 
Average domestic coal prices are assumed to be 1.9 $/GJ [66]. 
c
 EF of diesel - 0.073 kg CO2/MJdiesel  [75] 
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d
 emissions are based on energy use for transport (assumed 18.2 MJ/km for a 36 tonne truck; 

and 240 MJ/km for 1000 tonne electric rail system – [76]), transportation distances including 
empty return trip and number of trips per year  
e
 US-EIA [77] 

f
 Veiga et al. [78] 

 
It is also clear that co-firing biomass results in lower power generation costs 
compared to other renewable technologies (which are estimated to be up to over 400 
$/MWh for solar thermal.) Already there is significant investment in renewable 
electricity generation in South Africa. In the second quarter of 2013 alone, South 
Africa spent USD 950 million on renewables, mainly on wind farms, making the 
country one of the global leaders in renewables investment [70,71]. Given this 
investment drive in renewables and the competitiveness of biomass co-firing, the 
most economic pathway for generating renewable electricity would therefore be via 
co-firing biomass.   
 

5.5 Discussion 
 
In this section, we discuss briefly the potential impacts of the uncertainty inherent in 
some of key factors that influence the potential of biomass availability as well as the 
viability of mobilising this resource for energy application. These factors include soil 
organic carbon, yield improvements, residue market price impacts, transport and pre-
treatment costs. 

5.5.1 Soil Organic Carbon 

 
We assumed in this study that the required soil organic carbon level for sustainable 
crop production for all soil types is 2% in the top 20 cm (within the range of 1%-3%) 
[26,79]. This is considered high, especially for South Africa [58]. In general, agricultural 
soils currently have very low organic carbon levels (<0.5%) [35,80,81]. According to 
Strydom et al. [41], there is no data on the sustainable levels of SOC for different 
South African soils, and thus also considerable uncertainty surrounding the required 
SOC for different agro-ecological conditions in the country. The uncertainties result 
from the differences in SOC storage under different soil texture, climate, vegetation 
and land use/management conditions [82];[83]. Due to higher clay content, heavier 
soils are generally able to physically protect SOC from decomposition and well 
aggregated soils can protect SOC from losses due to erosion. In contrast, a more rapid 
turnover of SOC occurs in sandy soils with little or no clay content [84]. Newly 
incorporated organic material is also about seven times more decomposable than 
inherent SOC [85].  
 
We used the Rothamsted Organic Carbon Model to estimate the amount of residues 
required to maintain SOC levels at a minimum of 2.0%. For each of the regions, the 
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model takes into account monthly data on temperature, rainfall, potential 
evaporation, presence of a growing crop and the clay percentage of the soil. The 
model assumes conventional tillage practices and does not include the effect of crop 
coverage.  

5.5.2 Yield Improvements 

 
Improvements in crop yields are estimated based on various approaches that take 
into account land quality, environmental and management factors. These factors are 
highly uncertain and consequently the yield increase estimates also contain 
considerable uncertainty. Various approaches (e.g. crop growth models) are used to 
estimate future crop yields that take into account land quality, environmental and 
management factors, but these require detailed data [86,87]. Since such studies have 
not been conducted for South Africa, we have to rely on global models and estimates 
of yield improvements for both maize and wheat. While these estimates are 
technically feasible within the context of South Africa’s agro-ecological and 
technological capacity, the actual short to medium term yield improvement would 
depend on the rate of improvement in agricultural management as well as 
environmental conditions. Efficient water usage (through for instance drip irrigation), 
better seeds and innovative farming systems could significantly improve cereal 
productivity beyond current levels. These measures could result in higher crop 
production costs, and thereby rendering them unattractive. However, additional 
income from residue sales could be invested in biomass collection and other changes 
required at the farm.  A cost benefit analysis could be conducted to assess the 
economic impacts of such measures, but for this study, the price effects of these 
measures were not assessed. 

5.5.3  Competing markets 

 
Currently crop residues are used as livestock fodder and bedding in South Africa. 
There are also other potential crop residue applications such as biobased materials 
and synthetic fuel production. In South Africa, synthetic fuel production is a potential 
alternative application for crop residues. Since the markets for these competing 
applications do not yet exist, the impact of a developing residues market remains 
uncertain. Many studies use the opportunity cost of residues as an indicator of its 
potential value. The opportunity cost of using crop residues for energy is the value 
foregone by not using them in a competing application (or the price paid for residues 
by competing uses). For example, the residue market is expected to reflect the forage 
value of residue and prices for the close substitute, hay, when the unused residue is 
exhausted in a local area [16]. As the market develops, residue supply is expected to 
increase in value when all harvested residue is used by industry. 
 
For South Africa, it is difficult to determine the true price of residues or animal uses 
since the residues are typically traded informally. Cattle fodder is currently sold at 650 
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R/tonne (~ 70 $/tonne) ([41]. In the US, the opportunity cost of residues are estimated 
at 51.3 $/tonne for maize stover and 26 $/tonne for wheat straw [16]. To make more 
accurate estimates of the opportunity costs of crop residues would require more 
analysis. 

5.5.4 Transport and pre-treatment costs 

 
Transport costs are also likely to be variable as they are strongly dependent on oil 
prices, which are in turn volatile. Current crude oil prices are around 100 $/bbl, but 
since 2011, oil prices have fluctuated between 70 and 130 $/bbl [88]. Long term oil 
costs (up to 2030) are estimated to be 140 $/bbl [89]. Given the volatile nature of oil 
prices, transport costs can also be expected to fluctuate and closely follow the oil 
price trends. 
 
Regarding pre-treatment, pelletising is a mature biomass pre-processing technology 
while torrefaction is still being developed and commercialisation is expected around 
2015. Therefore information used to evaluate technological performance is based on 
demo and pilot scale plants. In the long term (by 2030), production costs of TOPs are 
expected to decline by over 50% due to scaling up and technological learning. TOPs 
production costs are expected to fall to within an average range of 2.1-4.1 $/GJ [64].  
 

5.6 Conclusions and recommendations 
 
This study has established that in South Africa, the sustainable biomass energy 
potential from maize and wheat residues is about 104 PJHHV at current conditions. 
There is potential to increase the amount of crop residues to 238 PJ through measures 
such as no till cultivation, adopting better cropping systems, increasing animal feed 
conversion efficiency as well as using contractors for residue removal in irrigation 
areas. In addition, there is potential to mobilise about 300 PJ from sugar cane 
residues, forestry residues and waste as well as municipal solid waste – which is about 
10% of total coal used for power generation in South Africa. 
 
At the farm gate, maize stover costs are estimated to 0.9-1.7 $/GJHHV while wheat 
straw costs between 0.9-1.5 $/GJ. Baling and nutrient compensation represent more 
than 85% of crop residue collection costs. About 7% of crop residues are available at 
costs below 1 $/GJ while about 96% of the residues are available at cost below 1.5 
$/GJ at the farm gate. In the improved scenario, about 80-85% of the biomass is 
available at the farm gate at cost below 1.3 $/GJ. In addition, about 99% of the 
biomass is available at costs below 1.5 $/GJ. 
 
For biomass deliveries at the conversion plant, less than 11% of the crop residues is 
delivered below 3$/GJ, while about 36% is below 5 $/GJ. About 82% can be delivered 
below 10 $/GJ. Therefore, at current conditions there is adequate biomass below 5 
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$/GJ to co-fire nearly 40% biomass at a large power plant in South Africa such as 
Camden. For this particular power plant, supplies can therefore be built up over time 
with changing demand and improvements in supply. In the optimised supply scenario, 
about 87% of biomass can be delivered below 5$/GJ.  
 
Co-firing coal and crop residues reduces total power production GHG emissions 
significantly by about 0.62-0.72 tons CO2e/MWhe. The cost of GHG mitigation is 
estimated to be 28 $/ton CO2e for co-firing raw bales, 20 $/ton CO2e for pellets and 27 
$/ton CO2e for TOPs. It is also clear that co-firing biomass results in lower electricity 
generation costs (of up to 30 $/MWh) compared to other renewable technologies 
(which are estimated to be up to over 400 $/MWh for solar thermal). South Africa is 
already investing heavily in wind farms and solar thermal technologies, and should 
therefore also consider the more economic option of biomass co-firing for 
competitive delivery of green electricity. 
 
This study has shown that to obtain higher volumes of crop residues, one of the key 
measures would be for farmers to switch from conventional tillage to no-till farming. 
It is clear that sustainability of residue removal is central to the long term production 
and supply of crop residues for energy applications. We estimate that a minimum of 2 
tonnes/ha of residues are required to reduce soil erosion to a maximum of 10% of 
bare soil erosion and varying additional amounts of residues are also required to 
maintain healthy 2.0% SOC level. However, more analysis needs to be done to 
establish region specific SOC levels that would allow accurate evaluation of 
sustainable residue removal rates. It would also be important to model the market 
dynamics of increased crop residue supply as well as cost impacts of various supply 
chain optimisation measures. 
 
To establish a successful and sustainable crop residue supply system in South Africa, it 
would be important to start by utilising the existing agricultural system to establish 
supply and a functional market. Once supply is established, it would be necessary to 
incentivise improvements and attract farmers to invest in crop residue collection 
equipment while at national level it would important to match the infrastructure 
along the supply chain with the traffic demands brought by increased biomass 
production and supply. To ensure biomass supply is competitive, it would also be 
necessary to establish pre-treatment facilities while at the farms, changes in the 
agricultural management towards no-till farming can lead to higher residue 
availability. 
 
Moving large quantities of low density biomass requires adequate road and rail 
capacity to accommodate the volumes of additional commodities on the transport 
system. This additional burden on the transport system must be supported by 
sufficient investment. For long term competitiveness of crop residue supply, the rail 
network would have to absorb most of the traffic. It will also be necessary to establish 
appropriate storage facilities along the supply chain.  
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Appendix 

A1 Maize and wheat production in South Africa 

 
Maize production in South Africa 
 
Maize is the most important grain crop in South Africa, being both the major feed 
grain and the staple food of the majority of South Africans [90]. South Africa produces 
an average of 10.3 million tonnes of maize per year (10 year average) on 3 million ha 
[91]. More than 80% of maize is produced on dry land and the rest is produced under 
irrigation.  
 
Maize is produced primarily in the Free State, North-West and Mpumalanga provinces 
[92]; on average these provinces contribute 85% of national production [47,93]. 
Irrigation maize is mainly produced in the Northern Cape and Free State province. 
Average commercial maize yields vary by region and range from about 2 t/ha in North 
West region to over 12 t/ha in North Cape Province [52].  
 
Du Plessis [34] identified four maize tillage systems currently being employed in South 
Africa: conventional tillage and conservation tillage (reduced tillage, stubble-mulch 
tillage and no-till). Conventional tillage implies an intensive range of cultivations and 
although it allows good disease control it is poor at controlling soil erosion. In 
contrast, no-till is more effective at soil erosion control.  
 
Wheat production in South Africa 
 
Wheat is the second most important field crop produced in South Africa. About 70% 
of wheat is produced in the Eastern Free State, Western Cape and irrigation areas 
mostly along the Orange River. South Africa produces an average of 2 million tonnes 
of wheat (10 year average) on 780,000 ha [47]. About 40% of wheat in South Africa is 
produced under irrigation (mainly in Northern Cape and Free State) and average yield 
is 6 tonnes/ha [52].  
 
Collection of crop residues 
 
Crop residues are collected in South Africa for use as part of animal feed and bedding 
on the farm or for selling to other farmers. A number of methods are used in 
collecting crop residues, depending on the farm production systems. Required 
equipment include harvesters, rakes and tedders, balers (square or round), bale 
wrappers, bale fork loaders, tractors and trailers as listed in Table A 1.  
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Baling technologies 
 
Residue processing begins during grain harvesting, where the combine harvester 
blows residues out of the back (~30% for maize and ~50% for wheat); the rest of the 
residue is still anchored to the ground [51];[94]. The remaining residues have to be 
slashed if additional residue collection is required. Typically, residue baling is 
performed using “shred, rake and bale technology” and its collection efficiency is 
about 80%. If the anchored residues are not processed, then the “rake and bale 
technology” can be used (collection efficiency 50%) [51]. Alternatively, the “single 
pass bale direct” technology (collection efficiency 30%) can be employed [95]. In this 
scenario, the combine drops the residues in a windrow and residues are baled 
immediately [51]. 
 
Storage of crop residue bales 
 
At the farm storage, bales are either stacked outside without serious degradation or 
stored within and shed (closed or roofed) for up to six months. Storage costs 
estimated to be about 0.2$/ton/month (for open air), 0.5$/ton/month (covered with 
open sides) and 0.67/ton/month for a shed [41]. 
  
Economics of residue collection 
 
Machinery cost for crop residue collection 
  
The machinery costs shown in Table A 1 only include the cost of the implement use, 

there is an additional cost of the tractor pulling or driving the implement. The tractor 

costs are given in Table A 2.  

 
Table A 1: Typical crop residue collection equipment and costs (2011/2012) 

Implements 
a
 Investment 

(R) 
Total fixed 
cost (R/h) 

O&M 
(R/h) 

Total costs 
(R/h) 

Finger wheel hay rake (4-wheel-2.3 m) 7,652 5.34 4.59 9.93 
Big Square Balers (1200x1000 cm) 1,950,286 1360.32 1170.17 2530.5 
Bale fork loader 2.7 m lift - 500 kg 10,400 5.8 1.66 7.47 
Trailers (10 Ton flatbed) 99,160 28.08 3.97 37.25 
Slashers (Heavy duty 2m) 37,700 29.41 15.08 44.49 
a
 All equipment is assumed to have a lifetime of 2,000 hours (at a rate of 200 hours a year), 

except flatbed trailer (10,000 hours). The fork loader is assumed to work for 250 hrs/yr, trailer 
(500 hrs/yr), and slashers (150 hrs/yr). Salvage value for equipment is estimated to be 10% of 
initial cost. Interest rates are assumed to be 8%. 

Source: [47] 

In Table A 2, the cost of tractors with different capacities is given for a typical farm.  
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Table A 2: Tractor costs (2011/2012) 

Tractors 
a
 Tractor 

power 
(kW) 

Purchase 
price (R) 

Total 
fixed cost 

(R/h) 

O&M 
(R/h) 

Fuel 
costs 
(R/h) 

Total 
costs 
(R/h) 

Four-Wheel Drive Tractors 123 958,042 135.08 95.80 185.98 416.86 
Two-Wheel Drive Tractors 44 160,576 22.64 16.06 66.53 38.70 
a
 The lifetime of tractors is estimated to be 12,000 hrs assuming a rate of use of 1000 hrs/yr. 

Source: [47] 
 
Transport costs 
 
The transport costs per truck/km are typically fixed and estimated at 15 R/km [41]. 
Other references estimate that the typical price for bulk road transport in South Africa 
is 1 R/t-km assuming a full load of 28 tonnes [96,97]. We use an average of 0.08 $/t-
km.   

A2 Volumes and spatial distribution of crop residues 

 
Table A 3 summarises the base case theoretical maize and wheat residue potential for 
each region in South Africa, based on planted areas for each region and crop yields (at 
district level) as well as the harvest index for each crop type.  
 
Table A 3: Theoretical maize and wheat residue production in South Africa by region – Base 
case 

Region Planted 
hectares 
of maize 
(kha) 

Maize 
stover 
(ktons/yr) 

Planted 
hectares 
of wheat 
(kha) 

Wheat 
straw 
(ktons/yr) 

Total gross 
residue 
production 
(ktons/yr) 

Total 
gross 
residue 
potential 
(PJ) 

Western 
Cape 

 26.6   81   266.8   587   668   11.93  

Northern 
Cape 

 148.6   1,641   51.0   472   2,112   38.26  

Free State  1,143.7   4,203   226.5   400   4,603   83.62  
Eastern Cape  15.9   80   6.0   21   101   1.82  
KwaZulu 
Natal 

 115.3   565   9.1   45   610  11.08  

Mpumalanga  609.2   2,857   5.5   31   2,888   52.55  
Limpopo  50.0   141   31.0   145   287   5.16  
Gauteng  128.7   535   1.7   9   544   9.90  
North West  872.2  2,462   25.3   129   2,591   47.10  
Total  3,110   12,565   623.0   1,839  14,404   261.41 
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The gross crop residue potential from maize and wheat residues is estimated to be 
about 14 million tonnes (262 PJ) of which 12.6 million tonnes are maize stover and 1.8 
million tonnes are wheat straw. 
 
From the 14 million tonnes of total crop residue production, only 5.8 million tonnes 
can be removed sustainably from the fields. This consists of 5.2 million tonnes of 
maize stover and 600 thousand tonnes of wheat straw. Table A 4 and Table A 5 show 
how the net or sustainable biomass potential from maize stover and wheat straw is 
derived respectively. These two tables show intermediate results for those districts 
(within each province) where sustainable removal of crop residues is possible. All 
districts where there is no surplus biomass left after meeting soil conditioning and 
competing applications requirements are not included in the intermediate results 
shown in Table A 4 and Table A 5. The second column shows the effective land area in 
each province where biomass can be collected sustainably (compared to the total area 
under each crop where residues can potentially be collected). For regions such as 
Northern Cape where there is potential to collect crop residues in all districts, the 
gross crop residue potential given in Table A 3 equals the gross residue potential given 
in Table A 4 or Table A 5. 
 
Table A 4: Estimates of sustainable maize stover potential by region (showing contribution of 
physical constraints and competing applications) /thousand tonnes per year 

Region Planted 
hectare
s of 
maize 
(kha) 

Gross 
residue 
productio
n  

Residue
s 
require
d for 
soil 
erosion 
control 

Residue
s 
require
d to 
maintai
n 2% 
SOC  

Below 
ground 
biomas
s  

Residues 
not used 
for soil 
conditionin
g b 

Residu
e used 
for 
cattle 
feed  

Net 
amoun
t of 
residue
s not 
used  

Western 
Cape 

 14 (27) 
a 

 49   29   66   32  15  4   11  

Northern 
Cape 

149 
(149) 

 1,640   297   862   1,066  1,343  15   1,328  

Free State  1,051 
(1,144) 

 3,972   2,102   4,624   2,582  1,747  100   1,647  

Eastern 
Cape 

 16 (16)  79   32   67   52  48  21   26  

KwaZulu 
Natal 

115 
(115) 

 564   230   541   367  330  20   310  

Mpumalang
a 

597 
(609) 

 2,825   1,195   2,449   1,837  1,631  55   1,576  

Limpopo  14 (50)  56   28   74   36  18  10   7  

Gauteng 126 
(129) 

 526   251   553   342  266  31   235  

North West  6 (872)  29   11   33   19  15  6   9  

Total   2,088 
(3,110) 

 9,742   4,175   9,270   6,332  5,413  263   5,150 

a 
The area in brackets shows the total area under maize cultivation in each region and includes 

districts where residue removal is not sustainable 
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b
 Residues that are not required for soil protection and conditioning are calculated as a sum of 

gross residues available in each district and below ground biomass minus either residues 
required for soil erosion protection or SOC control (whichever is higher). 

 
According to Table A 4, maize stover can only be collected on 2 million hectares out of 
the total 3.1 million hectares under maize production in South Africa. From this area, 
the gross residue production potential is estimated to be 9.7 million tonnes (2.8 
million tonnes less than national maize stover potential of 12.6 million tonnes shown 
in Table A 3). In addition to the aboveground biomass, there is also a significant 
amount of below ground biomass amounting to 6.3 million tonnes. The gross amount 
of biomass therefore becomes 16.1 million tonnes per annum. It is important to note 
that the below ground biomass can only be used for SOC control and is unavailable for 
removal. About 4.2 million tonnes of maize stover would be required for soil erosion 
control while 9.3 million tonnes would be required for SOC maintenance.  Since the 
amount of residues required to maintain SOC levels is more than the residues 
required to prevent soil erosion, some of the residues derived from aboveground 
biomass required for maintaining SOC can be used to fulfil both functions (SOC 
maintenance and erosion control). About 263,000 tonnes of maize stover is required 
to meet cattle feed in the districts

60
 where the sustainable crop residue is located. The 

total amount of maize stover required to meet sustainability demands (SOC and feed) 
is estimated to be 9.5 million tonnes. This results in a net maize stover availability of 
5.1 million tonnes per annum. Details of these calculations are shown in Table A 6. 
 
Similarly, for wheat straw the gross biomass production is estimated to be 1.8 million 
tonnes (874 thousand tonnes of aboveground biomass and 970,000 tonnes of below 
ground biomass). The amount of wheat straw required to meet environmental 
demands (i.e. maintain SOC and prevent erosion) amounts to about 870,000 tonnes 
and 105,000 tonnes respectively. About 71,000 tonnes is utilised as livestock bedding. 
This gives a net wheat straw availability of about 603,000 tonnes per annum. 
 
 
 
 
 
 
 
 

                                                                 
60 It is important to note that this does not represent the cattle feed demand in the whole country, but only 
reflects the amount of stover required for the analysed districts since the mass balance is analysed at that 
spatial scale. Other districts where the cattle feed demand exceeds available stover are excluded in the 
results. The possibility of inter-district trade of maize stover is difficult to model as different sources of 
roughage are used by farmers and the market for stover only exists during drought years. Our analysis is 
based on a farm level mass balance of maize stover production and use, and more accurately represents the 
dynamics of stover use than the more aggregate national stover balance. 
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Table A 5: Estimates of sustainable wheat straw potential by region (showing contribution of 
physical constraints and competing applications) /thousand tonnes per year 

Region Planted 
hectares 
of wheat 
(kha) 

Gross 
residue 
production  

Residues 
required 
for soil 
erosion 
control 

Residues 
required 
to 
maintain 
2% SOC  

Below 
ground 
biomass  

Residues 
not used for 
soil 
conditioning  

Residue 
used for 
livestock 
bedding  

Net 
amount 
of 
residues 
not used  

Western 
Cape 

3 (267) a  8   2   16   9   2   0   2  

Northern 
Cape 

49 (51)  465   37   330   516   394   10   385  

Free State 16 (227)  47   12   80   52   16   7   9  
Eastern Cape 3 (6)  13   3   16   15   11   7   3  
KwaZulu 
Natal 

8 (9)   41   6   59   46   29   3   25  

Mpumalanga 5  (6)   29   4   23   32   24   5   19  
Limpopo 29 (31)   139   22   175   155   108   8   99  
Gauteng 2 (2)   9   1   8   10   7   3   5  
North West 24 (25)   122   18   162   135   82   27   55  
Total 140 (623)   874   105   870   970   673   71   603 
a  The area in brackets shows the total area under maize cultivation in each region and includes districts 
where residue removal is not sustainable. 
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Table A 6: Estimating sustainable residue removal (maize stover example) 

Province  Average 
yield 
(t/ha) 

 Planted 
hectares 
of maize 
(ha)  

 Maize 
yield 
(t/ha)  

 Residue 
yield 
(t/ha)  

Residues 
required 
for soil 
erosion 
control 
(t/ha) 

Residues 
required to 
maintain 
2% SOC 
(t/ha) 

 Below 
ground 
biomass 
(t/ha)  

 Residues 
not used 
(t/ha)  

 Residue 
not used 
(t/yr)  

 Residue 
used for 
cattle 
feed (t/yr)  

 Net 
amount of 
residues 
not used 
(t/yr) 

Farm 
gate 
costs 
($/ton) 

    A   B   C  D  E   F   G*   H   I   J   

     C=B      H=G*A  J=H-I  

Western Cape   14.397  49.350 ‡  49.350 ‡      15.201   4.101   11.100   

Bredasdorp  3,55   8.735   3,55   3,55  2 4,6  2,31   1,26   11.047   1.919   9.127   26,97  

Caledon  3,23   5.662   3,23   3,23  2 4,6  2,10   0,73   4.155   2.182   1.973   28,09  

Eastern Cape   15.897   79.450   79.450       47.656   21.304   26.352   

Cradock  5,46   2.346   5,46   5,46  2 4,2  3,55   3,46   8.109   3.337   4.772,21   33,55  

East London  6,25   2.120   6,25   6,25  2 4,2  4,06   4,25   9.010   2.939   6.071,05   29,29  

Elliot  3,82   4.343   3,82   3,82  2 4,2  2,48   1,82   7.908   1.653   6.255,20   47,91  

Humansdorp  7,28   1.847   7,28   7,28  2 4,2  4,73   5,28   9.749   7.453   2.295,79   25,15  

Maclear  3,85   2.268   3,85   3,85  2 4,2  2,50   1,85   4.192   2.065   2.126,55   47,57  

Middelburg  6,20   964   6,20   6,20  2 4,2  4,03   4,20   4.047   1.124   2.922,56   29,53  

Queenstown  4,31   2.009   4,31   4,31  2 4,2  2,80   2,31   4.641   2.732   1.909,01   42,47  

Northern Cape   148.648   
1.640.475  

 
1.640.475  

     
1.343.179  

 15.362   1.327.817   

Philipstown   11,31   1.292   11,31   11,31  2 5,8  7,35   9,31   12.036   443   11.593,05   16,18  

Hopetown          11,26   4.118   11,26   11,26  2 5,8  7,32   9,26   38.130   917   37.212,72   16,26  

Prieska  12,71   23.205   12,71   12,71  2 5,8  8,26   10,71   248.472   652  247.819,73   14,40  

Kenhardt     10,38   228   10,38   10,38  2 5,8  6,74   8,38   1.909   190   1.718,96   17,64  

Gordonia     10,40   9.722   10,40   10,40  2 5,8  6,76   8,40   81.669   3.205   78.463,52   17,60  

Hay  10,67   1.414   10,67   10,67  2 5,8  6,93   8,67   12.256   944   11.312,06   17,16  

Herbert  11,33   23.083   11,33   11,33  2 5,8  7,37   9,33   215.413   2.011  213.401,81   16,15  

Kimberley  12,13   6.465   12,13   12,13  2 5,8  7,88   10,13   65.493   2.870   62.622,88   15,09  

Warrenton  10,73   9.027   10,73   10,73  2 5,8  6,97   8,73   78.798   2.069   76.728,87   17,06  

Hartswater         10,40   70.093   10,40   10,40  2 5,8  6,76   8,40   589.004   2.061  586.943,08   17,60  

Free State  Dryland   
1.034.640  

 
3.813.682  

 
3.813.682  

     
1.621.448  

 97.606   1.523.842   

  Irrigation   16.297   158.518   158.518       125.923   2.851   123.073   

Koffiefontein  4,06   419   4,06   4,06  2 4,4  2,64   2,06   863   293   569,33   23,41  
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Boshof  3,39   11.045   3,39   3,39  2 4,4  2,21   1,20   13.224   4.280   8.944,26   28,00  

Bloemfontein  4,17   3.020   4,17   4,17  2 4,4  2,71   2,17   6.553   5.904   649,12   22,78  

Excelsior  3,61   10.018   3,61   3,61  2 4,4  2,35   1,56   15.603   1.228   14.374,91   26,31  

Winburg  2,85   7.832   2,85   2,85  2 4,4  1,85   0,30   2.321   1.398   922,88   33,38  

Clocolan  3,19   12.195   3,19   3,19  2 4,4  2,07   0,86   10.537   1.706   8.831,20   29,78  

Ladybrand  2,98   11.396   2,98   2,98  2 4,4  1,94   0,52   5.910   2.976   2.933,50   31,87  

Bultfontein  4,30   67.706   4,30   4,30  2 4,4  2,80   2,30   155.993   2.437  153.555,80   22,07  

Theunissen  3,37   21.839   3,37   3,37  2 4,4  2,19   1,16   25.348   2.216   23.132,55   28,19  

Virginia  3,44   3.940   3,44   3,44  2 4,4  2,24   1,28   5.050   437   4.612,91   27,59  

Welkom  3,40   4.008   3,40   3,40  2 4,4  2,21   1,22   4.880   1.135   3.745,03   27,90  

Hennenman  3,16   17.435   3,16   3,16  2 4,4  2,05   0,81   14.113   1.014   13.098,71   30,09  

Odendaalsrus  3,36   20.690   3,36   3,36  2 4,4  2,18   1,14   23.658   672   22.985,78   28,28  

Hoopstad  4,07   76.894   4,07   4,07  2 4,4  2,65   2,07   159.419   4.191  155.227,96   23,32  

Wesselsbron  4,57   63.364   4,57   4,57  2 4,4  2,97   2,57   163.052   1.306  161.746,03   20,77  

Bothaville  3,68   160.166   3,68   3,68  2 4,4  2,39   1,67   268.054   4.291  263.762,39   25,81  

Viljoenskroon  3,54   98.311   3,54   3,54  2 4,4  2,30   1,44   141.732   3.957  137.775,81   26,83  

Kroonstad  3,93   40.326   3,93   3,93  2 4,4  2,56   1,93   77.896   9.269   68.626,79   24,16  

Koppies  3,48   66.484   3,48   3,48  2 4,4  2,26   1,34   88.773   2.139   86.633,55   27,33  

Vredefort  2,96   35.257   2,96   2,96  2 4,4  1,93   0,49   17.298   862   16.435,73   32,05  

Ventersburg  2,94   9.892   2,94   2,94  2 4,4  1,91   0,44   4.383   1.346   3.037,60   32,37  

Frankfort  3,28   67.710   3,28   3,28  2 4,4  2,13   1,01   68.655   7.696   60.958,38   28,95  

Vrede  3,23   19.831   3,23   3,23  2 4,4  2,10   0,94   18.590   8.038   10.551,53   29,37  

Lindley  3,05   57.545   3,05   3,05  2 4,4  1,98   0,63   36.020   2.351   33.668,87   31,19  

Reitz  3,68   34.621   3,68   3,68  2 4,4  2,39   1,67   57.948   4.442   53.505,42   25,81  

Harrismith  4,04   55.644   4,04   4,04  2 4,4  2,63   2,04   113.755   8.549  105.206,24   23,49  

Bethlehem  4,00   30.074   4,00   4,00  2 4,4  2,60   2,00   60.215   10.920   49.295,05   23,74  

Ficksburg  3,94   17.181   3,94   3,94  2 4,4  2,56   1,94   33.274   1.606   31.667,95   24,13  

Fouriesburg  4,89   9.798   4,89   4,89  2 4,4  3,18   2,89   28.333   946   27.386,93   19,42  

Jacobsdal  9,41   2.649   9,41   9,41  2 4,4  6,12   7,41   19.639   603   19.036,16   19,45  

Fauresmith  11,80   9.327   11,80   11,80  2 4,4  7,67   9,80   91.382   1.056   90.326,91   15,52  

Petrusburg  5,45   4.321   5,45   5,45  2 4,4  3,54   3,45   14.902   1.192   13.709,50   33,60  

KwaZulu-Natal  Dryland   50.898   219.346   219.346       113.562   13.783   99.779   

  Irrigation   64.245   344.983   344.983       216.493   5.839   210.654   

Utrecht        3,60   3.279   3,60   3,60  2 4,7  2,34   1,24   4.052   2.646   1.406,83   26,41  

Dannhauser  4,28   8.963   4,28   4,28  2 4,7  2,78   2,28   20.461   577   19.883,65   22,18  

Glencoe             3,91   9.680   3,91   3,91  2 4,7  2,54   1,75   16.957   513   16.443,48   24,30  

Dundee              3,69   4.195   3,69   3,69  2 4,7  2,40   1,39   5.814   3.770   2.044,14   25,76  



Current and future …..feasibility of crop residues supply for biomass energy 

 

266 

 

Paulpietersburg     4,87   10.587   4,87   4,87  2 4,7  3,16   2,87   30.368   1.545   28.823,13   19,51  

Vryheid             4,53   14.193   4,53   4,53  2 4,7  2,94   2,53   35.910   4.733   31.177,53   20,97  

Newcastle           5,32   16.711   5,32   5,32  2 4,7  3,46   3,32   55.477   3.131   52.346,55   34,41  

Bergville           5,43   20.138   5,43   5,43  2 4,7  3,53   3,43   69.023   2.188   66.834,11   33,73  

Estcourt           5,36   27.395   5,36   5,36  2 4,7  3,48   3,36   91.994   520   91.473,37   34,16  

Mpumalanga  Dryland   506.492   
2.250.851  

 
2.250.851  

     
1.237.822  

 47.708   1.190.114   

  Irrigation   90.936   574.623   574.623       392.750   7.194   385.556   

Pelgrimsrus  4,31   682   4,31   4,31  2 4,1  2,80   2,31   1.573   439   1.134,83   22,07  

Witrivier  2,94   239   2,94   2,94  2 4,1  1,91   0,76   181   107   73,83   32,29  

Lydenburg  4,68   18.999   4,68   4,68  2 4,1  3,04   2,68   50.832   2.157   48.674,83   20,32  

Middelburg  4,38   118.298   4,38   4,38  2 4,1  2,85   2,38   281.800   10.356  271.444,23   21,68  

Witbank  4,74   54.322   4,74   4,74  2 4,1  3,08   2,74   148.999   2.401  146.598,29   20,03  

Belfast  4,93   29.057   4,93   4,93  2 4,1  3,20   2,93   85.068   1.793   83.274,80   19,28  

Delmas  4,60   69.609   4,60   4,60  2 4,1  2,99   2,60   181.292   4.447  176.844,79   20,63  

Hoeveldrif  4,64   20.802   4,64   4,64  2 4,1  3,02   2,64   54.956   2.169   52.787,75   20,47  

Bethal  4,59   32.555   4,59   4,59  2 4,1  2,98   2,59   84.361   2.288   82.072,55   20,69  

Balfour  3,81   17.638   3,81   3,81  2 4,1  2,48   1,81   31.888   2.390   29.498,24   24,95  

Standerton  3,83   48.204   3,83   3,83  2 4,1  2,49   1,83   88.439   6.913   81.526,21   24,77  

Carolina  4,93   26.290   4,93   4,93  2 4,1  3,21   2,93   77.092   1.315   75.777,59   19,26  

Ermelo  4,16   59.575   4,16   4,16  2 4,1  2,70   2,16   128.427   7.661  120.766,55   22,86  

Amersfoort  4,24   10.220   4,24   4,24  2 4,1  2,76   2,24   22.911   3.272   19.639,20   22,40  

Groblersdal  6,50   44.374   6,50   6,50  2 4,1  4,22   4,50   199.611   886  198.725,02   28,17  

Wakkerstroom  6,44   4.835   6,44   6,44  2 4,1  4,18   4,44   21.452   1.201   20.250,26   28,44  

Piet Retief  6,11   41.727   6,11   6,11  2 4,1  3,97   4,11   171.687   5.107  166.580,71   29,94  

Limpopo  Dryland   13.164   51.087   51.087       14.527   8.286   6.241   

  Irrigation   735   4.805   4.805       3.335   2.212   1.123   

Pietersburg  3,88   13.164   3,88   3,88  2 5,3  2,52   1,10   14.527   8.286   6.240,51   24,48  

Letaba  6,54   735   6,54   6,54  2 5,3  4,25   4,54   3.335   2.212   1.122,94   27,99  

Gauteng  Dryland   120.174   493.525   493.525       244.676   30.130   214.918   

  Irrigation   5.512   32.028   32.028       21.003   460   20.544   

Wonderboom  3,25   621   3,25   3,25  2 4,4  2,12   0,97   602   354   248,33   29,19  

Pretoria  4,28   1.630   4,28   4,28  2 4,4  2,78   2,28   3.717   4.089   -     22,20  

Bronkhorstspruit  4,79   16.209   4,79   4,79  2 4,4  3,11   2,79   45.231   3.468   41.763,29   19,83  

Cullinan  4,01   4.067   4,01   4,01  2 4,4  2,61   2,01   8.194   363   7.830,51   23,66  

Benoni  3,27   1.896   3,27   3,27  2 4,4  2,12   0,99   1.882   258   1.624,31   29,07  

Heidelberg  4,37   9.007   4,37   4,37  2 4,4  2,84   2,37   21.374   12.743   8.630,63   21,73  
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Nigel  4,05   30.610   4,05   4,05  2 4,4  2,63   2,05   62.737   3.861   58.876,84   23,46  

Vanderbijlpark  3,71   10.524   3,71   3,71  2 4,4  2,41   1,71   17.988   174   17.814,03   25,61  

Vereeniging  2,84   13.602   2,84   2,84  2 4,4  1,85   0,28   3.862   2.241   1.620,64   33,47  

Westonaria  3,17   621   3,17   3,17  2 4,4  2,06   0,82   512   41   470,15   30,00  

Oberholzer  4,55   6.190   4,55   4,55  2 4,4  2,96   2,55   15.766   316   15.450,29   20,89  

Randfontein  4,49   17.264   4,49   4,49  2 4,4  2,92   2,49   42.936   963   41.973,27   21,17  

Roodepoort  3,85   1.065   3,85   3,85  2 4,4  2,50   1,85   1.966   513   1.452,39   24,70  

Kempton Park  4,84   5.596   4,84   4,84  2 4,4  3,14   2,84   15.866   381   15.484,96   19,65  

Boksburg  3,65   1.118   3,65   3,65  2 4,4  2,38   1,63   1.821   278   1.543,24   26,00  

Brakpan  3,54   155   3,54   3,54  2 4,4  2,30   1,44   222   86   135,52   26,86  

Springs  5,81   5.512   5,81   5,81  2 4,4  3,78   3,81   21.003   460   20.543,73   31,51  

North West   5.700   29.309   29.309       15.301   6.327   8.974   

Brits  5,14   5.700   5,14   5,14  2 5,8  3,34   2,68   15.301   6.327   8.974,40   35,60  

TOTAL MAIZE 
RESIDUES  

           5.150.087   

* there are different situations that require the following algorithm (where SOC – soil organic carbon requirements; ER – soil erosion control 
requirements; BG – below ground biomass ; TR – total residues produced) 
1) IF SOC > ER AND SOC > BG AND SOC – BG > ER THEN NET RESIDUES = TR +BG – SOC 
2) IF SOC > ER AND SOC > BG AND SOC – BG < ER THEN NET RESIDUES = TR –ER; 3) IF SOC > ER AND SOC < BG THEN NET RESIDUES = TR –ER 
‡ - the values in bold are tonnes per annum
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A3 Potential of other biomass residue and waste streams 

 
Forestry industry residue streams 
 
Data on the forestry industry is based on a study conducted by the Department of 
Minerals and Energy in South Africa [98]. South Africa produces around 17 million 
tonnes (as received-a.r.) timber per annum, comprising 9 million tonnes of softwood 
(pine) and 8 million tonnes of hardwood hard (eucalyptus) [98-100]. About 60% of the 
timber is used as pulpwood and 27% as sawlogs [98,100]. 
 
The waste streams assessed from forestry include: 

 Primary forestry residues: e.g. thinnings, cuttings, logging residues etc. 

 Secondary forestry residues: e.g. sawmill waste, chips, bark etc. 

 Tertiary forestry residues (pulp and paper waste): e.g. black liquor, bark, 
sludge, etc. 

 Wood chips (currently being exported). 
 
i. Primary forestry residues (thinnings, cuttings, logging residues etc.). 
 
The potential amount of forest residues were calculated based on the percentage 
residues produced per trunk mass of hard and softwood (following DME [98]). This 
amounted to about 3 million tonnes per annum. The potential recoverable forestry 
waste was corrected for usable firewood, mulch and mechanical losses and estimated 
to be 2 million tonnes per annum. 
 
Table A 7:  Total and recoverable South African primary forestry residues 

Location Residues production 
a
 Recoverable residues 

b
 

 tdm tdm 
Sappi - Enstra mill 137871  86.694  
Mondi - Piet Retief mill  82723  52.017  
Sappi - Ngodwana mill 703144  442.141  
Sappi - Usutu mill  317104  199.397  
Limpopo Plantations 108454  68.196  
Sappi - Tugela mill  283423  178.218  
Sappi - Saiccor mill  485867  305.516  
Mondi - Richards Bay mill  466433  293.295  
Mondi Merenbank mill  231597  145.629  
Eastern Cape Plantations 274325  172.497  
Western Cape Plantations 98885  62.179  
Total SA  3.189.826   2.005.779  
a
 Based on a 16% and 21% residue per trunk mass for hard and softwood [98,100]. Since there is 

a 47:53 split in hardwood and softwood yields an average forest residue percentage (18.92%) 
was used [101]. 
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b
 20% non-marketable sticks (included) 16% ground cover (excluded), 64% in remaining residue 

of which one third lost as mechanical loss [100]. 

ii. Secondary forestry residues and waste (sawmill wastes, chips, dust, bark etc.). 
 
There are over 100 sawmills in South Africa, based mainly in Mpumalanga and 
KwaZulu-Natal [100]. Sawmills mainly produce lumber cuts and poles, which are used 
in the building construction, furniture and mining industries. Woodchips are produced 
as byproducts and either exported or sold to the pulp and paper industries. Sawmill 
efficiency is measured according to the volume percentage lumber or poles recovered 
out of a sawlog. The average recovery rate in South Africa is 47% which is rather low 
compared to international levels of 52%. This is mainly because of South Africa’s low 
sawlog prices [22]. 
 
Table A 8:  Secondary forestry residues and sawmill wastes 

Sawmill location Residues Production 
a
 Recoverable residues 

b
 

 tdm tdm 
Sappi - Enstra mill 127825  35.546  
Mondi - Piet Retief mill  76695  21.328  
Sappi - Ngodwana mill 651910  181.288  
Sappi - Usutu mill  293998  81.757  
Limpopo Plantations 100552  27.962  
Sappi - Tugela mill  262771  73.073  
Sappi - Saiccor mill  450465  125.268  
Mondi - Richards Bay mill  432446  120.258  
Mondi Merenbank mill  214722  59.711  
Eastern Cape Plantations 254336  70.728  
Western Cape Plantations 91679  25.495  
Total residues  2.957.399   822.414  
a
 In 2003 around 5.58 million tonnes of round wood went to sawmills (33% of total round wood) 

and had a timber recovery of 47% [98]. 
b
 Sawmilling waste: consists of 55% chips, 28% sawdust, 17% bark; from this, 0.7 million tonnes 

is goes to timber-board making and 1.63 million tonnes to woodchip exports [100]. 

 
iii. Tertiary forestry waste and residues (Pulp and Paper Wastes: black liquor, bark, 
sludge, etc.) 
 
South Africa produces about 2.3 million dry tonnes of pulp per year [98,100]. Pulp and 
paper industries produce significant volumes of black liquor, bark and wood sludge. 
Black liquor is a product from the digesters or cookers in chemical pulping processes, 
such as found in Kraft plants. Approximately 50-55% of the round wood feedstock 
ends up in the black liquor stream and the remaining (ligno-and hemi-cellulose) 
remains in the cookers as pulp (cooking liquor) used for paper production [102,103]. 
The black liquor contains 15-17% solids, consisting of dissolved organics (mostly lignin 
and some carbohydrates) and spent pulping chemicals (sodium sulphide and sodium 
carbonate) [102,103]. The organics are normally dried in multi stage evaporators to 
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70-80% dry solids. In this concentrated form the energy and valuable chemicals (salts) 
are recovered by incinerating it in recovery boiler. This is an important high energy 
source with a 12.29 MJLHV/kg heating value, at 80% dry solids [102] and provides 
steam and electricity to the plant. 
 
The second largest waste stream from the pulping industry is wood sludge. This is a 
product derived during successive washing phases of the cooking liquor. The pulp 
undergoes extensive washing phases to reduce any carry-over of dissolved organics 
before it is bleached. The waste with the dissolved organics is a slurry phase 
suspended in 60-80% water and usually needs to undergo mechanical dewatering 
steps [98] if it is to be used for energy production. This waste stream is usually 
landfilled and this has environmental and economic costs to the pulping industry 
[100]. 
 
The third waste stream is bark. Debarking of wood is necessary prior to the pulping 
process. The amount produced depends on the cultivar and form in which the wood is 
received from the forestry and milling industry. The quantity of bark is roughly 9% of 
softwood pulpwood and 0.5% of hardwood pulpwood intake [100]. Depending on the 
integrated processes of a pulp mill bark is sometimes burned in a separate incinerator 
called a booster to provide additional energy to the plant. The total biomass from 
paper and pulp industries in South Africa is calculated as shown in Table A 9. 
 
Table A 9: Tertiary forestry residues, pulp and paper waste 

Location Residues Production 
a
 Recoverable residues 

b
 Recoverable 

residues 
c
 

 tdm tdm GJ HHV 
Sappi - Enstra mill 215325  122.227   2.447.656  
Mondi - Piet Retief mill  129195  73.336   1.468.594  
Sappi - Ngodwana mill 1098157  623.357   12.483.040  
Sappi - Usutu mill  495247  281.122   5.629.603  
Limpopo Plantations 129195  73.336   1.468.594  
Sappi - Stanger mill 753637  427.794   8.566.790  
Sappi - Tugela mill 1291949  733.361   14.685.925  
Sappi - Saiccor mill  1240271  704.027   14.098.487  
Mondi - Richards Bay mill  615829  349.569   7.000.290  
Mondi Merenbank mill  150727  85.559   1.713.354  
Eastern Cape Plantations -  -     -    
Western Cape Plantations -  -     -    
Total  6.119.532   3.473.689   69.562.332 
a
 For black liquor a factor of 1.8 tonnes black liquor (dry mass) per ton pulp is produced 

[102,103]. For wood sludge a waste factor of 0.249 per ton pulp is used [100].  
b
 It is assumed that 50% of black liquor can become available for other uses [102,103]. Wood 

sludge is currently being landfilled, and availability is 100% [100]. Bark is assumed to be 
available at 70% with remaining 30% used for internal purposes. 
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c
 The net calorific values (NCV) are based on estimated gross calorific values (GCV) of fiber in 

black liquor and sludge of 20 GJ/t and a GCV of the fiber in bark of 20.4 GJ/t [98]. 

 
iv. Wood Export Options: woodchips 
 
Although woodchips are currently being exported and therefore ‘unavailable’ for bio-
energy applications, it can be argued that the exported woodchips can be available at 
competing prices (export parity). Since these woodchips are being produced in South 
Africa, they can be included in South Africa’s total biomass supply. In 2003, about 3 
million tonnes dry of woodchips were exported, mainly to Japan [100]. Table A 10 
shows the produced and recoverable amount of woodchips, distributed over the 
different mills based on their production capacity. 
 
Table A 10: Secondary forestry residues, wood chips 

Location Wood chips Production ‘Recoverable’ wood chips 
a
 

 tdm tdm 
Sappi - Enstra mill 129667  129.667  
Mondi - Piet Retief mill  77800  77.800  
Sappi - Ngodwana mill 661300  661.300  
Sappi - Usutu mill  298233  298.233  
Limpopo Plantations 102000  102.000  
Sappi - Tugela mill  266556  266.556  
Sappi - Saiccor mill  456954  456.954  
Mondi - Richards Bay mill  438675  438.675  
Mondi Merenbank mill  217815  217.815  
Eastern Cape Plantations 258000  258.000  
Western Cape Plantations 93000  93.000  
Total  3.000.000   3.000.000  
a
 All woodchips are viewed as recoverable at a competing price 

Source: [22] 
 
Municipal Solid Waste  
 
There are no recent studies with accurate

61
 waste generation data in South Africa 

[22,104,105]. The most comprehensive study is the 1998 baseline study by DWAF 
[106] which estimated total general waste generation to be about 15 million tonnes 
[22,104,107]. The domestic waste fraction was estimated to reach 9.7 million 
tonnes/yr in 2010 [22].  There is no data to calculate the biodegradable components 
within the waste streams of South Africa, three references were used to estimate the 
biodegradable waste fractions: 
 

                                                                 
61

 There are often discrepancies on the reporting of waste amounts. This is due to: lack of 
(proper) measuring at landfills, inaccurate measuring at weigh bridges, outdated estimates, and 
misinterpreting wrong waste classes and waste categories when reporting [22]. 
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1. General waste composition analysis of three landfills in Gauteng [22] 
2. Recorded mass delivered to 19 landfills in Gauteng for July – September 2007 [108] 
3. Landfill gas potential of top 20 landfills in South Africa [107]. 
 
Table A 11: Estimated bioenergy potential from municipal solid waste in South Africa 

Landfill sites Province 
a
 Landfill gas @50% 

CH4 (Nm
3
/hr) 

b
 

Predicted Organics 
(tonnes/yr) 

c
 

Leeupoort Emahlaleni Mpumalanga 1,036 36,301 
Linbro Park CoJ Gauteng 6,043 211,747 
Sasolburg Free State 1,063 37,248 
Rooipoort Merafong City Gauteng 615 21,550 
Bethlehem Free State 974 34,129 
Welkom Regional Free State 1,829 64,088 
New England Road KwaZulu Natal 1,586 55,573 
Botshabelo Free State 2,018 70,711 
Southern Bloem Free State 3,444 120,678 
Kimberley Northern Cape 998 34,970 
Koedoeskloof Eastern Cape 3,149 110,341 
Others various 17,005 595,855 
Total  111,345 4,497,384 
a 

Gauteng, Western Cape and Mpumalanga provinces account for around 42%, 20% and 9% of 
South Africa’s annual general waste volumes respectively [109]. 
b
 In 2004 the Department of Minerals and Energy (DME) evaluated the landfill gas potential at 

57 sites (with minimum capacity of 30,000 tonnes/yr) throughout South Africa. The given 
methane flow rates are estimates per site projected to 2012 [107]. 
c 
The average biodegradable component for landfill sites was estimated to be 38% and this 

agrees with actual measurements obtained from three Gauteng sites [22]. 

Sugar cane residues and waste 
 
South Africa produces about 16 to 22 million tonnes of sugarcane [55]. This is 
processed in 15 mills across the country [110]. There are two potential sources of 
biomass from sugarcane; harvesting residue left in the field after harvesting (i.e. tops, 
trash and leaves), and bagasse from sugar mill processing.  
 
Bagasse accounts for about 25-32% of the crushed sugarcane weight (wet) [111] and 
contains about 57% of the plant energy [112]. Dry bagasse has a heating value of 
16.99 MJ/kg [62]. The amount of tops and trash potentially available in South Africa 
are determined using data from DME [98]. It is estimated that about 5 million tonnes 
of residue is potentially available (or 2.6 million dry tonnes). The recovery potential 
assumed per residue was: 84% for trash, 90% for tops, and 2% of the total harvested 
stalk as shown in Table A 12. The total residues are distributed across all sugar mills 
according to their capacities, as indicated in Table A 13. 
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Table A 12: Annual potential of recoverable sugarcane harvesting residues in South Africa 

Potential Residues Recoverable (tonnesar)
a
 Moisture (%)  

Stalks  394,220 70% 
Trash  1,720,860 12% 
Tops  3,260,700 70% 
Total  5,375,780 52% (average) 
a
 Product split: Tops 14%, trash 8%, stalks 78% and a recovery of: Tops 90%, trash 

84%, stalks 2% was used and based on total of 20 mill tonnes cane harvested [98].



 

274 

 

Table A 13: Biomass energy potential from sugarcane residues and waste 

 Bagasse 
production 

Consumed bagasse in 
mills 

Total available Bagasse used for 
other 
applications 

c
 

Net available 
bagasse 

Stalks Trash Tops Total 
field 
residues 

Total sugar cane 
residues 

Total sugar 
cane residues 

 tdm 
a
 tdm-Std 

b
 tdm-SOTA 

b
 tdm tdm-SOTA tdm tdm-

SOTA 
tdm tdm-SOTA twet    tdm tdm-SOTA PJ HHV PJ HHV 

SOTA 

Pongola  212.862   183.913   138.302  28.949   74.560  2.895  2.895  26.054   71.665   7.972  23.385   7.972  39.329  65.383   110.993  1,28  2,18  

Malelane  246.969   213.381   160.463  33.588   86.506  3.359  3.359  30.229   83.148   9.249  27.131   9.249  45.630  75.859   128.778  1,49  2,52  

Komati  313.648   270.992   203.786  42.656   109.862  4.266  4.266  38.391   105.597  11.747  34.457  11.747  57.950  96.340   163.546  1,89  3,21  

Felixton  343.139   296.472   222.947  46.667   120.192  4.667  4.667  42.000   115.525  12.851  37.697  12.851  63.399  105.399   178.924  2,07  3,51  

Umfolozi  179.678   155.242   116.742  24.436   62.936  2.444  2.444  21.993   60.493   6.729  19.739   6.729  33.197  55.190   93.690  1,08  1,84  

Amatikulu  242.045   209.127   157.263  32.918   84.782  3.292  3.292  29.626   81.490   9.065  26.591   9.065  44.720  74.347   126.210  1,46  2,47  

Darnall   203.007   175.398   131.899  27.609   71.108  2.761  2.761  24.848   68.347   7.603  22.302   7.603  37.508  62.356   105.855  1,22  2,07  

Gledhow  177.662   153.500   115.432  24.162   62.230  2.416  2.416  21.746   59.814   6.654  19.518   6.654  32.825  54.571   92.639  1,07  1,82  

Maidstone  196.425   169.711   127.623  26.714   68.802  2.671  2.671  24.042   66.131   7.356  21.579   7.356  36.292  60.334   102.422  1,18  2,01  

Noodsberg  226.846   195.995   147.388  30.851   79.458  3.085  3.085  27.766   76.373   8.496  24.921   8.496  41.912  69.678   118.285  1,37  2,32  

Eston  195.909   169.265   127.288  26.644   68.621  2.664  2.664  23.979   65.957   7.337  21.522   7.337  36.196  60.176   102.153  1,18  2,00  

Union  118.871   102.705   77.234  16.166   41.637  1.617  1.617  14.550   40.021   4.452  13.059   4.452  21.963  36.513   61.983  0,72  1,21  

Sezela  324.703   280.543   210.969  44.160   113.734  4.416  4.416  39.744   109.318  12.161  35.671  12.161  59.992  99.736   169.311  1,95  3,32  

Umzimkulu  176.076   152.130   114.401  23.946   61.675  2.395  2.395  21.552   59.280   6.594  19.343   6.594  32.532  54.084   91.812  1,06  1,80  

Total 3.157.840  2.728.373  2.051.737  429.467  1.106.103  42.947  42.947  386.520  1.063.157  118.266  346.914  118.266  583.446  969.966  1.646.602  19,01  32,27  

 
a
 Based on 2005/2006 season [110]; Fibre % bagasse 47%, Bagasse weight % cane 31%, Moisture content of wet bagasse assumed at 50% [113].  

b
 Calculations based on both standard (Std) and state-of-art (SOTA) biomass boiler (std, 300

o
C @ 21bar vs. CFB, 545

o
C @ 110bar) [114] with 'heat-

matched back pressure' steam turbine cogeneration. This represents the current technologies in place in the old coastal areas and the current best 
practice boiler technology available. A standard 2500tcd mill requires 14.5kg/s steam to process the sugarcane. For the standard and improved boilers 
the bagasse consumed produces steam at 7.5kg/s and 5.64 kg/s [115]. 
c
 Based on estimates for India; 10% of available bagasse is sold to paper pulp mills, board making, animal feed [116].  
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6 Economic and energetic optimisation of BioSNG 
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Submitted 
 
Abstract 
 
Synthetic natural gas derived from biomass gasification (bioSNG) is a potential 
transport fuel and natural gas substitute. Using the Netherlands as a case study, this 
study evaluates the most economic and environmentally optimal supply chain for the 
production of bioSNG for different biomass production regions and location of final 
conversion facilities, with final delivery of compressed natural gas at refuelling 
stations servicing the transport sector. At a scale of 100 MWth, in, delivered bioSNG 
costs range from 18.6 to 25.9 $/GJdelivered CNG while energy efficiency ranges from 47-
62%. If production capacities are scaled up to 1000 MWth, in, SNG costs decrease by 
about 30% to 12.6-17.4 $/GJ SNG, delivered. BioSNG production in Ukraine and 
transportation of the gas by pipeline to the Netherlands results in the lowest 
delivered cost in all cases and the highest energy efficiency pathway (62%). This is 
mainly due to low pipeline transport costs and energy losses compared to long 
distance LNG transport. However, SNG production from torrefied pellets (TOPs) 
results in the lowest GHG emissions (17 kg CO2e/GJCNG) while the Ukraine routes 
results in 25 kg CO2e/GJCNG. Production costs at 100 MWth are higher than the current 
natural gas price range, but lower than the oil prices and biodiesel prices. BioSNG 
costs could converge with natural gas market prices in the coming decades, estimated 
to be 18.2 $/GJ. At 1000 MWth, bioSNG becomes competitive with natural gas 
(especially if attractive CO2 prices are considered) and very competitive with oil and 
biodiesel. It is clear that scaling of SNG production to the GWth scale is key to cost 
reduction and could result in competitive SNG costs. For regions like Brazil, it is more 
cost-effective to densify biomass into pellets or TOPS and undertake final conversion 
near the import habour. 
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6.1 Introduction 

6.1.1 Background – developments in bioSNG 

 
The global demand for natural gas is expected to increase in the coming decades, 
driven mainly by increasing power production from natural gas [1,2]. Several countries 
want to phase out nuclear electricity production and with increasing shares of wind, 
solar and other intermittent sources of power, natural gas backup plants can play an 
important role [2,3]. In the EU, natural gas production is decreasing [4,5], so the 
increased demand will lead to a larger dependence on natural gas imports including 
LNG (liquefied natural gas) [1,3,5-7] and shale gas exploitation [6]. 
 
Although natural gas is a relatively low carbon-intensive fuel compared to other fossil 
fuels, the need for drastic CO2 emission reduction is attracting investigations into 
renewable gas (or biomass derived gas) [8]. For example, the Dutch “Energy Transition 
Platform New Gas” has formulated the vision that 50% (750 PJ) of the natural gas 
consumption in the Netherlands can be replaced by renewable gas in 2050 [9,10]. This 
renewable gas can be upgraded to natural gas quality to produce the so-called bioSNG 
(Synthetic or Substitute Natural Gas) and injected in the existing gas infrastructure 
[5,11]. 
BioSNG can be produced via either anaerobic digestion or gasification. Digestion is 
often applied in processing organic waste streams and is a mature technology [5,11]. 
In the Netherlands, currently five digestion plants deliver 230 million m

3
 green gas to 

the low and medium pressure gas grid. Digestion plants use mainly local organics 
streams (manure, sewage water and landfills), which typically limits the capacities to a 
few MWth and therefore potential energy production [5,12-14]. 
 
Larger scale bioSNG production (hundreds of MWth) can be achieved via gasification of 
biomass: biomass is converted under high temperature to a producer gas, which is 
upgraded to bioSNG. Biomass gasification for fuel production is still being developed 
and the first commercial plants are expected to be commissioned around 2015 
[15,16]. An advantage of gasification is that lignocellulosic biomass can be used as 
fuel, which increases the feedstock resource base and the corresponding potential 
production of renewable gas compared to digestion [9,12]. This study therefore 
focuses on bioSNG production by gasification, given its potential to substitute natural 
gas at a larger scale than digestion. 
 
The Netherlands is taken as a case study for bioSNG production since it has an 
important global gas market. Natural gas is the most important energy carrier in the 
Dutch energy mix, contributing about 50% of the primary energy consumption 
[14,17]. The Dutch gas infrastructure is one of the most developed in the world [17] 
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and it makes sense to secure this infrastructure for future use
62

. For countries with 
limited biomass production potential such as the Netherlands [18], large scale bioSNG 
supply inevitably would involve importing either raw biomass (for conversion near the 
import terminal) or producing bioSNG in another country and transporting the bioSNG 
to the Netherlands. In all cases, long distance shipping is necessary (in the latter case, 
long distance shipping of bioSNG is by pipeline or LNG ship). 
 
It is therefore of interest to investigate optimal supply chains for the production of 
bioSNG for application in the Netherlands by comparing different bioSNG production 
chains. A few studies on bioSNG conversion techno-economics have been conducted 
to-date. Zwart et al. [10] provide a detailed techno-economic feasibility assessment of 
an integrated bioSNG demonstration project (at different scales and based on 
experimental work) using imported biomass. Carbo et al. [4] investigate the techno-
economics and greenhouse (GHG) impacts of imported solid biomass gasification into 
SNG at 500 MWth, in scale combined with CO2 Capture and Storage (CCS). Gassner and 
Maréchal [19] models and compares the thermo-economic performance of different 
technological alternatives for SNG production from lignocellulosic biomass, focussing 
only on the conversion plant analysis. Gassner and Maréchal [20] use process 
modelling developed in Gassner and Maréchal [19], to perform thermo-economic 
optimisation and determine the most promising options for SNG production at 
different scales. Cozens and Manson-Whitton [21] assess the techno-economic 
feasibility of bioSNG production in the UK based on different production scales and 
using imported and local biomass. Heyne and Harvey [22] provide a detailed techno-
economic comparison of bioSNG production with CCS in Sweden based on three 
alternative pathways. All these studies exclude upstream and downstream supply 
chain analysis (with respect to the conversion plant), i.e. they do not assess the 
techno-economic performance of the complete value chain of bioSNG production

63
. 

Other studies have much narrower focus. For example van der Meijden et al. [14] and 
Ahrenfeldt et al. [17] provide technical comparison of different bioSNG production 
technologies mainly focussing on conversion efficiencies. 
 
It is therefore important to assess not only the final bioSNG conversion economics, 
but to also evaluate the techno-economics of the entire value chain, identify 
optimisation opportunities and compare different supply chain pathways to enable 
the selection of viable and sustainable bioSNG supply pathways. Several supply 
configurations are possible. The shortage of locally produced biomass in main SNG 
demand centres (such as the Netherlands) necessitates the import of biomass or gas. 
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 For the Netherlands, of concern is the fact that the Dutch Groningen gas fields are expected 
to be depleted by 2030-2035 at current extraction rates [124]. 
63

 A typical international value chain of SNG includes feedstock production, pre-processing of 
raw biomass, local biomass transport and logistics at source, final conversion to SNG, 
liquefaction to LNG at export habour, international transport, regasification at import habour, 
distribution by pipeline, compression to CNG and storage at refuelling station. 
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Principal possibilities include import of solid biomass with final conversion in the 
Netherlands. Alternatively, biomass can be processed into SNG in the biomass 
producing country, liquefied at the export habour to LNG and shipped to the final 
market by LNG carriers. Where international distances are shorter, pipelines can be 
used to transport SNG from the producing country to the final market.  
 
The overall objective of this study is to determine the economically optimal supply 
chain for the use of bioSNG in the Netherlands as a case study. Also the chains with 
highest energy efficiency and least greenhouse gas emissions are identified. Different 
bioSNG production chains are assessed and compared based on different biomass 
production regions (Brazil and Ukraine), biomass types (eucalyptus and poplar), pre-
treatment technologies (pelletising and torrefaction), shipping modes and final 
conversion location (Brazil, the Netherlands and Ukraine). 
 
The comparison of the supply chains focusses on bioSNG production costs and 
primary energy requirements. In addition, we also evaluate the optimal scale of the 
bioSNG production chains based on production costs and primary energy use.  
 
This chapter is structured as follows: section 2 describes the methodology used in the 
study while section 3 provides background data used in the analysis. The study results 
are presented in section 4 and sensitivity analysis is given in section 5. Section 6 is a 
discussion of the analysis while the conclusions are summarised in section 7. 

6.2 Methodology 

6.2.1 Supply chain analysis – comparison framework 

 
To find optimal bioSNG supply routes, it is necessary to compare various technological 
pathways in terms of least cost economic and most energy efficient delivery of the 
final fuel. As shown in Figure 6-1, we selected 6 supply chain scenarios based on 
different: 
 

 biomass production regions (Brazil, Ukraine), 

 biomass types (eucalyptus, poplar) 

 pre-treatment (drying, white pellets (WPs), torrefied pellets (TOPs)) 

 bioSNG transport (pipeline, shipping tanker) 

 bioSNG conversion locations (Brazil, Ukraine, Netherlands). 
 
Since there is insufficient biomass in the Netherlands for large scale bioSNG 
production, the starting point of the approach is to identify potential biomass 
feedstock production regions and location of the final conversion facility. Ukraine and 
Brazil were selected as potential feedstock production regions because previous 
studies have indicated large biomass production potential in those countries [23-25]. 
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In addition, the two countries were selected because infrastructure is available for 
transporting biomass and bioSNG. These two regions (Ukraine and Brazil) offer 
contrasting possibilities for producing and supplying bioSNG for the Netherlands 
market. While for tropical Brazil, eucalyptus would be a suitable woody energy crop, 
poplar is more suitable for the temperate climate in Ukraine. Woody energy crops are 
preferred in this study as there is experience and demonstrated potential in the 
selected countries [23,24], and also because their suitability for gasification [26]. 
 

 
 
Figure 6-1: BioSNG production and supply chain pathways (scenarios) 

Final conversion of biomass to bioSNG can take place in the production regions or in 
the Netherlands. If final conversion is done in the Netherlands, then either raw 
biomass (such as logs) or pre-processed biomass (such as chips, WPs or TOPs) have to 
be transported from the production regions to the Netherlands. Alternatively, if 
bioSNG is produced in the biomass feedstock production region, the gas needs to be 
transported either by pipeline (from Ukraine) or as liquefied natural gas (LNG) by 
shipping tanker (from Brazil). While in Ukraine, pipeline infrastructure already exists 
for natural gas transportation to Western Europe, in Brazil, new LNG handling facilities 
would need to be established. 
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For the pipeline transport, Ukraine was selected since it has access to the European 
gas grid and a large potential for low cost energy crops production [23]. Ukraine is 
connected by gas pipeline to the Netherlands through Poland and Germany [27]. 
For the LNG transport cases, the best short term option would be to locate the 
bioSNG production near an existing LNG liquefaction terminal. There are, however, 
only a few liquefaction terminals in the world located in regions with significant 
biomass production potentials

64
. Therefore, in this case, a location for bioSNG 

production is selected based on biomass potentials and a new LNG liquefaction facility 
is included in the value chain.  
 
We do not consider WPs or TOPS production from Ukraine since there already exists 
low cost natural gas pipeline infrastructure linked to the Netherlands. Pellets and 
TOPs would have to be transported by rail over long distances (which is uneconomic 
compared to pipeline).  
 
Biomass production is modelled with energy crop plantations around a selected 
central gathering point (CGP). The biomass is cultivated and harvested at the 
plantation, dried in the field if possible, and then transported by truck to the CGP. See 
Hamelinck et al. [28], Batidzirai et al. [29] and van der Hilst and Faaij [30] for more 
detailed discussions on biomass feedstock production and supply logistics. 
 
In Brazil, bioSNG production is either at an inland CGP or at the coast, as shown in 
Figure 6-1. For the latter case, raw biomass is transported by train over an average 
distance of 300 km to the coast. When biomass final conversion takes place at the 
CGP, the bioSNG is transported to the coast by pipeline. A new LNG liquefaction and 
export terminal is assumed and factored into the value chain. Subsequent long 
distance shipping to Rotterdam (9710 km) is done using LNG shipping tanker.  
 
In the chains with bioSNG production in Ukraine, bioSNG production takes place at the 
CGP. It is assumed the gas can be injected into the gas grid at the CGP and transported 
by pipeline from Ukraine to the Netherlands (we assume a distance of 2100 km from 
central Ukraine to the Netherlands through existing long distance pipelines). For 
bioSNG production in the Netherlands, we assume TOPs and WPs are transported 
from Brazil by bulk carrier ships. For use in vehicles, SNG has to be distributed via the 
local gas grid and compressed (and stored) at refuelling service stations to a pressure 
of 250 bar [5]. 
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 There are several LNG facilities around the world. The largest are located in Qatar, Indonesia, 
Malaysia, Australia, Algeria, Russia, Yemen, Angola, and Papua New Guinea [101]. 
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6.2.2 BioSNG production 

6.2.2.1 Selection of gasification technology 

 
Biomass can be gasified at high temperature (above 1300°C) or at low temperature 
(700-1000°C). With high temperature gasification, biomass is completely converted 
into H2 and CO [31]. This can be useful for the production of FT diesel or chemicals. 
But a high methane content is desirable for producing bioSNG [32]. Therefore, low 
temperature gasification is better suitable for bioSNG production, since the producer 
gas contains 10-15% methane. In addition, low temperature gasification is less energy 
intensive than high temperature gasification. However, low temperature gasification 
results in significantly higher tar formation which requires greater cleaning effort [33]. 
 
As shown in Figure 6-2, biomass gasification technologies include, bubbling or 
circulating fluidized bed (BFB or CFB) gasification, indirect gasification and Entrained 
Flow (EF) gasification [34-36]. The most promising technology for bioSNG prodcution 
is indirect gasification (employing two dual bed reactors). This type of gasifier has 
separate gasification and combustion chambers (see Figure 6-3). Steam is added into 
the gasification chamber, while air is added into the combustion chamber. Since the 
air in the combustion chamber is separated from the gasification chamber, the 
resulting producer gas has low nitrogen content and no energy intensive input of pure 
oxygen is needed [37,38]. This study therefore assumes bioSNG production using 
indirect gasification. 
 
 

 
 

Figure 6-2: General outline of possible bioSNG production systems via gasification 

The indirect gasification technology has been developed and demonstrated in 
different projects, such as the Milena project at ECN in the Netherlands, the Güssing 
project in Austria, and the Silvagas project in the USA. The first commercial project is 
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the Gobigas project in Sweden, where the Güssing technology is to be scaled up to 
140 MWth, in by 2016 [36,39-41]. 
 

    

Figure 6-3: Schematic drawing of the Milena  

Source: Zwart et al. [10] 

6.2.2.2 BioSNG production 

 
As shown in Figure 6-4, bioSNG production consists of seven key steps: biomass pre-
treatment, gasification, tar removal, gas cleaning, water-gas shift, methanation and 
SNG upgrading. First biomass is pretreated to meet the required specifications for 
gasification, including drying and sizing. In the next stage the biomass is gasified, 
resulting in a product gas consisting mainly H2, CO, CH4 and CO2. This product gas 
contains tars, which are removed in the next step. After that the gas is further cleaned 
to remove HCl and sulphur components. The resulting syngas can be used directly in a 
power plant. In this case the syngas is shifted to a required CO:H2 ratio after which the 
gas is methanized form CH4, water and CO2. The last reaction is highly exothermic. The 
released heat is used to generate steam, which is combined with other waste heat 
and can be used to produce electricity in a steam turbine. In the last step, water and 
CO2 are removed to meet the desired Wobbe index. The output of the installation is at 
high pressure grid quality at 66 bar [10]. 
 
The gross conversion efficiency

65
 of biomass to SNG with the Milena gasifier can be up 

to 74% (assuming biomass with 10% moisture content). BioSNG production efficiency 
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 The gross conversion efficiency (ηCH4) is the ratio of the energy content in the final product 
gas to the energy input into the integrated production facility (including process energy 
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of the Güssing installation is about 10% lower than the Milena installation, but can 
probably be optimized to the same efficiency in the future [33]. In this study, a gross 
conversion efficiency of 70% is assumed for biomass moisture contents up to 20% 
[14]. 
 

 
Figure 6-4: BioSNG production process based on Milena system 

Source: van der Spek [42] 

Gasification: First, biomass is gasified in an indirect gasifier of the ECN Milena type 
under atmospheric pressure. The temperature in the gasification section is 892°C, in 
the combustion section 964°C. Steam is added to the gasification section (5 wt% of 
biomass), hot sand is used as bed material. 
 
Gas cooling and particulates removal: Gas is cooled to 400°C, which is above the tar 
dew points. Fly ash and char are removed in a cyclone. The cyclone removes ~95% of 
the particles; the rest is removed during tar removal. Removed ash is sent back to the 
Milena combustion section. 
 
Tar removal: Tar is removed using the ECN OLGA tar removal technology. The 
temperature in this process is gradually reduced to 80°C. All captured tars and 
particles are recycled to the gasifier combustion section in order to reduce energy 
loss.  
 
Gas cleaning: COS and HCN are converted in a hydrolysis reactor. HCN reacts with 
water to form NH3, COS reacts with water to form H2S and CO2. HCL and H2S have to 
be removed to concentrations below 100 ppbV. Chloride is removed in a water 
scrubber; H2S is removed using the Sulferox process. This process was chosen because 
it is an economically suitable process for gas streams with low sulphur concentrations. 
The remaining sulphur traces are removed in a zinc oxide guard bed. The vessel is 

                                                                                                                                                            
demand and feedstock energy content): 
                (           ∑  ∑ )         

⁄ ; where ɸCH4 is gas production; 

ɸmbiomass is biomass feedstock flow; Q is thermal energy demand; W is the power demand [125]. 
In contrast the cold gas efficiency is a measure of the gasifier performance and defined as the 
ratio of the product gas energy content to the energy content in the biomass feedstock [126]. 
For the Milena system, the CGE is estimated to be 80% [14]. 



Chapter 6 

 

285 

 

operated at 200°C to avoid the formation of mercaptans (organosulfur compounds) 
[10,43,44]. Ammonia is partially removed in the water scrubber. The remainder is 
knocked out after cooling the gas stream to 50°C before the Sulferox process. After 
the Sulferox process the syngas is compressed to 30 bar [42]. 
Gas conditioning: The shift reactor in this line-up differs from a normal shift in that it 
combines two separate functions. First of all, unsaturated hydrocarbons are converted 
in order to prevent soot formation in the methanator [10]. Besides that, the H2/CO 
ratio is shifted to 3:1. Both take place in an isothermal shift reactor at 320°C under the 
addition of steam (steam to dry gas ratio is 30%, hence a dry shift is performed). 
Ethylene and benzene are converted to CO, H2 and CH4 [42]. 
 
Methanation: The methanation process consists of three adiabatic reactors with 
intermediate cooling and a recycle after the first reactor. The process is promoted by 
a nickel catalyst. Inlet temperature of the first reactor is 300°C; of the second and 
third reactor is 250°C to push the reaction equilibrium towards methane. After the 3rd 
reactor virtually all CO is converted. 
 
Gas upgrading: After methanation the SNG product is upgraded to pipeline 
specifications. First, the gas is cooled to 30°C in a condenser to knock out the formed 
water. After that, CO2 is removed with a Selexol unit, 1% CH4 is lost in this process. 
Approximately 1.5% of the product gas is hydrogen. There is also some 10% of CO2 
present to lower the Wobbe index to Dutch grid specifications. 

6.2.2.3 Energy efficiency 

 
To calculate the energy efficiency of the production chains, the primary energy use 
(PEU) and thermal efficiency (ηi) are estimated for every stage of the supply chain (i). 
Energy values in this study are all based on lower heating value. The energy efficiency 
of the chains (ηtotal) is given by the relative primary energy loss (RPEL) along the chain 
according to Equation 6-1: 
 
Equation 6-1 

ηtotal  =  1- RPEL 
The relative primary energy loss is defined as the sum of the relative primary energy 
use (the primary energy use divided by the initial energy content (IEC) of the biomass) 
plus the thermal losses of every part of the chain, which is shown in the following 
equation: 
 
Equation 6-2 

 









i

i
i

IEC

PEU
RPEL )1(   
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6.2.2.4 Production costs 

 
For economic comparison of the chains the bioSNG costs (based on compressed 
natural gas (CNG) delivered to the Netherlands) are chosen as target parameter. For 
each part of the production chains, the annual investment and operational costs are 
calculated based on literature and expert advice. All costs are calculated for the 
reference year 2013. The total bioSNG production costs (CSNG ($/GJCNG) are calculated 
following Equation 6-3: 
 
Equation 6-3 

      
∑ (                 ) 

    
 

 Where: α is the annuity factor, Ii investment costs for supply chain stage i ($), O&Mi - 
operation and maintenance costs for supply chain stage i ($), Fc - feedstock production 
costs ($), Tci - transportation costs for supply chain stage i ($), SNG – SNG production 
per year (GJ/yr).  
 
The annuity factor is calculated with Equation 6-4:  
 
Equation 6-4 

   
    

  (      )                   
 

Where i.r. is the interest rate (assumed to be 8%). 

6.2.3 Chain comparison and optimization 

 
Comparison of the supply chains are based on a scale of 100 MWth, in normalised at the 
bioSNG final conversion stage. The bioSNG production costs are also compared with 
the current market price of natural gas, petroleum diesel and biodiesel in the 
Netherlands. 
 
Scaling effects 
 
We also investigate the optimal scale for the selected bioSNG supply chains, by 
varying the production scales in the range

66
 of 10-1000 MWth, in. BioSNG production 

costs for different plant capacities are determined using Equation 6-5: 
 

                                                                 
66

 The Milena SNG system has developed from a 2004 lab-scale unit (30 kWth-5 kg/h) to a 2008 
pilot-scale installation (800 kWth-160 kg/h). Construction of a demonstration plant (12 MWth) is 
scheduled for 2013 [125]. 
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Equation 6-5 

      (
  
  
⁄ )

 

 

where C1 is the investment cost of the base scale P1, C2 is the investment cost of the 
required scale P2, and α is the scale factor. 

6.3 Data 

6.3.1 Biomass production 

 
Biomass production in this study is based on woody energy crops (short rotation 
coppice). In Ukraine poplar production is assumed while in Brazil, eucalyptus is 
assumed. Eucalyptus and poplar can be harvested as stems or directly chipped during 
harvesting [29,45]. Stems can be dried in the field for at least six weeks to a moisture 
content of around 30%, but chips have to be transported with a moisture content of 
50% as chips tend to decompose and lose dry matter [28]. Since transport of wet chips 
increases transport costs, involves additional drying costs and storage of dried chips 
result in dry matter losses, this option is excluded as it results in higher biomass 
delivered costs compared to air-dried stems and logs. Table 6-1 shows the biomass 
production cost data used for eucalyptus and poplar. 
 
Table 6-1: Background data of energy crop production 

Item Value Unit Reference 

Eucalyptus production costs Brazil 
1
 2.1 $/GJ [24] 

Poplar production costs Ukraine 
2
 2.3 $/GJ [46] 

Diesel use eucalyptus production  60 MJ/t30%m.c. [28] 
Diesel use poplar production  47 MJ/t37%m.c. [28] 
LHV eucalyptus, poplar 18.4 GJ/tdm [23] 
1
 Smeets and Faaij [24] estimate eucalyptus production costs in Brazil to be between 1.5 €/GJ to 

3.2 €/GJ depending on land quality. The same study also estimates poplar production Ukraine 
to be between 1.5 €/GJ and 5.6 €/GJ. De Wit and Faaij [23] estimate eucalyptus production 
costs in Brazil to be 2.8 €/GJ. Hoffman et al. [47] gives biomass cost for chipped and dried 
eucalyptus of 2.35 $/GJ. Stephen et al. [48] gives eucalyptus production costs from Barra do 
Riacho, Brazil, yield 15.6 tdm/ha/yr using cut to length harvesting, debarking and whole tree 
chipping and forwarding at 1.7 $/GJ. 
2
 De Wit and Faaij [23] calculated a production cost range for poplar in Ukraine of 1.7-2.2 €/GJ. 

6.3.2 Biomass pre-processing 

 
At the CGP the wood is stored, chipped, dried, pelletized or torrefied. Conversion to 
BioSNG can also be done at the CGP if sufficient volumes of biomass can be mobilised 
within the catchment area of the CGP. While logs and stems can be stored outside, 
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chips have to be stored in a covered storage to prevent decomposition and moisture 
ingression [28]. For centralised chipping, a hammermill is assumed, because it has 
relatively low investment cost and high efficiency for larger capacities [28]. The wood 
is chipped to a particle size of 30 mm, which is small enough to fuel the bioSNG 
production process. 
 
For mechanical drying a rotary drum dryer is the proven technique and it has 
relatively low costs and primary energy use [28]. The biomass has to be in the form of 
chips to be dried in a rotary drum dryer and drying energy is provided by burning a 
part of the biomass. See Chapter 3 for details on how to estimate the drying energy 
requirements. When the biomass is dried at the SNG conversion facility, waste heat of 
the bioSNG production process can be used for the biomass drying and no additional 
heat demand is required. 
 
For international biomass transport, densification of the biomass can be beneficial 
(see Chapter 4). Densification can be achieved through pelletising (to produce WPs) or 
combined torrefaction and pelletising (to produce TOPs). Because of the high energy 
density, long distance shipping becomes more efficient. See Chapter 3 and Chapter 4 
for details of pellet and torrefaction technologies.  
 
Table 6-2: Average price of electricity by country 

Item * Value Reference 

Average electricity price Brazil [$/MWh] 
1
 104 [49] 

Average electricity price Ukraine [$/MWh] 
2
 127 [50] 

Average electricity price the Netherlands [$/MWh] 
3
 198 [51] 

1
 Average tariffs for all consumer categories and all geographic regions of Brazil. 

2
 Electricity tariffs as at 1 August 2013 including VAT for ‘All users except the population, human 

settlements, urban electric transport and household needs or religious organizations’. The given 
tariffs is for Class I Voltage 27.5 kV and above (i.e. industrial consumers). Class II voltage to 27.5 
kV tariffs are given as 123.89 UAH/kWh [50].  
3
 average electricity tariffs in Netherlands including VAT and taxes).  

*Exchange rate 2.4 BRL (Brazilian Real):$; 8.1 UAH (Ukrainian Hryvna):$; 1.3 $:€ [52]. 

6.3.3 Transport of biomass 

6.3.3.1 Truck transport  

 
Average truck transport distance in Ukraine is calculated

67
 to be in the range of 15 km 

while in Brazil it is about 12 -15 km, assuming a 100 MWth, in SNG production scale and 
depending on the supply chain pathway. Depending on the bulk density of the 
biomass the truck transport capacity will be limited by mass or by volume. 

                                                                 
67

 See van der Hilst and Faaij [30] for details on how the first truck transport distance is 
estimated for given biomass production capacities. 
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Table 6-3: Data of biomass truck transport 

Item Value Units Reference 

Eucalyptus plantation yield 22-29
1
 tdm/ha/yr [24] 

Poplar plantation yield 14-20
2
 tdm/ha/yr [24,45,53] 

Truck weight capacity logs 35 t [47] 
Vehicle operational costs (including fuel) 0.06

3
 $/t-km [54] 

Diesel consumption 17.5
4
 MJ/km [47] 

1
 Smeets and Faaij [24] estimated the eucalyptus yield in Brazil for different land qualities. The 

chosen value is for the suitable land class. Eucalyptus yields on very suitable land are estimated 
to be about 29 tdm/ha/yr 
2
 Fischer et al. [53] estimated the poplar yield in Ukraine for the same land classes as Smeets 

and Faaij [24]. The chosen value is for the suitable land class. For very suitable land quality, the 
poplar yield is estimated to be 16 tdm/ha/yr. 
3
 Estimated the truck transport costs for Argentina 

4
 Based on diesel consumption of 0.5 l/km and 35 MJ/l. 

6.3.3.2 Rail transport 

 
We assume that diesel trains are used to transport biomass from the CGP to the coast 
in Brazil as shown in Table 6-4. For raw biomass the train capacity is limited by 
volume, for pellets and TOP pellets the train capacity is limited by weight. For 
example, for 1000 tonnes (4,166.7 m

3
) of raw chips with bulk density of 240 kg/m

3
 

[29], two trips of 2083.3 m
3
 are required to transport all the biomass since capacity is 

limited to 2,500 m
3
. In comparison, for 1000 tonnes of TOPs with a bulk density of 750 

kg/m
3
 [55], a single trip carrying 1,333 m

3
 is necessary. 

 
Table 6-4: Data of rail transport in Brazil 

Item Value Unit Reference 

Train weight capacity 1000 tonnes [54] 
Train volume capacity 2500 m

3
 [54] 

Operational costs including fuel 
1
 0.03 $/t-km [54] 

Diesel consumption 
2
 240  MJ/km [28] 

1 
based on Argentine train transport costs 

6.3.3.3 Ocean transport 

 
The cost and energy use of ocean transport depends on the size of the ships. We 
assume large Panamax ships since they provide economies of scale (although this is 
currently not happening, this allows a fair comparison with LNG tankers). Table 6-5 
shows the assumed shipping parameters used in this study (based on average values 
over). 
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Table 6-5: Ocean transport data (Panamax bulk carrier) 

Item Value Reference 

Capacity (dead weight tonnage) 
1
 75,000 [56] 

Capacity (m
3
) 90,000 [56] 

Investment (M$) 
2
 40.4 [57] 

Lifetime (yrs) 25 [57] 
Charter costs 2013-average (2007-2011) ($/day) 19,588 [56] 
Port costs ($/t) 1.90 [56] 
Load/Unload speed (t/hour) 

3
 600 [58] 

Load/unload costs ($/t) 
3
 2.0 [56] 

Travelling speed unladen (knots) 15 [56] 
Travelling speed laden (knots) 14 [56] 
Fuel use t/day (IFO 180) 33 [56] 
Fuel price (IFO 180) ($/t)

4
 498  [56] 

1
 Based on a Panamax dry bulk carrier, general range 60,000-75,000 DWT (Dead weight tonnage 

cargo). Capacity is expressed as DWT, this is the actual mass of cargo, stores, fuel, passengers 
and crew that can be carried by a vessel when fully loaded to summer load line mark [59]. Cargo 
capacity is a % of the dead weight tonnage of a ship (equivalent to an effective capacity 53,400 
tonnes) [56]. For biomass the amount that can be transported is volume dependent because of 
the stowage factor of the selected ship.  
2
 The investment figures are based on a newly built ship, delivery price in the 1st quarter of 

2011 [57] 
3
 The time taken to load and unload the ship in the port. Charter costs and fuel use in the port 

are taken into account in the cost [58]. Based on Port of Rotterdam current capabilities to 
unload/load coal. 
4
 Prices for Heavy fuel oil (IFO 180) are volatile, and varied from 260-795 US$/ton in the period 

2007-2011. An average of 498 is used in this study [60]. 

 
Charter costs are very sensitive to global demand and supply. Figure 6-5 shows the 
extensive volatility of the spot charter prices (the price when one wants to rent a ship 
directly on the market) [61]. According to Hoefnagels et al. [56], charter costs in the 
period 2007 to 2011 range from about 4,000 to 50,000 $/day. 
 
A comparison of Figure 6-5 and Figure 6-6 shows that dry bulk carriers and LNG 
tankers follow entirely different cost variation trends.  Bulk carriers appear to follow 
to the performance of the global economy (e.g. during 2008 economic crisis, shipping 
rates went down) due to linkages between shipping, trade and financial markets [62]. 
LNG carriers on the other hand follow different dynamics, as they cater for a specific 
niche market.  
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Figure 6-5: Freights rates (charter rates and fuel prices) for bulk carriers (2007 to 2011) 

Source: Hoefnagels et al. [56] 
 

 
 
Figure 6-6: Freight rates for LNG shipping (spot market vs 12 month time charter rates-T/C)  

Source: RS Platou [63] 
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6.3.3.4 Pipeline transport 

 
Prior to pipeline transport, SNG should be injected into the transport grid at high 
pressure (around 80 bar) at the production location [64]. As the output of the bioSNG 
installation is at 66 bar [10], an extra compression step is needed. From the injection 
point in Ukraine the gas is transported through Poland and Germany to the 
Netherlands. In this case, transport capacity has to be allocated in all transit countries 
and relevant charges need to be included [65]. Compressor stations (13- 35 MWe 
capacity) in the pipelines keep the pressure of the gas on the desired level

68
, to 

compensate for pressure losses due to friction in the pipelines [66]. 
 
Table 6-6: Background data of pipeline and LNG transport 

Item 
1
 Value Unit 

Length of pipeline 2,100 (Ukraine-Netherlands) km 
 300 (Brazil inland CGP to coast) km 
Diameter 1.42 m 
Capacity of pipeline (mass flow) 33 billion m

3
/yr 

Cost per km 
2
 0.86 M$/km 

Cost per km per unit gas 
3
 0.026 $/km/1000 m

3
 

Energy use (electricity) for 
compression 

3.3E-4 MJ/km/m
3
 

1
 These cost are based on the Yamal – Europe Russia gas pipeline, length 4107 km, diameter 1.4 

m, capital cost of 3.5 billion $ [67]. The pipeline has 31 compressors (rated capacity of 2.4 GW); 
Steel grade X80 capable of withstanding pressure of 80 bars [68]. 
2
 Knoope et al. [66] uses the following formula to estimate levelised pipeline costs for the 

transport of CO2:    
  (            )                                             

       
 

where LC are the levelized cost of CO2 transport ($/t gas); α is the capital recovery factor; 
Iboost/pipe/comp and OMboost/pipe/comp are the investment and operation and maintenance (O&M) 
costs of boosters, pipeline and compressor, respectively ($); ECboost/comp are the energy costs of 
boosters and compressor, respectively ($/y); m is the CO2 mass flow (kg/s); H are the number of 
operation hours (8760 hr/y); r is the discount rate (%); and z is the lifetime (years). Capex for 
long distance, large diameter line (1.17 to 1.52 m), with capacity of about 15 to 30 billion 
m

3
/year, is estimated to be in the range 1-1.5 $2003billion/1000 km [69]. 

3 
van Oostvoorn [70] found a range of 0.010-0.016 €/1000m

3
/km for the costs of onshore 

pipeline transport. 
According to Knoope et al. [66], the energy requirement (Eboost) and capacity for booster 

stations (Wboost) can be calculated as follows:         
     

        
;                ; where 

Eboost is the energy consumption of pumping (MJ/kg); P2 is the outlet pressure (MPa); P1 is the 
inlet pressure (MPa); ηboost is the efficiency of the booster station (75%); ρ is the gas density 
(kg/m

3
); Wboost is the capacity of booster station (2 MWe) and m is the mass flow (kg/s). 

                                                                 
68

 Booster stations are installed for roughly every 50-100 km to maintain gas pressure. 

According to Knoope et al. [66], this is more cost-effective than a system with a very high inlet 
pressure which requires thicker wall pipelines. 
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6.3.3.5 LNG sea transport 

 
In the case of LNG transport by ship, the gas has to be liquefied before transport in a 
liquefaction terminal (see section 6.3.5 for a discussion on SNG liquefaction). The LNG 
is transported with dedicated ships, which are powered with boiled-off LNG (BOG) 
when loaded and with fuel oil when unloaded. After transport, the gas has to be 
regasified at a regasification terminal. The liquefaction, LNG tanker and regasification 
processes can also be powered by using a part of the gas. Around 8-10% of the gas is 
consumed during liquefaction [71], a further 3-5% is used during international 
shipping and around 1.5-3% of the gas is consumed during regasification [72-74]. 
 
Table 6-7: LNG transport data by tanker 

Item Value Unit Reference 

Capacity Ship 
1
 155,000 Nm

3
 [63] 

Average speed LNG carrier 20 knots [75] 
Charter costs 

2
 92000 US$/day [63] 

Fuel oil consumption return trip  172 ton/day [75] 
(Un-)load speed  1000 m

3
/hr [76] 

Energy required for liquefaction (as a 
percentage of gas being liquefied)

3
 

10-20%  [77] 

1
 LNG average charter rates for a 155,000 m

3
 capacity tanker range from a low of about 20,000 

$/day in 2010 to above 140,000 $/day in 2012. An average of 92,000 $/day is used for 2013 as 
shown in Figure 6-6 [63]. 
2
 According to Das [78], future LNG shipping costs are likely to stabilise (based on the market 

developments in the last few years) due to: (a) availability of a large number of LNG carriers, (b) 
new technology which allows for re-liquefying boil-off gas and thereby offers more cargo to 
buyers, and (c) development of new generation of LNG carriers which will increase cargo 
capacity. LNG shipping rate are estimated to be $0.27/GJ (considered minimum shipping cost) 
to U.S.$0.84/GJ (for shipments from Russian Far East to the North American West Coast). 
3
Agarwal and Babaie [79] estimate that about 500 kWh/tLNG is used for compression and 

refrigeration during LNG production. Most of this invested energy is embodied in the LNG and 
potential exists for energy recovery during the re-gasification process.  In Rotterdam, 8 Open 
Rack Vaporisers (ORV) are used with warm cooling water of the E.on power plant for 
vaporisation of LNG to enable a daily delivery capacity of 12 billion m

3
 of gas per year [80]. 

 
According to Lowell et al. [77], methane losses in the LNG value chain occur during its 
storage, transport and handling (so-called bunkering activities) as shown in Table 6-8. 
Overall, about 13-15% of the gas is lost or used for liquefaction, LNG tanker power 
and regasification.   

6.3.3.6 LNG Regasification 

 
LNG regasification facilities or receiving terminals are specially built offloading and 
storage facilities for shipped LNG before vaporisation and transmission of gas into the 
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local natural gas pipeline grid. Key regasification comprise of offloading berths and 
port facilities, LNG storage tanks, vaporizers to convert the LNG into gaseous phase, 
and pipeline link to the local gas grid [71]. Storage and regasification can be either 
onshore or offshore aboard the LNG carrier (so-called floating storage and regas unit -
FSRU) [82]. Regasification costs are 0.6 $/GJ [83]. An example of the tariff structure of 
an LNG regasification facility at the Montoir De Bretagne (France) is given in Table 6-9. 
 
Table 6-8: SNG losses during transportation by LNG tanker 

Activity Leakage 
1
  Value Remark 

LNG Carrier 
Loading 

Displaced Vapour (% of LNG 
fill mass) 

0.13% BOG handling system 
captures BOG 

Recovery rate (%) 95% 

LNG Carrier 
Transport 

2,6
 

Boil-off rate (%/day) 0.15%  BOG used for vessel 
propulsion Assumed duration (days) 20 

Recovery Rate (%) 100% 

LNG Receiving at 
Import Terminal 
3
 

Displaced Vapour (% of LNG 
fill mass) 

0.13% BOG handling system 
captures vapours 

Recovery rate (%) 95% 

LNG Storage at 
Import Terminal 
2,4

 

Boil-off rate (%/day) 0.05% BOG handling system 
captures BOG Assumed duration (days) 5  

Recovery Rate (%) 95% 

LNG Vessel 
Fuelling 

5
 

Displaced Vapour (% of LNG 
fill mass) 

0.22% BOG handling system 
captures vapours 

Recovery rate (%) 95% 

LNG Vessel Boil 
Off 

Boil-off rate (%/day) 0.15% BOG used for vessel 
propulsion unless vessel 
is idle 

Assumed duration (days) 4 

Recovery Rate (%) 98% 

Source: Lowell et al. [77]. 
1 

Other studies, e.g. Jaramillo et al. [75], PACE [72] and Tamura et al. [81] estimate gas loss at 
the liquefaction terminal to be 8.8-12.8% of liquefied gas. 
2
 Losses are due to venting from storage tanks and tankers over time - so-called boil-off gas 

(BOG) to regulate tank pressure, typically set to 0.7 bar. The cryogenically cooled LNG at -162 
o
C 

absorbs heat in storage resulting in pressure build up in container. BOG losses are estimated to 
be 0.1-0.25% of stored LNG per day; Thus BOG losses are a function of trip duration, size and 
construction of containers, number and type of transfers. However BOG handling measures are 
normally put in place to capture about 95% BOG and recycle it. During international shipping, 
losses also occur from the ship’s fuel system and the engine’s exhaust during operation. The 
BOG is withdrawn continuously to power the ship’s engines [77]. 
3
 Flash losses occur especially when transferring LNG from a high-pressure to a low-pressure 

tank. 
4
 Losses occur due to venting of displaced vapour when filling storage tanks; 

5
 Leakage due to purging of LNG liquid and vapour from hoses and lines after fuelling a vessel; 
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6 
PACE [72] estimated a gas loss of 5% during LNG transport for a distance of 7369 nautical 

miles. LNG tankers are equipped to capture ‘boil-off’ gas and reuse it as fuel. The rate of bio-off 
is lower than the rate of consumption of LNG tanker [77]. 

 
The vaporiser equipment represents the largest capital cost

69
 element of the regas 

facility. Vaporisers warm LNG from about –162°C to over 5°C into gas and in their 
simplest form comprise of simple tubular units or panelled heat exchangers in which 
LNG is pumped through, allowing the temperature to rise. In warmer climates, 
seawater

70
 keeps the heat exchangers warm and to avoid ice build-up on the panels 

while in colder climates heated water is used [71]. Common LNG vaporiser 
technologies include open rack vaporisers (ORV), submerged combustion vaporisers 
(SCV), shell and tube vaporisers (STV), intermediate fluid vaporisers (IFV) and ambient 
air vaporisers (AAV). ORVs and SCVs are the most common technologies [79]. 
 
Regasification of LNG requires a very large amount of energy in the form of heat for 
LNG vaporisation. According to Strande and Johnson [82], to vaporise 14 million m

3
 of 

gas per day would require about 100 MW of heat. Direct and indirect heat transfer 
processes used in LNG regasification are inefficient and LNG cold energy is wasted 
[71]. However, LNG cold energy can be utilised

71
 in various applications (e.g. cooling 

medium for power plants or adjacent industrial facilities). 
 
Table 6-9: LNG Regasification terminal tariff structure (Source: Elengy [84]) 

Cost Item Cost value 

Berthing rate  50,000 € per unloading 
Unloading costs 0.65 -0.87 €/MWh (0°C) unloaded 

Regasification Capacity Use cost 
a
 0.120 € x Q x N 

Regularity Rate 
b
 0.040 -0.210 € x | Qh - Qe | 

Gas Taken Off cost 
c
 0.50 % of unloaded quantities 

a
 the gasification capacity use rate applies to the average interval over one year between two 

tanker arrivals and the quantity unloaded over the year. Q: quantity of LNG unloaded over the 
year in MWh (0°C); N: average time between two tanker arrivals, expressed in months. 1 MWh 
(0°C) is equivalent to 150 m

3
 of LNG. 

b
 the regularity rate is applied to the difference in absolute value between LNG (in MWh, 0°C) 

unloaded in winter (Qh) and the quantities of LNG unloaded in summer (Qe) 

                                                                 
69

 The Rotterdam Gate terminal was built at an estimated cost of € 800 million for a capacity of 
12 billion m

3
 and has 2 jetties for unloading LNG carriers, 3 storage tanks (180,000 m3 each) 

and 8 ORVs [80]. For a 150,000 m
3
 storage capacity system, Foster Wheeler gives Capex for an 

onshore regas facility of 300 $ million and for a leased FSRU at 70 $ million [127].   
70

 Seawater has drawbacks as it freezes at -160˚C in the heat exchanger. To improve the process 
efficiency, reliability and economics, a combination of propane and seawater in cascade loops 
to warm the LNG can be used [82]. 
71

 The Rotterdam Gate Terminal has 8 ORV which utilise warm cooling water of the E.on power 
plant for LNG vaporisation at a capacity of about 1.67 million Nm

3
 per hour [80]. 



Economic and energetic optimisation of BioSNG production and supply chains 

 

296 

 

c
 the gas taken off rate covers gas consumption at the terminal corresponding to the fixed 

amount of gas needed to handle the cargo. 

6.3.4 BioSNG investment costs 

 
The investment costs estimated here are for a conceptual design of a first generation 
‘n

th
 plant’ and not for a pioneer plant

72
. Investment costs for bioSNG production plant 

can be categorized into fixed capital investment, working capital and start-up costs. 
Fixed capital costs can be further split into direct and indirect costs as shown in Table 
6-10. Direct costs include bare equipment costs and fittings and account for about 
70% of the total capital investment (TCI), while indirect costs comprise 30% of TCI. As 
shown in Table 6-10, the Capex is dominated by the gasifier/biomass 
feed/cooler/cyclone combination estimated to be 93 M$, OLGA tar reformer (31 M$), 
Selexol CO2 remover (28 M$) and Syngas compressor (14.5 M$). The figures shown 
are total installed costs. 
 
Table 6-10: Capital investment costs for bioSNG production system for a 100 MWth, in capacity 

Component 
a
 Base 

costs 
scale 

factor 
Base 
scale 

Installed 
scale 

Scale 
units 

Installed 
Costs 

Reference 

 M$     M$  

Pre-treatment 
(total) 

2.2 0.77 65 19.6 ta.r./hr 0.87  

Biomass receive 
and handling 

0.41 0.8 33.5 19.6 ta.r./hr 0.27 [85] 

Biomass storage 1.16 0.65 33.5 19.6 ta.r./hr 0.825 [85] 

Feeding system 
b
        

Gasification        

Milena gasifier 
b
 18-

632 
0.7 4.6-

75 
7.5  kga.r./s 93 [10,86,87][85] 

Gas cooling and 
particulate 
removal 

       

Cooler 
b
        

Cyclone 
b
        

OLGA tar removal 
c
 1-6 0.7 0.5-

25 
139 MWth, in 30.89 [88]  

Gas cleaning &        

                                                                 
72

 Economics of the ‘nth-plant’ is useful for studying new process technologies or integration 
schemes and assumes that several plants using the same technology have already been built 
and are operating. In this study we assume that although the technology is commercialised, the 
plant is not fully optimised and significant scaling up and learning is still expected. This 
approach avoids inclusion of costs associated with first-of-a-kind or pioneer plants (e.g. artificial 
inflation of project costs associated with risk financing, longer start-ups, equipment 
overdesign), because these costs can overshadow the real economic impact of research 
advances in conversion or process integration [128]. 
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Conditioning 

Water scrubber 
(HCL removal) 

d
 

   12.1 m
3
/s 10.19 [42] 

Hydrolysis reactor 
(COS/HCN 
conversion) 

3.9 0.7 58 7 kg 
syngas/s 

0.84 [89,90] 

Sulferox unit (H2S 
removal)

e 
8.3 0.7 0.7 0.3 kmol S/s 5.70 [91] 

ZnO guard bed 
f
    6.9 kmol S/s 0.25  Original 

estimate 
based on 

DACE [92]; 
Slimame et al. 

[93] 

Syngas compressor 
g
 

0.5-
26 

0.7 0.09-
4 

5.68 MW 14.51 [10,86,94] 

Shift reactor 
h
 3.1 0.7 59.4 7.34 kg 

feed/s 
0.72 [89,90] 

Methane synthesis        

Methanation isle 
i
    8.8 kg 

feed/s 
4.9  Original 

estimate 
based on 

Chen [94] 

Gas Upgrading        

Condenser 
j
 14 0.7 488 7 MW  0.71 [89,90] 

Selexol (CO2 
removal) 

k
 

61-
90 

0.7 25-
50 

7.6 kg CO2/s 28.4 [89,90,94] 

SNG compressor 
g
 0.5-

26 
0.7 0.09-

4 
0.363 MW 2.12 [10,86,94] 

TIC      193.36  
 

a 
Investment costs given here are total installed costs which include equipment costs, material 

and labour costs, inside battery limit costs, outside battery limits costs as well as engineering 
procurement cost and construction’. Van der Drift [95] estimates that the capital cost 
breakdown of the Milena gasifier based bioSNG production system is: solids handling (8%), 
gasifier (15%), cooler/cyclone/OLGA/water-system (25%), compressor (5-10%), ultracleaning 
and methanation (30%), and CO2 and water removal (15%). 
 
b
 Biomass feeding system costs are included in the Milena gasifier costs. Also aggregated into 

the gasifier costs are capital costs for the Cooler and Cyclone. Zwart et al. [10] modelled four 
different scales of the Milena gasifier based bioSNG production at 10MWth at atmospheric 
pressure, 100 MWth atmospheric, 100MWth 7 bar and 1000 MWth 7 bar. Gasifier costs were 
estimated to be 5.0, 25.1, 39.9 and 200 M€2006 respectively. Based on experimental results at 
lab scale, the MILENA (bubbling fluidised bed) gasifier is assumed to take 15% wet biomass 
feedstock, gasification and combustion sections are operated at 870°C and 975°C respectively. 
Sand is used as the bed material and with steam as fluidisation medium. ECN [86] gives revised 
investment costs for Milena gasifier for a 1000 MWth as 283 M€2009. Waldner and Vogel [96] 
provide estimates for large CFB gasifiers. These estimates have been calculated to TIC by Van 
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der Spek [42]: 510 M€2004 for a 38 kg biomass/s Fast Internal CFB and 252 M€2004 for a 38 kg 
biomass/s CFB-E gasifier. In comparison, another FICFB gasifier is estimated to cost 11.2 M€2005 
for a 52.7 MWth system [85]. Paisley and Overend [87] estimate the cost of a 4.6 kg biomass/s 
gasifier as 18.18 M$2002. 
 
c
 Boerrigter et al. [88] made estimated the economics of the OLGA system for four different 

process scales, i.e.: a 500 kWth ECN pilot circulating fluidised bed (CFB) gasifier ‘BIVKIN’ with 
investment cost of 1 M$, a potential ECN demonstration project (2.2 MW) with estimated 
investment cost of 2.1 M$, commercial stand-alone plants (10 and 25 MWth) with estimated 
investment costs of 2.8 and 6 M$ respectively. Operational costs are estimated to be 0.67 
€/kWhe (for energy and scrubbing liquid). 
 
d
 van der Spek [42] estimates the costs of water scrubber to be 1/3 of cost of OLGA since only 1 

column is required instead of 3. 
 
e
 Sulferox costs as such not available. Estimate based on costs of Shell Paques sulphur treating 

system. Cline et al. [91] report a 0.696 kmol S/s Shell Paques system at Total Investment Costs 
plus 10 year operational cost of 16.6 M$2003. It was estimated that the Total Investment Cost 
account for 0.5 of this costs, or 8.3 M$2003. 
 
f
 Original estimate. For sizing of the ZnO guard bed, the reactor vessel sizing is a function of 
sulphur flow, sorbent loading and sorbent volume. Sorbent loading is assumed to be 12wt% 
[93], sulphur mass flow of 0.88 g/s, sorbent density of 5.61 t/m

3
, required sorbent is 41.4 m

3
/yr, 

and the reactor volume is estimated to be 24.8 m
3
 per reactor. The vessels are sized for a 

1000MW SNG output system. The bare equipment costs for each reactor vessel are about € 
60,000 [92]. To account for the bare equipment costs of piping and instrumentation this figure 
is multiplied by 3. Since 2 trains are required, the equipment costs are added by two.  
 
 g

 SNG compressor capital costs range from 0.57 M$2000
 
for a 0.09 MW capacity [94] to 21 M€2008 

for 4 MW capacity [86]. Zwart et al. [10] gives compressor costs of 17.5 M€2006 for 4 MW 
capacity.  
 
h
 The equipment cost of the shift reactor was based on [89]. NETL [89] gives bare equipment 

costs of 1.1 M$2007 for a 59.4 kg/s. 
 
i
 The methanation process consists of six large pieces of equipment: 3 reactor vessels, two heat 
exchangers and a recycle compressor. According to Chen [94]: 129, the process facility costs of 
a fixed bed reactor are a function of catalyst volume and pressure of reactor. The catalyst 
volume is a function of the gas flow through the reactor and its space velocity. We assume that 
the gas space velocity is 4.7 mn

3
/m

3
/s [97], 30 bar reactor pressure, gas flow rate of 94mn

3
/s, 

and the catalyst volume is estimated to be 22.6 m
3
. Given these parameters, the bare 

equipment costs for a 1000MW SNG output system are respectively: reactors,3 times 0.087 
M$2000;Heat exchangers 3.6 plus  4.11 M$2000.;Recycle compressor,0.22 M$2000, assuming a 150 
hp compressor capacity. 
 
j
 Based on cost estimated from NETL [89], bare equipment cost of 4.7 M$2007 for a 448 MW 
capacity 
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k
 Equipment cost for CO2 removal by the Selexol process is estimated to be 30 M$2007 for a 43 

kg/s capacity [89], 3 M€2006 for 50 kg/s [10], 20.2 M$2000 for capacity of 25 kg/s [94] and 3.6 
M€2009 for a 50 kg/s system [86]. 

6.3.5 Liquefaction costs 

 
Capital costs of an LNG liquefaction facility are site specific and less than 50% of the 
LNG plant cost is capacity related as shown in Table 6-11. The key cost elements in 
most LNG plants include feed gas handling and treating, liquefaction, refrigerant, 
fractionation, LNG storage section, marine and LNG loading and a utility and offsite 
section [98]. 
 
The liquefaction portion of any LNG project typically represents 35-40% ($1-1.2 billion 
at $300/tpy and 10 Mt/yr) of the total petroleum-LNG value chain [99,100]. In the 
1980s, LNG facility costs reached a high of $600/tpy, but declined to around $200/tpy 
in 2005 due to technological learning and scaling. Further economies of scale are now 
limited by equipment and train size limitations, but also high demand for engineering 
labour and material (especially steel and nickel) are overshadowing technical 
improvements [100]. About 8%–10% of gas delivered to the LNG plant is used to fuel 
the refrigeration process [71,74].   
 
Table 6-11: Liquefaction Cost Distribution for a 70 MWth, in LNG plant (Source: Kotzot et al. 
[98]) 

Component  Investment cost (M$)
 a

 Percentage of Total Cost 

Gas Treating  0.91  7% 
Fractionation   0.39  3% 
Liquefaction  3.65  28% 
Refrigeration   1.83  14% 
Utilities   2.61  20% 
Offsites (storage, loading, flare)   3.52  27% 
Site preparation   0.13  1% 
Total Investment Cost  13.05 100% 
a
 Di Napoli [99] gives a different investment cost breakdown as follows: liquefaction trains (34-

38%), utilities (12-16%), LNG storage and loading (10-15%), buildings and miscellaneous (3-5%), 
EPC contractor (14-16%), marine related (3-6%), infrastructure (0-6%), other project related (10-
12%).  

 
LNG facilities require gas input that is free from impurities and close to pure methane. 
The presence of ‘impurities’ such as all heavier hydrocarbons, CO2 and sulphur, may 
damage the refrigeration units or decrease the LNG quality [71,101]. 
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6.3.6 Compression to bio-CNG (compressed natural gas) 

 
Using bioSNG as a transport fuel requires the establishment of necessary 
infrastructure for vehicle refuelling with sufficient national coverage [102]. We 
assume that the gas is supplied to the fuel station via the low-pressure grid at 8 bar. 
Distribution efficiency is assumed to be 99% [74]. Bio-CNG is supplied at pressures of 
230-250 bar (vehicle tanks and engines have a working pressure of 200 bar) and 
requires costly compression investments at the fuelling station [5]. 
 
Refuelling of bioCNG can be done via a ‘fast-fill’ public refuelling station (similar to the 
regular petrol fuelling stations) or via an exclusive ‘slow-fill’ refuelling station (e.g. for 
large bus fleets) [103]. Storage cylinders (capacity 500 Nm

3
) provide a buffer at the 

fuelling stations between the supply of gas from the grid (after compression) and the 
supply to the vehicle. On average, public refuelling stations have a 50 Nm

3
/hr 

hydraulic multistage compressor while larger stations have between 400 to 1000 
Nm

3
/hr. 

 
Currently, the investments for an average refuelling station are about $ 325,000 - 
$455,000 (average $390,000) [5]. The investment costs for the compressor for such a 
refuelling station are about 50% of these costs [104,105], which is about $ 162,000 - 
$227,000. Energy costs for compression are estimated to be 0.035-0.055 €/Nm

3
 gas. 

Opex is estimated to be 2% of Capex. The economic lifetime of the fuelling station is 
assumed to be 15 years with an average load factor of 7 hours per day [5]. 
 
Compression energy requirements can be estimated using the following formula 
based on the isentropic specific work (W in J/kg) of a gas compressor for specific inlet 
pressures [106,107]. 
 
Equation 6-6 

  
 

(   )
     ((

  
  
)

   
 
  ) 

Where: κ - Ratio of specific heat – 1.32 (natural gas); R - Individual gas constant 518.3 
J/kg K (natural gas); T - Absolute temperature K 283 (ground temperature); P2 - Outlet 
pressure N/m

2
 25 million (=250 bar); P1 - Inlet pressure N/m

2
 (=8 bar) 

 
From the theoretical work, the energy requirement for compression (E - kWh/kg) is 
calculated using the following formula: 
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Equation 6-7 

  (
 

  
)  

  

   
 

Where:  ηc is the efficiency of the compressor (80% - Knoope et al forthcoming), ρg is 
density of natural gas (66.7 kg/m

3
 at 15

o
C and 8 bar –[108]). 

 
For compression from 8 bar to 250 bar, the energy requirements are estimated to be 
789 kJ/kg gas.  

6.4 Results 

6.4.1 Energy balance comparison of different chains  

 
Figure 6-7 shows the primary energy loss of the selected bioSNG supply chains. The 
major primary energy loss in all chains occurs during bioSNG production (up to 30%). 
Other important activities include torrefaction (21%) and international transport (up 
to 11%) and liquefaction of LNG (up to 10%). BioSNG production in Ukraine shows 
lower energy loss than in Brazil, which is mainly caused by the high energy loss of 
more than 10% for LNG transport from Brazil. 
 
The torrefied pellets chain has a higher energy loss (54%) compared to the pellet 
chain (44%), mainly due to the high energy loss during densification (20.7%). Pellets 
incur a higher international transport loss of 2.7 compared to 2% for TOPs. Pellets also 
incur a higher drying energy loss (5%) compared to TOPs (1.5%) which is similar to 
drying biomass at the CGP. 
 
Ukraine has the lowest energy loss (38%) since the chain does not involve liquefaction 
and sea transport. Drying biomass with waste heat at the coast results in lower energy 
loss (48%) than drying by burning part of the biomass at the CGP (51%). However, 
higher energy losses of transporting wet biomass (1.2%) offset some of the gains of 
centralised drying (0.9%).  
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Figure 6-7: Relative primary energy loss of bioSNG production across selected scenarios (100 
MWth, in capacity all chains) 

Since the primary energy loss of the bioSNG production is approximately equal for all 
chains, the differences between the chains are mainly attributed to liquefaction, LNG 
transport, drying, biomass pre-treatment, and ocean transport steps. 

6.4.2 Cost comparison of different chains 

 
The delivered cost of bioSNG (in the form of CNG delivered to the fuelling station) to 
the Dutch market for the various scenarios ranges from 18.6 to 25.9 $/GJCNG. Ukraine 
has the lowest bioSNG production costs of the three potential SNG production 
locations. From Figure 6-8, the lowest delivered cost (18.6 $/GJ) is for bioSNG 
produced in Ukraine and transported by pipeline to the Netherlands.  
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Key for scenarios: 
Braz-coast: Biomass production and SNG conversion at the coast in Brazil with LNG shipping to the 
Netherlands 
Braz-pipeline: Biomass production and SNG conversion at the CGP in Brazil with transport to coast by 
pipeline 
Braz-CGP-dry: Biomass production with biomass drying at the CGP and conversion at the coast in Brazil 
NL-TOPs-Braz: Biomass production and pre-processing into TOPs in Brazil with SNG conversion in the 
Netherlands 
NL-WPs-Braz: Biomass production and pre-processing into WPs in Brazil with SNG conversion in the 
Netherlands 
Ukran-pipeline: Biomass production and conversion to SNG in Ukraine with transport of gas to 
Netherlands by pipeline 

 

Figure 6-8: BioSNG production costs compared to natural gas prices, oil and biodiesel (100 
MWth, in capacity all chains) 

The comparatively shorter biomass transport distance and low pipeline transportation 
costs (0.16 $/GJ) contribute significantly to these low final delivered costs compared 
to shipping liquefied SNG by LNG tanker (2.1-2.2 $/GJ) over much longer distances 
from Brazil. The additional liquefaction costs also incur a gas penalty of about 10%.  
 
Generally, bioSNG produced in Brazil is delivered to Rotterdam at higher costs (21.5 – 
25.9 $/GJ) compared to bioSNG production in Ukraine (18.6 $/GJ). This is mainly 
caused by the high international shipping costs for LNG transport and the additional 
rail transport costs to the coast, which is not necessary in Ukraine.  
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Producing bioSNG in Brazil at inland locations with subsequent shipping of the gas to 
the coast by pipeline results in fuel costs of 23 $/GJ. Low pipeline costs play an 
important role in lowering costs in this scenario (compared to the conversion at the 
coast). Transporting biomass by train in Brazil and producing bioSNG at the coast 
results in fuel costs of 25.6-25.9 $/GJ delivered to Rotterdam. In Brazil, drying biomass 
at the coast results in more costly fuel (25.9 $/GJ), compared to the scenario with CGP 
drying (25.6 $/GJ) because of the higher train transport costs for wet biomass. This is 
despite the benefit of free waste heat for drying available from the integrated 
conversion facility. For the pipeline scenario, we assume a gas pipeline is available for 
gas transport to the coast.  
 
For bioSNG production in the Netherlands, the TOPs chain delivers the marginally 
higher cost fuel (21.7 $/GJ), than the pellets chain (21.5 $/GJ). The higher torrefaction 
costs (3 $/GJ) are compensated by the lower international shipping costs as well as 
lower feedstock and truck transport costs (compared to pellets). See Chapter 4 for 
more detailed discussion on the comparison of feedstock requirements for TOPs and 
pellets, and the implications for truck transport costs. 
 
Overall, final conversion costs dominate the bioSNG value chain (11.7 – 13.5 $/GJ or 
up to 63% of delivered fuel costs). Biomass feedstock contribute up to 20% of final 
costs, while international shipping represent up to 9%. Other significant costs include 
rail transport, truck transport, pre-processing, liquefaction and compression. 
 
BioSNG production costs are compared to what bioSNG is likely to substitute in the 
Dutch market, namely natural gas or diesel. Given the national objectives of 
developing cleaner fuels, a comparison is also made to biodiesel (which is currently 
the main form of renewable carrier being used to substitute diesel). As shown in 
Figure 6-8, current natural gas prices in the Netherlands (9.2 €/GJ) [51] and forecasted 
gas prices for the coming decade (14 €/GJ) [109,110] are much lower than the bioSNG 
production costs. BioSNG are still much higher than natural gas even if a CO2 tax

73
 is 

included (natural gas plus CO2 tax is about 12.6 $/GJ (current) to 21.4 $/GJ (future)). 

6.4.3 Greenhouse gas emissions 

 
As shown in Table 6-12, greenhouse gas emissions range from 17 to 31 kg CO2e/GJCNG 

delivered. The highest emissions are associated with the Brazil SNG production at the 
coast while the lowest is the TOPs based chain. Emissions from feedstock production 
represent up to 40% of overall emissions, compression to CNG (26-40%), sea transport 
(9-11%), liquefaction (11-13%) and regasification (10-12%). 

                                                                 
73

 When bioSNG is sold to parties with an emission ceiling (e.g. a power plant), an extra value of 
bioSNG compared to natural gas is the CO2 price, which does not have to be paid when bioSNG 
is used. CO2 prices range from a low of 5 €/ton (= price level 2013) to 56 €/ton (= highest 
estimate coming decade). 
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Table 6-12: GHG emissions across bioSNG supply chains by scenario (kg CO2e/GJ SNG delivered) 

Supply chain 
stage  

 Brazil-
coast  

 Brazil-
pipeline  

 Brazil-CGP-
dry  

 NL-TOPs-
Brazil  

 NL-WPs-
Brazil  

 Ukraine-
pipeline  

 Feedstock a  9.77   6.69   6.71   6.77   6.78   7.84  
 Truck transport   0.26   0.26   0.19   0.12   0.15   0.24  
 Chipping   1.37   0.16   0.17   0.14   0.15   0.97  
 Drying   0.37   0.37   0.39   0.19   0.34   2.19  
 Torrefaction   -     -     -     0.35   -     -    
 Milling   0.43   0.43   0.43   0.05   0.38   2.54  
 Pelletising   -     -     -     0.24   0.57   -    
 Rail transport   1.50   -     1.16   0.47   0.62   -    
 Sea shipping   2.80   2.80   2.85   2.11   3.29   -    
 Pipeline   -     0.27   -     -     -     3.37  
 Liquefaction b  3.47   3.47   3.47   -     -     -    
Regasification  3.14   3.14   3.14   -     -     -    
Compression  8.09   8.09   8.09   6.16   7.95   7.95  
 Total   31.21   25.69   26.61   16.98   20.25   25.11 
Avoided 
emissions c 

 56.79   62.31   61.39   71.02   67.75   62.89  

Emission 
reduction 

 65%   71%  70%   81%  77%  71% 

a
 includes fuel use, fertiliser, pesticides and field NOx emissions 

b
 Emission factors for LNG (85.96 kg CO2e/t LNG)[72,77]; HFO (78.0 kg CO2e/GJ fuel); Diesel 

(73.2 kg CO2e/GJ) [111]. Electricity Netherlands (205.56 kg CO2e/GJe) [112] 
c
 based on oil reference  [113]  

Emissions for all activities that are powered by electricity are higher for Ukraine 
compared to Brazil due to the carbon intensive electricity mix in Ukraine. The 
emission factor for the Ukraine grid is 157.6 kg CO2e/GJe compared to Brazil (24.7 kg 
CO2e/GJe) [46].  

6.4.4 Scale effects comparison across chains 

 
We assumed in this study that bioSNG production is normalised at a scale of 100 
MWth, in at the final conversion plant. Since the SNG conversion represents the largest 
cost element in the SNG value chain, we apply and discuss below the scale effect for 
SNG conversion. We did not investigate technological learning for bioSNG production 
as we did not have adequate data on expected learning rates for the various 
components of the bioSNG value chain. From previous analysis (see Chapter 3 and 4), 
scaling effects contribute more to cost reduction of novel technologies than scale 
independent learning effects. 
 
For larger SNG conversion systems up 1GWth, in the investment cost and SNG 
production costs are much lower compared to the reference case of 100 MWth, in as 
shown in Figure 6-9. The scale factors for the various components of the SNG 
conversion capital investment are estimated to be between 0.67 and 0.90 
[64,114,115]. The Milena technology from ECN can be scaled up to 1 GWth, in without 
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major changes in the design, whereas other technologies such as the Güssing 
technology might be limited in capacity to 100-200 MWth, in without significant and 
costly changes in design

74
. The limiting factor is the large bubbling bed in the 

gasification chamber of the Güssing gasifier, which cannot be fluidized when the 
chamber diameter becomes too large [116]. Therefore a lower scaling factor of 0.9 is 
applied for the Güsssing system and this assumes that higher capacities would require 
significant and costly changes in the design. The Milena gasification chamber is much 
smaller and does not contain a bubbling bed. The combustion chamber of the Milena 
does contain a bubbling bed, but this chamber only requires 20% of the capacity of 
the gasification chamber [33,44,117]. 
 

 

Figure 6-9: Impact of scaling the Milena and Güssing technologies 

The difference in upscaling potential of the Milena and Güssing technologies has a 
significant effect on the bioSNG capital costs above 100 MWth (see Figure 6-9). At 1 
GWth, in the capital cost reduction is estimated to be about 30% for the Milena gasifier 
(from about 2000 $/kW to 1400 $/kW) and about 20% for the Güssing system (from 
about 3000 $/kW to 2500 $/kW). However, Güssing has been demonstrated at 8 
MWth while the current Milena pilot is only 0.8 MWth, and thus there is greater 
uncertainty with regards to scaling the Milena technology

75
. Both technologies need 

                                                                 
74

   According to van der Drift et al. [129], the Güssing system is aimed at typically 50 MW plants 
for the supply of both SNG and heat at a high overall efficiency, whereas the MILENA system is 
built to achieve low at cost at large scale 
75

 We focus on the Milena technology because it has 10% higher overall efficiencies than the 
Güssing technology, and furthermore, its capability for up-scaling has greater promise for larger 
cost reduction  
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further development before more accurate effects of upscaling on the investment 
costs and the performance can be analysed. 
 
Figure 6-10 and Figure 6-11 compare the SNG production costs for five selected chains 
at scales of 100 MWth, in and 1000 MWth, in (assuming the Milena technology is 
employed). SNG production costs at 1000 MWth, in scale decrease by over 30% 
compared to production costs at 100 MWth, in, dominated by lower SNG conversion 
costs.  
 

 
Figure 6-10: Comparison of bioSNG delivered costs at different production scales for selected 
chains. The production capacity (in MWth, in) is given in brackets for each supply chain 

BioSNG production on a scale of 1000 MWth leads to production costs between 12.6 
and 17.4 $/GJLHV. At these costs, bioSNG becomes competitive against the higher 
estimates for the natural gas price, especially if CO2 costs are included. However, it is 
important to note that natural gas prices already include taxes, distribution costs and 
profit margin. 
 
It is apparent from Figure 6-10 and Figure 6-11 that there are no significant 
proportionate differences in bioSNG production cost reduction for all scenarios. The 
Ukraine supply chain remains the lowest cost option from a scale of 10 to 1000 MWth, 
in although the highest reduction of 37% is via the Brazil pipeline scenario. At 1000 
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MWth, in the truck transport costs increase by about 50% and offsets some of the 
benefits of economies of scale. 
 

 

Figure 6-11: Scale effects on bioSNG production costs for selected supply chains 

6.5 Sensitivity analysis 
 
From the chain analysis, it is apparent that biomass production, pre-processing, long 
distance shipping and final bioSNG conversion represent the largest cost elements to 
bioSNG production costs. A low and a high case are defined for both the production 
costs and the relative primary energy loss. 
 
De Wit and Faaij [23] and Smeets and Faaij [24] give ranges of cost estimates for 
energy crop cultivation for Ukraine and Brazil respectively. In Ukraine the biomass can 
be produced at a cost of 1.9-7.3 $/GJ, while in Brazil the cost is 1.9-4.2 $/GJ. These 
ranges are used for the high and low case. 
 
Table 6-13: Range in parameters used for sensitivity analysis  

Item Low Used High 

Eucalyptus production costs Brazil [$/GJ] 1.7 2.1 4.2 
Poplar production costs Ukraine [$/GJ] 1.9 2.3 5.6 
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For the production costs of pellets and TOP pellets we use the range of values derived 
in Chapter 3 and 4. These are estimate to be in the range of -18% to +11% for pellets 
and -24% to +43% for TOPs. Thermal efficiencies are estimated to vary from 92% to 
98% as shown in Table 6-14. 
 
Table 6-14: Range in parameters used for sensitivity analysis of biomass pre-processing 

 Low Used High 

TOPs production costs [$/GJ] 2.1 3.1 5.1 
Pellet production costs [$/GJ] 1.12 1.5 3.0 
Thermal efficiency pelletizing 92% 95% 97% 
Thermal efficiency TOP 92% 97% 98% 

Source: Batidzirai et al. [118] 
 
Charter costs are highly volatile and have the largest impact on long distance shipping. 
They are highly sensitive to market trends and respond to state of the global 
economy. According to Hoefnagels et al. [56], recent trends in bulk carrier charter 
costs show a variation of between 3500 to 95000 $/day, seee also Table 6-15. Charter 
costs for LNG tankers are higher and vary widely depending on market demand. 
Currently, charter costs are estimated to be 92,000 $/day. Fuel oil prices also show 
large variations, and a range of +/-20% is assumed. 
 
Table 6-15: Range in values of ocean transport parameters 

 Low Used High 

Charter costs bulk carrier [$/day] 3500 19000 95000 
Charter costs LNG tanker [$/day] 85000 92000 158000 
HFO price [$/GJhhv] 4.47 5.95 11.54 

 
For the cost of the bioSNG production the main sensitive parameter is the capital cost 
of the installation. As discussed earlier, the capital cost is based on estimates from 
literature and from industry experts. Therefore for the low and high case a sensitivity 
range of -20% to +40% is assumed. The other sensitivity ranges are explained below 
Table 6-16. 
 
Table 6-16: Range in bioSNG conversion parameters 

 Low Used High 

Total capital investment -20% Var. +40% 
SNG conversion efficiency

1
 73% 70% 67% 

Electricity consumption [kWe/MWth]
2
 -17 0 10 

Lifetime [yr] 30 20 15 
Operational costs [% of capital cost per year]

3
 5% 8.6% 10% 
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1 
Raas [33] calculated a conversion efficiency of 73% with a 10% moisture content of the 

biomass. 
2 

Raas [33] calculated that with an optimal heat integration more electricity can be produced 
during bioSNG production than needed for own consumption (17 kWe/MWth). In case of less 
optimal heat integration there might be a small electricity shortage. 
3 

Zwart et al. [10] assume 10% operating costs for small scale bioSNG production, which is used 
as high case. For the low case 5% is assumed, which is a more common value for large power 
plants. 

 
Using several references from literature, we estimated the pipeline transport costs to 
be in the range 0.010-0.016 $/1000m

3
/km. The lower end is taken as the low case 

while for the high case   the current price of gas transport from Ukraine to the 
Netherlands was taken– the latter was estimated using data from different grid 
operators (see Table 6-17). 
 
Table 6-17: Values used for the low and high case of gas transport compared to the values 
used in the chain analysis. Sources are explained above. 

 Low Used High 

Pipeline transport costs [$/1000m
3
/km] 0.011 0.013 0.017 

Primary energy use pipeline transport [kJ/m
3
/km] 0.27 0.33 0.49 

LNG transport costs Brazil – Europe [$/GJ] 2.19 2.44 2.69 

6.5.1 BioSNG production costs 

 
Figure 6-12 shows the range in bioSNG production costs based on the variation in the 
selected parameters for the different chains. There is a large uncertainty in the 
bioSNG production cost which are mainly influenced by the final conversion cost. 
Delivered SNG vary from a low of 12 $/GJ (for the Ukraine scenario) to a high of 46 
$/GJ for the Brazil coastal SNG conversion case. The TOPs chain show a wider 
variation (13.5-36.3 $/GJ) compared to the pellets chain (17-29 $/GJ). This is due to 
the uncertainties associated with torrefaction costs. 
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Figure 6-12: Sensititivity range in delivered BioSNG cost with variation in cost factors (100 
MWth case) 

Figure 6-13 shows the disaggregated effects of the selected cost factors on individual 
supply chain components on the bioSNG production costs. It is apparent that bioSNG 
conversion costs have the largest influence on the total production costs. BioSNG 
production in the Netherlands has the largest sensitivity range, because both the cost 
of ocean transport and the densification of biomass are very variable. The uncertainty 
associated with torrefaction costs as well as international shipping shows risks 
associated with the TOPs chain as the technology is being developed. This would not 
make LNG transport more favourable compared to TOPs chains as LNG also involves 
costly and variable sea shipment. In any case, the impact of more expensive shipping 
is (much) lower for the TOPs chains than for the LNG chain and both are dwarfed by 
the uncertainties for the SNG conversion. 
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Figure 6-13: Sensitivity of the selected supply chain elements on the total bioSNG delivered 
costs and primary energy loss 

6.6 Discussion 

6.6.1 Technical challenges 

 
BioSNG conversion technologies are still under development. There are still some 
technical challenges before commercialisation can be realised [10,39]. Although larger 
projects are planned, the largest currently operating gasifier is 8 MWth and the largest 
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operating bioSNG production is 1 MWth [33]. For both technologies, large scale 
bioSNG production has to be proven before they can become commercially successful. 
 
It is also uncertain what the effects of biomass moisture content have on SNG 
production efficiency and cost. Lower moisture contents could increase the efficiency 
of the gasifier, but this has not been assessed. A balance also needs to be found 
between additional drying of the biomass and lower gasifier efficiency due to a higher 
moisture content of the fuel. Our results show that biomass drying with waste heat at 
the bioSNG production facility is more efficient than biomass drying earlier in the 
chain. However, the technical feasibility of this option has not been explored yet. A 
more detailed mass and energy balance of such an integrated facility needs to be 
conducted. 
 
For international pipeline transport, bioSNG must meet the grid Wobbe index 
requirements. Simulations by Raas [33] showed that the maximum Wobbe index of 
the bioSNG is marginally higher than G-gas

76
. All the international pipelines from 

Eastern Europe are transporting H-gas
77

. Therefore the bioSNG should either be 
upgraded to H-gas level before grid injection, or it should be injected in a grid with 
tolerance for lower Wobbe indices. The cost implications of producing bioSNG with H-
gas quality has not been evaluated [44,117].  

6.6.2 Geographical factors 

 
Availability of infrastructure for gas transportation is a major limiting factor for 
BioSNG production especially in developing countries. The scale of bioSNG production 
in the foreseeable future is too small to build long distance gas transport 
infrastructure exclusively for bioSNG. Therefore, bioSNG transport is limited to 
existing natural gas transport infrastructure. Gas transport by pipeline to the 
Netherlands is limited to Europe, Russia and North Africa and in the future possibly 
the Middle East. Eastern Europe is the most promising region for bioSNG production, 
because of the large potential for biomass with low production costs and the large 
capacity of long distance gas pipelines (for Russian gas). In this study, Ukraine is 
chosen because of its high biomass potential and low production costs, but other 
countries like Poland, Czech Republic or Russia are promising bioSNG production 
regions as well. 
 
Gas transport in the form of LNG to the Netherlands is limited to locations with an 
LNG liquefaction terminal. These terminals are located in regions with a large natural 
gas export potential, like North Africa, the Middle East, Norway and Siberia. The LNG 
market is growing strongly and many new terminals are planned. However, there are 

                                                                 
76

 G-gas is the Dutch standard for low calorific gas with a Wobbe index of 43.5-44.4 MJ/m
3
 

[130]. 
77

 H-gas is high calorific gas with a Wobbe index of 48-56 MJ/m
3
 [130]. 
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no LNG liquefaction terminals in regions with large biomass production potentials 
such as Latin America. Only Trinidad and Tobago has a liquefaction terminal, although 
new terminals are planned in Peru, Venezuela and Colombia. For Brazil, we assumed 
that a new LNG facility is built and the costs are included in the SNG value chain and 
this increases the LNG supply costs. If existing infrastructure was available, these costs 
would be lower. In Africa liquefaction terminals are planned in Nigeria and 
Mozambique, which have possibilities for large scale biomass production. Other 
regions with (planned) LNG liquefaction terminals where large scale biomass 
production might be possible are Indonesia, Brunei, Alaska and the Russian East coast, 
but the transport distances to the Netherlands are much higher than for Brazil and 
Africa [119]. 

6.6.3 BioSNG end use applications 

 
BioSNG can be used to substitute natural gas and provide a cleaner alternative gas 
fuel. However, from the analysis, bioSNG is not competitive against natural gas at 
current market prices, unless a high premium is paid for CO2 mitigation. Current CO2 
prices are too low to cover the difference between bioSNG production costs and 
natural gas prices.  
 
We therefore consider the transport sector as a more viable market for bioSNG, 
although additional compression costs are required (which raise the cost of delivered 
CNG). Sufficient CNG refuelling stations also would need to be established across the 
country to allow nationwide use of the fuel. CNG is competitive against oil (petroleum 
diesel) and delivered at much lower cost compared to biodiesel as discussed in the 
results. 
 
However, the use of CNG requires a switch from conventional diesel and petrol 
vehicles to more costly CNG vehicles (although in the Netherlands, subsidies are 
available for public fleets and lower taxes are charged on CNG vehicles and CNG fuel 
costs 40% lower than equivalent amount of petrol in energy terms) [5]. In terms of 
energy use, the specific energy consumption of CNG vehicles (2.32 MJ/km) and petrol 
vehicles (2.25 MJ/km) is comparable

78
.  Already the CNG market is building up - in the 

Netherlands, there are currently 4300 CNG vehicles and 85 refuelling stations as of 
2011 [120]. 
 
It is also in interesting to consider the co-production of SNG and chemicals such as 
benzene and ethylene. Benzene and ethylene are much more valuable products than 
SNG [121], and this could improve the economics of bioSNG production. 
 

                                                                 
78

 According to Fuelswitch [131], an CNG fuelled car with a standard tank capacity of 20 kg 
(about 25 Nm

3
 or 125 litres), can drive about 350 km, compared to about 1000 km driven by a 

petrol fuelled car with a standard tank capacity of 70 litres. 
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As an alternative to grid injection, bioSNG can also be used as fuel in existing natural 
gas combined cycle power plants (NGCC) or co-firing syngas in an existing NGCC. If a 
bioSNG conversion facility is located next to an existing NGCC, raw syngas can be co-
fired directly since methanation is not required. This saves investment in methanation 
and the CO2 removal components, and the conversion efficiency of biomass to 
producer gas is 80% instead of 70% for SNG [33]. Our analysis showed that this option 
is not attractive as electricity production costs are much higher than current electricity 
market prices. Co-firing of syngas results in power production costs of 123.5 $/MWh 
compared to SNG based power production (195.3 $/GJ). These differences are caused 
by the 30% lower investment costs for syngas conversion and the 10% higher 
efficiency of syngas production compared to the bioSNG production route. 

6.6.4 Comparison with other studies 

 
Results from this study are in the same range as other studies such as Zwart et al. [10], 
Cozens et al. [122], Gassner and Maréchal [114] and Gassner and Maréchal [123]. 
Other studies show higher costs as they include other aspects such as CCS. Zwart et al. 
[10] estimate bioSNG production to be 15.3 €/GJ (20 $/GJ) at 100 MWth, atm and 14.8 
€/GJ (19.2 $/GJ) at 100 MWth, 7bar; at 1000 MWth,7bar SNG production costs are 9.3 €/GJ 
(12.1 $/GJ) assuming biomass feedstock costs of 4€/GJ (5.2$/GJ). 
 
Cozens et al. [122] assume SNG feedstock costs of 11.1 $/GJ (imported wood pellets in 
UK), 8 $/GJ (mix of imported and local woodchips) and (-2.4 $/GJ) processed Solid 
Recovered Fuel from mixed waste streams. They estimate bioSNG production costs of 
29.4-45.2 $/GJ for small scale facilities (50 MWth, in) and 14-32 $/GJ for large scale 
facility (300 MWth, in). Based on the FBG, Heyne and Harvey (2013) estimated specific 
production costs for SNG and CO2 capture for a process input of 100 MWth,LHV, 20 wt-% 

moisture vary between 103–127 €2010/MWhSNG (37.2-45.9 $/GJSNG).  
 
Gassner and Maréchal [114] explored different bioSNG production pathways and 
estimate bioSNG production costs to be 27-36 $/GJSNG at scale of 20 MWth, in and 21-35 
$/GJSNG for 150 MWth, in conversion capacity. Gassner and Maréchal [123] investigate 
the polygeneration of SNG, heat and power and estimate production costs of 33 $/GJ 
for bioSNG and a breakeven (with respect to fossil fuels) biomass feedstock cost of 6.7 
$/GJ at the plant gate at a scale of 20 MWth, in and up to 25 $/GJ for conversion scale 
of 100  MWth,in. 
 
This comparison shows that bioSNG production costs are strongly dependent on value 
chain considered, including feedstock used, delivered feedstock cost and final 
conversion technology used. 
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6.7 Conclusion 
 
The goal of this study was to find the optimal production chain for bioSNG production 
for different biomass production regions and location of final conversion facilities, 
with final delivery of compressed natural gas at refuelling stations servicing the 
transport sector. Delivered bioSNG costs were estimated to be between 18.6 and 25.9 
$/GJdelivered CNG at a scale of 100 MWth, in. These costs are higher than the current 
estimates of the natural gas price, but lower than the oil prices and biodiesel prices. 
BioSNG costs could converge with natural gas market prices in the coming decades, 
estimated to be 18.2 $/GJ. Total energy efficiency of the selected chains was 
estimated to be 47-62%. The major part of the energy loss is caused by the bioSNG 
production, with an energy efficiency of around 70%. 
 
BioSNG production in Ukraine and transportation of the gas by pipeline to the 
Netherlands results in the lowest delivered cost (18.6 $/GJ) and highest energy 
efficiency pathway (62%). This is followed by BioSNG production in the Netherlands 
using TOPs and WPs from Brazil (about 21 $/GJ). BioSNG production in Brazil with LNG 
transport to the Netherlands results in the most costly delivered SNG (25.9 $/GJ) 
associated with the conversion at wet biomass the export terminal in Brazil. A key 
factor in increased LNG transport cost is the liquefaction, shipping and regasification 
processes which are costly and incur about 13% SNG losses mostly used to power the 
processes. 
 
SNG production from TOPs results in the lowest GHG emissions (17 kg CO2e/GJCNG) 
while the Ukraine routes results in 25 kg CO2e/GJCNG (the latter is affected by high 
electricity grid emission factor). Production of SNG using wet biomass at the export 
habour in Brazil also results in worst GHG performance (31 kg CO2e/GJCNG).  
 
If production capacities are increased to 1000 MWth, in, delivered SNG costs decrease 
by about 30% to between 12.6-17.4 $/GJ SNG, delivered mainly influenced by reduction in 
Capex of the final conversion facility. BioSNG production in Ukraine remains the 
lowest cost supply chain (12.6 $/GJ), mainly due to low pipeline transport costs 
compared to long distance LNG transport. At 1000 MWth, in scale, SNG from pellets 
and TOPs are marginally (10% and 14%) higher than the Ukraine routes (14 $/GJ and 
14.5 $/GJ respectively). At these costs, bioSNG becomes competitive with natural gas 
(especially if attractive CO2 prices are considered) and very competitive with oil and 
biodiesel.  
 
It is clear that scaling of SNG production to the GWth scale is key to cost reduction and 
could result in significant production cost reduction even if technological learning is 
not factored in. Capex cost reduction due to scaling is more dominant than additional 
local biomass logistics. For regions like Brazil, it is more cost-effective to densify 
biomass into pellets or TOPS and undertake final conversion near the import harbour.  
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From the results, it is clear that early conversion of biomass into bioSNG in Ukraine 
and subsequent transport by pipeline provides the best economics. There are 
marginal differences between the pellets, TOPs and LNG supply chains from Brazil 
(although at lower scale, the LNG chains are less attractive). Generally, early 
conversion of biomass to bioSNG in Brazil with subsequent shipment as liquefied 
natural gas (LNG) to the Netherlands is a less attractive option from an economic 
perspective. SNG production from TOPs results in the lowest GHG emissions. 
 
Overall, this study has shown that bioSNG can be produced and delivered at 
competitive costs compared to fossil fuels, especially in the transport sector. BioSNG 
can also be delivered with over 60% GHG emissions reduction (and thus surpasses the 
EU Renewable Energy Directive on Biofuels threshold). In terms of economics, bioSNG 
conversion early in the chain is beneficial if pipeline transport is feasible. Where this is 
not possible, densifying biomass into pellets or TOPs and undertaking final conversion 
in the importing country offers better economic performance. Early conversion of 
biomass to bioSNG in Brazil with subsequent shipment as liquefied natural gas (LNG) 
to the Netherlands is not an attractive option. This option could be attractive where 
LNG terminals already exist. 
 
Recommendations for further research 
 
Our analysis has shown that scaling up bioSNG conversion results in significant 
lowering of delivered fuel costs. However, the scaling of individual components is not 
well understood as current systems are available at very low scale and therefore this 
requires more detailed analysis. In addition, it is important to investigate the impact 
of scale-independent learning on future economic performance of bioSNG facilities. 
 
Large scale biomass energy supplies demand the mobilisation of large volumes of 
biomass and this requires complex logistics and good infrastructure to deliver biomass 
competitively to the market. To build up large volumes of biomass and set up decent 
infrastructure, especially in developing regions, would require time to implement. It is 
not well understood how this would be implemented and hence there is need for 
further research in these aspects. Furthermore the distribution of SNG in the market 
was not fully analysed. It would be important to investigate different models for 
implementing the distribution of bioSNG. Also co-production of bioSNG with bio-
based chemicals (such as benzene and ethylene) could improve the bioSNG 
economics.  
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7 Summary and Conclusions 
 

7.1 Research Context 
 
Modern bioenergy systems have significant potential to substitute fossil energy 
carriers with corresponding reduction in GHG emissions, while also improving 
environmental and socio-economic services. To facilitate the mobilisation of large-
scale biomass supplies, large volumes of biomass feedstock need to be secured, and 
competitive feedstock value chains need to be developed, based on identification of 
appropriate combinations of feedstock and conversion technologies. Logistics and 
transport are key components in the costs of biomass [1-3] and major investments in 
infrastructure and capacity are required to realise large scale biomass supplies [4]. 
Establishing this infrastructure is gradual and takes time, which also applies to the 
mobilisation of large volumes of biomass. These two aspects are interrelated and 
region specific due to the unique settings for biomass feedstock production and local 
infrastructure. In addition, there are many technological options for the production 
and supply of biomass. Pre-processing is especially an important determinant of 
delivered biomass feedstock cost [3,5-8], given the low energy density and 
heterogeneous nature of raw biomass. It is important to also investigate the economic 
viability and environmental impacts (typically GHG emissions and energy balance, but 
also potential for ecosystem services) of different bioenergy supply chains, so as to 
optimise the sustainable delivery of biomass. This also helps in identifying and 
evaluating the risks and opportunities as well as costs and benefits associated with 
each value chain. Furthermore, it is important to take into account site specific 
contexts as biomass value chains are dependent on various factors, e.g. geographical, 
environmental and institutional. Given this context, there is need for examining the 
entire biomass supply value chain so as to understand the many elements involved in 
bioenergy mobilisation.  
 
Establishing and securing a sustainable biomass feedstock supply is a key pre-requisite 
for a functional and sustainable biobased economy. This makes assessments of 
biomass resource availability a critical part of the biomass value chain. However, 
existing biomass energy resource assessments provide widely varying estimates of 
potential contribution of biomass to future energy systems. Therefore, harmonisation 
of bioenergy potentials would be desirable taking into account key factors that 
determine biomass availability.  
 
Although regions with good biomass production possibilities are usually located in 
developing countries [9-14], conditions in these countries are usually not well studied. 
For many regions, particularly in developing countries, the understanding of crop 
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residues production and supply potential is limited. If agricultural residues are to be 
part of the biomass feedstock portfolio, then it is imperative that assessments be 
conducted to evaluate the technical, economic and environmental feasibility of their 
utilisation. Most available studies only evaluate part of the supply chain without 
assessing the economic feasibility of mobilising biomass to the market. Even then, the 
assessments employ crude methods, applying simple biomass removal rules that do 
not take into account sustainability criteria related to local circumstances (such as soil 
erosion control, soil organic carbon control and competing applications of biomass). In 
the case of South Africa, current studies (e.g. Cooper and Laing, [15]; OECD/IEA, [16]; 
Euler, [17]) have also not attempted to develop cost supply curves at detailed spatial 
scale to capture unique local settings such as crop yields, soil types, rainfall, 
temperature, livestock and transport characteristics. Given the sensitivities around 
food production and maintaining sustainable agricultural production, it is necessary to 
develop a systematic methodology that can be applied in different settings to 
establish how much biomass can sustainably be mobilized from the farm while 
maintaining soil heath –so-called sustainable removal rate, but also what is 
economically feasible for bioenergy applications. 
 
Given the global distribution of biomass production regions and key markets [18], pre-
processing biomass plays an important role in improving biomass supply chain 
economics, and enables biomass to be delivered to the market cost-effectively with 
lower downstream investments [19-21]. This would also allow access to remote 
biomass resources and improve the potential of biomass. While pelletising is the 
currently the most important pretreatment approach for solid biomass, torrefaction 
(combined with pelletisation) is a promising biomass pretreatment technology which 
has potential to produce a homogeneous biomass carrier with improved energy 
density and combustion characteristics, and whose properties closely match those of 
low grade coal [22][23,24]. However, scientific knowledge on the performance of 
different torrefaction technologies is limited and publicly available information on the 
characteristics and cost of delivered torrefied biomass is not consistent [25],[26],[27]. 
 
Thus it is important to provide insights into state of the art prospects of the 
commercial utilisation of torrefaction technology for biomass pre-treatment over time 
(as the technology is under development). This includes evaluating the technical and 
economic performance of torrefaction, for both the short and long term. Coupled to 
the detailed technology assessment, it is also important to investigate the impact of 
torrefaction on the technical, economic and GHG performance of bioenergy supply 
chains, and compare it with other pre-processing technologies (such as conventional 
palletisation and bioSNG) in different settings to enable the selection of optimal 
supply pathways of biomass. It is important to evaluate the techno-economics and 
GHG performance of entire biomass value chains to enable the identification of 
optimisation opportunities and comparison of different supply chain pathways, so 
that the supply pathway with the best performance can be identified.  
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7.2 Aim and research questions 
 
The main objective of this thesis is to identify and evaluate sustainable biomass 
energy supply chains to enable competitive mobilisation of large scale biomass 
supplies for both the short term and the long term.  
It includes assessing and establishing biomass resource availability that meet 
internationally accepted sustainability criteria, optimising logistics and conversion 
economics as well as investigating the environmental impacts (focussing especially on 
GHG emissions and energy balances) of different value chains and bioenergy 
production pathways. The following questions were formulated to facilitate these 
objectives: 
 

I. What are the key determinants of energy crop and residue resource 
potentials and how do sustainability and economic criteria influence 
the availability of those biomass resources? 

II. How do different biomass pre-processing technologies affect the 
technical, economic and environmental performance of bioenergy 
supply chains under different settings and what are the prospects 
for future cost reduction and better technical performance? 

III. Which are the economically optimal biomass supply chain 
configurations for the sustainable mobilisation of biomass 
feedstocks for regional and international markets? 

7.3 Outline of thesis  
 
The research questions outlined above are addressed in Chapters 2 to 6 as shown in 
Table 7-1. Chapter 2 examines the current status of biomass resource assessments, 
focussing on identifying the critical elements that influence the bioenergy potentials 
as well as gaps in knowledge and understanding in aspects that have a strong impact 
on the outcome of bioenergy potential assessments. Chapters 4 to 6 apply the 
methodological aspects identified in Chapter 2 to estimate biomass resource 
potentials in different settings and investigate their mobilisation via different biomass 
value chains and scenarios. In addition, Chapter 4 to 6 investigate the techno-
economic and GHG impacts of different biomass pre-processing technologies with 
particular focus on torrefaction and pelletisation technology. Chapter 3 provides 
detailed insights into state of the art prospects of the commercial utilisation of 
torrefaction technology over time, while chapter 4 compares the performance of 
biomass value chains that are based on torrefied biomass and conventional pellets. 
Chapter 5 evaluates biomass supply chains based on crop residues and assesses the 
feasibility of mobilising agricultural residues for large scale bioenergy applications. 
Chapter 6 analyses and compares biomass supply chains aimed at delivering bio-based 
synthetic natural gas (bioSNG).  
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Table 7-1: Matrix of research questions addressed by chapter 

Chapter Topic Research 
Question 

  I II III 
2 Harmonising biomass energy resource potentials – 

methodological lessons from review of state of the art 
bioenergy potential assessments 

    

3 Biomass torrefaction technology - status and future prospects     

4 Optimisation of biomass supply chains with torrefaction 
technology 

      

5 Current and future technical, economic and environmental 
feasibility of maize and wheat residues supply for biomass 
energy application: Illustrated for South Africa 

      

6 Economic and energetic optimisation of BioSNG supply chains      

 

7.4 Summary of results 
 
Chapter 2 explored current state of the art approaches and methodologies used in 
bioenergy assessments, and identified key elements that are critical determinants of 
bioenergy potentials. To enable a systematic evaluation of bioenergy resource 
potentials, three key aspects are used to categorise and analyse the studies: the type 
of bioenergy potential, type of approach and type of methodology. The types of 
bioenergy potentials include theoretical, technical, ecological sustainable, economic 
(market) and implementation potentials. There is a hierarchical reduction in potential 
from theoretical to implementation and overlaps exist between economic and 
ecological potentials. Most biomass energy assessments can be categorised as 
demand-driven or resource-focussed assessments. In addition, integrated 
assessments, impact/feasibility assessments and review assessments are also possible 
approaches for assessing biomass potentials. For each approach different 
methodologies can be distinguished. These methodologies range from simple 
statistical methods to more complex spatially explicit models and integrated 
assessment modelling frameworks (that include economic equilibrium models). 
 
For each approach/methodology and bioresource type, biomass availability for energy 
is influenced by several key underlying factors and drivers. For energy crops, land 
availability and crop yields are key determinants of bioenergy potential. Sustainability 
criteria represent important constraints for bioenergy potential estimates (including 
residues), and variations and omissions in applied criteria (both the type of criteria 
and the incorporated threshold values) are a major source of discrepancies in 
available estimates. An ideal comprehensive bioenergy resource assessment would 
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consider all important factors that influence the sustainable availability of biomass for 
energy, including reduction factors to avoid socio-economic and environmental 
impacts.  
 
We apply the lessons learnt from the review exercise to compare and harmonise a 
selected set of country based bioenergy potential studies, and provide 
recommendations for conducting more comprehensive assessments. Depending on 
scenario assumptions, the harmonised technical biomass potential estimates up to 
2030 in the selected countries range from 5.2-27.3 EJ in China, 1.1-18.8 EJ in India, 
2.0-10.9 EJ in Indonesia, 1.6-7.0 EJ in Mozambique and 9.3-23.5 EJ in the US.  
 
From the review, we observed that generally, current studies do not cover all the 
basic (sustainability) elements expected in an ideal and comprehensive bioenergy 
assessment and there are marked differences in the level of parametric detail and 
methodological transparency between studies. In general, land availability and 
suitability lack spatial detail of which especially degraded and marginal lands, as well 
as pastures, are poorly evaluated. The reviewed studies also lack clarity on the 
severity of physical constraints and on the current use of marginal lands, as well as 
their biodiversity content. Competition for water resources is hardly taken into 
account and biomass yields are based mostly on crude ecological zoning criteria. A 
few studies take into account improvements in management of agricultural and 
forestry production systems, but the underlying assumptions such as yields, 
efficiencies and costs are hardly discussed. Nature protection is included in most of 
the studies, although this is often limited to exclusion of protected and forested areas. 
Competition for biomass resources among the various applications is crudely analysed 
in most studies and key assumptions such as demographic dynamics, human diets and 
possible protein chains, biodiversity protection criteria, etc. are not explicitly 
discussed, while the impacts of different animal production systems are hardly 
included. Most of the studies are also methodologically incomplete as they do not 
incorporate important feedback effects that are an inevitable consequence of large 
scale bioenergy production. Also direct and indirect land use change impacts, effects 
of (avoided) climate change and macro-economic impacts of large scale deployment 
of bioenergy are hardly taken into account. 
 
To facilitate more comprehensive bioenergy assessments, we recommend an 
integrated analytical framework that includes all the key factors, employs high 
resolution geo-referenced datasets and accounts for potential feedback effects. Such 
a framework entails at least the six interlinked key stages

79
. These includes estimating 

the biomass energy technical potential, evaluating the cost of biomass production, 
identifying the economic biomass potential, and by taking into account the macro-
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 The starting point of such a framework is the definition of a set of ecological and socio-
economic sustainability criteria that define the constraints under which the biomass resource 
can be sustainably secured. 
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economic and environmental impacts of biomass production, derive biomass energy 
resource potential that incorporates all dimensions of sustainability. In each step, the 
underlying assumptions and key parameters used in the calculations are made explicit 
while uncertainties are also revealed. Thus a fundamental requirement at each stage 
of the potential assessment is transparency, in terms of scope, methodology and 
datasets. 
 
Chapter 3 provides detailed insights into state of the art prospects of the commercial 
utilisation of torrefaction technology at current conditions and in the long term 
(2030). Focusing on and based on the current status of the compact moving bed 
reactor, we identify process performance characteristics such as thermal efficiency 
and mass yield and discuss their determining factors through analysis of mass and 
energy balances. The chapter shows that woody biomass can be torrefied with a 
thermal and mass efficiency of 94% and 48% respectively (on a dry ash free basis). For 
straw, the corresponding theoretical energetic efficiency is 96% and mass efficiency is 
65%. In the long term, the technical performance of torrefaction processes is 
expected to improve and energy efficiencies are expected to be at least 97% as 
optimal torgas use and efficient heat transfer are realised. Short term production 
costs for woody biomass torrefied pellets (TOPs) are estimated to be between 3.3-4.8 
US$/GJLHV, falling to 2.1-5.1 US$/GJLHV in the long term (excluding feedstock costs). At 
such cost levels, torrefied pellets would become competitive with traditional pellets. 
For full commercialisation, torrefaction reactors still require optimisation. Of 
importance to torrefaction system performance is the achievement of a consistent 
and homogeneous, fully hydrophobic and stable product at desired end-use energy 
densities and capable of utilising different feedstocks. 
 
Chapter 4 compared the economic and environmental impacts of torrefaction on 
bioenergy supply chains against conventional pellets for scenarios where biomass is 
produced in Mozambique, undergoes pre-processing before shipment to Rotterdam 
for conversion to power and FT fuels. We also compared the impacts of using 
different land quality (productive and marginal) for feedstock production, feedstocks 
(eucalyptus and switchgrass), logistics, final conversion technologies (XtY and CXtY) 
and markets (Netherlands and Mozambique). At current conditions, the torrefied 
pellets (TOPs) are delivered in Rotterdam at higher cost (7.3-7.5 $/GJ) than traditional 
pellets (5.1-5.3 $/GJ). In the long term, TOPs costs could decline (4.7-5.8 $/GJ) and 
converge with traditional pellets. TOPs supply chains also incur 20% lower GHG 
emissions than pellets. Due to improved logistics and lower conversion investment, 
fuel production costs from TOPs are lower (12.8-16.9 $/GJFT) than from pellets (12.9-
18.7 $/GJFT). Co-firing scenarios (CXtY) result in lower cost fuel (but a higher 
environmental penalty) than 100% biomass fired scenarios (XtY). In most cases, 
switchgrass and the productive region of Nampula provide the lowest fuel production 
cost compared to eucalyptus and the marginally productive Gaza region. Both FT and 
power production in Mozambique are more costly than in Rotterdam. For the 
Netherlands, both FT and power production are competitive against average energy 
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costs in Western Europe. The analysis also shows that large-scale bioenergy 
production can become competitive against fossil fuels. While the benefits of TOPs 
are apparent in logistics and conversion, the current higher torrefaction costs 
contribute to higher biofuel costs. Advancements in torrefaction technology can result 
in improved performances of future supply chains. 
 
Chapter 5 assessed the feasibility of mobilising maize and wheat residues for large-
scale bioenergy applications in South Africa by establishing sustainable residue 
removal rates and cost of supply for different production regions. A key objective of 
this chapter was to refine the methodology for estimating crop residue harvesting 
potential for bioenergy use, while maintaining soil productivity and avoiding 
displacement of competing residue uses. At current conditions, the sustainable 
bioenergy potential from maize and wheat residues in South Africa was estimated to 
be about 104 PJ. There is potential to increase the amount of crop residues to 238 PJ 
(in the improved scenario) through measures such as no till cultivation and adopting 
better cropping systems. These estimates were based on total residues requirements 
ranging from 2-6 t/ha depending on soil type and crop management. The chapter also 
shows that at the farm gate, crop residues cost between 0.9 and 1.7 $/GJ. About 96% 
of these residues are available below 1.5 $/GJ. In the improved scenario, up to 85% of 
the biomass is below 1.3 $/GJ. For biomass deliveries at the conversion plant, about 
36% is below 5 $/GJ while in the optimised scenario, about 87% can be delivered 
below 5$/GJ. Cofiring crop residues with coal results in lower cost of electricity 
compared to other renewables and significant GHG emissions reduction (up to 0.72 
tonne CO2e/MWhe). Establishing sustainable crop residue supply systems in South 
Africa could start by utilising the existing agricultural system to secure supply and a 
functional market. It would then be necessary to incentivise improvements across the 
value chain such as shifting to no-till cultivation, improving agricultural management 
systems and crop yields, improved animal feed conversion efficiency, double 
cropping, employing contractors, establishing pre-processing facilities and logistics 
infrastructure. 
 
Using the Netherlands as a case study, Chapter 6 assessed the most economic and 
environmentally optimal supply chain for the production of bioSNG for different 
biomass production regions and location of final conversion facilities, with final 
delivery of compressed natural gas at refuelling stations servicing the transport sector. 
Different bioSNG production chains were assessed and compared based on different 
biomass production regions (Brazil and Ukraine), biomass types (eucalyptus and 
poplar), pretreatment technologies (pelletising and torrefaction), shipping modes and 
final conversion location (Brazil, the Netherlands and Ukraine). At a scale of 100 MWth, 

in, delivered bioSNG costs range from 18.6 to 25.9 $/GJdelivered CNG while energy 
efficiency ranges from 47-62%. If production capacities are scaled up to 1000 MWth, in, 
bioSNG costs decrease by about 30% to 12.6-17.4 $/GJdelivered CNG. BioSNG production 
in Ukraine and transportation of the gas by pipeline to the Netherlands results in the 
lowest delivered cost in all cases and the highest energy efficiency pathway (62%). 
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This is mainly due to low pipeline transport costs and energy losses compared to long 
distance LNG transport. However, bioSNG production from torrefied pellets (TOPs) 
results in the lowest GHG emissions (17 kg CO2e/GJCNG) while the Ukraine routes 
results in 25 kg CO2e/GJCNG. Production costs at 100 MWth are higher than the current 
natural gas price range, but lower than the oil prices and biodiesel prices. BioSNG 
costs could converge with natural gas market prices in the coming decades, estimated 
to be 18.2 $/GJ. At 1000 MWth, bioSNG becomes competitive with natural gas 
(especially if attractive CO2 prices are considered) and very competitive with oil and 
biodiesel. It is clear that scaling of bioSNG production to the GWth scale is key to cost 
reduction and could result in competitive SNG costs. For biomass production regions 
like Brazil, it is more cost-effective for the bioSNG producer to densify biomass into 
pellets or TOPS and undertake final conversion near the import harbour. 

7.5 Main findings and conclusions 
 
Based on findings from Chapters 2 to 6, the following answers to the research 
questions and recommendations are given: 
 
I. What are the key determinants of biomass energy resource potentials for 

energy crops and residues and how do sustainability and economic criteria 
influence the availability of those biomass resources? 

 
For each approach/methodology and bioresource type, biomass availability for energy 
is influenced by several key underlying factors and drivers that are summarised in 
Table 7-2. For energy crops, land availability and crop yields (under given biophysical 
conditions such as soil, water and climate) are key determinants of bioenergy 
potential. But environmental and socio-economic sustainability criteria represent 
important constraints for bioenergy potential estimates (including residues), and 
variations and omissions in applied criteria (both the type of criteria and the 
incorporated threshold values) are a major source of discrepancies in available 
estimates. Similarly, for residues and wastes, the technical potential depends on 
sustainability criteria (such as maintaining soil health) which limit the amount of 
agricultural and forestry residues and wastes that can sustainably be removed while 
accounting for competing applications. The technical ability to collect and the 
efficiency of collection are also important determinants of gross available residues 
potentials. An ideal comprehensive bioenergy resource assessment would consider all 
important factors that influence the sustainable availability of biomass for energy, 
including reduction factors to avoid socio-economic impacts (such as avoiding 
competition with other biomass applications) and environmental impacts (such as soil 
and biodiversity protection). 
 
Both land availability estimates and yield levels are subject to widely varying 
judgements, while estimates of biomass demand for food and other competing 
applications such as feed and materials contain substantial uncertainties. This 
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underlines the need for harmonisation of approaches and development of commonly 
agreed methodologies for estimating biomass potentials. Ideally, land availability 
estimation would consider a “food/fibre and environment first” principle using either 
spatially explicit datasets or an integrated modelling framework. Crop yields are 
typically estimated using crop growth models under given agro-management systems. 
Overall, the potential for biomass is dependent on the explicit choices on 
improvements in agricultural and livestock management, as these influence the 
availability of land resources and food production as well as residue availability. 
 
Given the spatial heterogeneity of agro-ecological conditions in most countries and to 
satisfy the demands of detailed spatial land use modelling; there is critical need for 
high quality and detailed spatial data, especially high resolution land use mapping. 
Temporal land use change variations also need to be captured using historical trends 
to predict future land use dynamics and enable calibration of bioenergy assessment 
models. It is important to account for the temporal dimension, as the rate of 
development of bioenergy production leads to socio-economic and environmental 
impacts and feedbacks that need to be factored into future bioenergy potentials. 
 
Table 7-2: Critical factors in biomass energy potential assessment 

Drivers & Factors Mozambique 
biomass feedstock 
study (Chapter 4) 

South Africa crop 
residues study 
(Chapter 5) 

Biomass demand for food, feed, and 
fibre/biomaterials  

  

Improvements in agricultural and forestry 
management and technologies 

  

Use of marginal and degraded land  n.a. 

Water availability and use X n.a. 

Nature protection and expansion of protected 
areas 

  

Climate change and GHG emissions   

Choice of energy crops  n.a. 

Use of agricultural and forestry by-products n.a.  

Market mechanism for food-feed-fuel-materials X X 

Cost of biomass production   

Key: 
 - aspect included in the assessment 
n.a.- aspect not applicable for particular assesment 
X - aspect applicable, but not included in assessment 
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In the case of biomass energy resource assessments in Mozambique, the biomass 
production potentials are based on spatially explicit state of the art GIS modelling 
which is detailed in Van der Hilst et al. [28]. The development of the main drivers for 
agricultural land use, demand for food, animal products and materials were assessed, 
based on the projected developments in population, diet, GDP and self-sufficiency 
ratio. Land availability estimates for bioenergy crops were modelled based on an 
advanced spatio-temporal land use change (LUC) model (PLUC) that mapped LUC 
dynamics with high resolution (1 km

2
 grid level) up to 2030, taking into account key 

sustainability criteria as given in Table 7-2. Land excluded for bioenergy crop included 
current and future cropland, pasture (based on food and feed demand), urban areas, 
forested and protected areas, land with steep slopes or sensitive ecosystem. The 
required land estimates were in the same range as previous studies (e.g. [2][29,30]), 
even though current studies are much improved with regard to spatial-temporally 
explicit land use data inputs. However, improvements can still be made to the 
modelling framework. For instance, validation of high spatial resolution was not done 
due to lack of historical (spatial) data. Also the model did not consider dynamic 
market feedback effects when calculating economic bioenergy potentials. For 
competing applications, the study did not include the impact of alternative protein 
chains. Also competition for water (which should ideally be done at watershed level) 
was not modelled due to lack of data, although the water availability and precipitation 
levels were taken into account in the yield level estimates. In addition, the impact of 
climate change on future yield levels (such as CO2 fertilisation) was not explicitly 
modelled. 
 
Similarly, when estimating biomass energy potential from crop residues in South 
Africa, we employed sustainability criteria with respect to sustainable residue removal 
levels and avoiding competition with other residue applications. Gross technical 
potential of crops residues was estimated to be 10.6 million tonnes per annum, but 
4.3 million tonnes would be required for soil erosion control (SOC) while 10 million 
tonnes would be required for soil organic carbon maintenance. A further 330,000 
tonnes is required for cattle feed, leaving only 5.8 million tonnes available for 
collection. Part of the soil organic carbon requirements are met by 7.3 million tonnes 
of below ground biomass. In some cases, biomass used for soil erosion control plays a 
double role and also available for SOC control. 
  
We assumed in Chapter 5 that a minimum of 2 tonnes/ha of residues are required to 
reduce soil erosion to a maximum of 10% of bare soil erosion and varying additional 
amounts of residues are also required to maintain healthy 2.0% SOC level. A 2% SOC 
level is considered high, especially for South Africa, but in general, agricultural soils 
currently have very low organic carbon levels (<0.5%). As discussed in Chapter 5, there 
is currently no data on the sustainable levels of SOC for different South African soils, 
and thus also considerable uncertainty surrounding the required SOC for different 
agro-ecological conditions in the country. The uncertainties result from the 
differences in SOC storage under different soil texture, climate, vegetation and land 
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use/management conditions [31,32]. Due to higher clay content, heavier soils are 
generally able to physically protect SOC from decomposition and well aggregated soils 
can protect SOC from losses due to erosion. In contrast, a more rapid turnover of SOC 
occurs in sandy soils with little or no clay content [33].  
 
Although we used a detailed modelling framework to estimate regional SOC control 
requirements, the spatial heterogeneity of South Africa’s different administrative 
regions requires input datasets that have greater spatial resolution. Therefore, more 
analysis needs to be done to establish region specific SOC levels that would allow 
accurate evaluation of sustainable residue removal rates. The study did not take into 
account the macro-economic feedback impacts of increased crop residue supplies due 
to lack of data. It would also be important to model the market dynamics of increased 
crop residue supply as well as cost impacts of various supply chain optimisation 
measures (such as improved crop and livestock management, shift to no-till 
cultivation, and infrastructural improvements). 
 
In conclusion, both chapter 4 and 5 show that most of the sustainability criteria can be 
incorporated in biomass resource assessment studies, but ultimately these cannot 
replace due diligence on a project level. The typically low data availability and 
changing land-use patterns will always necessitate “ground-truthing”/ verification. 
Nevertheless, the sustainable potentials identified in both case study regions 
represent substantial volumes, which could – if efficiently mobilized – contribute 
significantly to the domestic renewable energy production or provide a viable export 
commodity. 
 
II. How do different biomass pre-processing technologies affect the technical, 

economic and environmental performance of bioenergy supply chains under 
different settings and what are the prospects for future cost reduction and 
better technical performance?  

 
Biomass needs to be pre-processed before it can be efficiently stored, transported or 
used in various applications currently designed for fossil fuels. Long distance 
transportation of untreated biomass makes biomass uneconomic due to its low 
energy density. Hence, given the global distribution of biomass feedstock production 
regions and the main demand centres for biomass energy, it is important to identify 
appropriate pre-processing approach to improve the competitiveness of biomass as a 
renewable resource. Currently, conventional pellets are the most widely traded solid 
biomass commodity internationally. Torrefied pellets (TOPs) are an emerging product 
that has potential to improve the performance of biomass supply chain economics. In 
addition, biomass can already be gasified early in the supply chain into synthetic 
natural gas (bioSNG) or Fischer Tropsch fuels, and this has potential to improve 
performance of biomass supply chains. However, these technologies are new and are 
currently being developed with expected commercialisation in the coming decade. 
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Thus future cost reduction and efficiency improvements are important issues 
surrounding the development of the technologies. 
 
While (wood) pellets are mature and already traded internationally, torrefaction is an 
emerging and promising biomass energy pre-treatment technology, which has 
potential to make a major contribution to the commodification of biomass as a 
renewable energy resource. Given their ability to directly replace coal, TOPs have 
huge market potential. However, there are still many challenges such as bringing 
production costs down while producing a homogeneous, fully hydrophobic and stable 
product, capable of fuel flexibility. Of key importance is efficient heat integration and 
optimal use of torgas to achieve autothermal operation with minimal safety risks. 
 
To assess the impact of different pre-processing technologies on biomass supply 
chains we compare results to a reference based on pellet based chains. As shown in 
Chapter 4, torrefied pellets from Mozambique are delivered in Rotterdam at 17-22% 
higher costs than traditional pellets at current conditions. In the long term, TOPs could 
be delivered at about 9% higher costs compared to WPs. However, TOPs scenarios 
incur 20% lower GHG emissions than pellets. And, due to improved logistics and lower 
conversion investment requirements, fuel production cost from TOPs is marginally 
higher in the short term but slightly lower than from WPs by 2030.  
 
Similarly, in Chapter 5, pre-treatment significantly improves the economics and GHG 
performance of crop residues chains in South Africa. At current conditions, the supply 
chain that delivers pellets reduce delivered costs by about 40%. Torrefied pellets are 
delivered at the conversion plant at 28% higher costs than pellets, in future this 
reduces to 13%. In terms of GHG emissions, raw biomass results in 14% improvement 
in GHG reduction compared to pellets, while TOPs result in an increase in GHG 
emissions of about 5%. However, compared to pellets, GHG mitigation costs with raw 
biomass are 30% higher and 26% higher with TOPs. When final conversion is included, 
key differences in GHG emissions for the biomass scenarios are related to second 
transport stage (raw bales incur about 2.5 times more GHGs compared to pretreated 
biomass) and pretreatment (pelletising and torrefaction stage) which result in about 
0.2 tonne CO2e/MWhe emissions. 
 
In Chapter 6, bioSNG production in the Netherlands using pellets from Brazil is our 
reference. In this case, bioSNG from TOPs (Brazil) is delivered at the same cost as 
pellets, despite the additional costs of torrefying biomass. BioSNG production in 
Ukraine and delivered by pipeline to the Netherlands results in 16% lower delivered 
costs compared to the pellet chain. In contrast, bioSNG produced in Brazil and shipped 
as liquefied natural gas (LNG) to the Netherlands, results in 7-16% higher costs of fuel 
when compared to the pellets chain. Thus in terms of economics, bioSNG conversion 
early in the chain is beneficial if pipeline transport is feasible. Where this is not 
possible, densifying biomass into pellets and TOPs and undertaking final conversion in 
the importing country has economic benefits. In terms of GHG emissions, bioSNG 
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production from TOPs results in the 20% lower GHG emissions compared to the pellet 
chain. Shipping LNG from Brazil results in 19-35% higher emissions while bioSNG from 
Ukraine results in 19% more emissions compared to the pellets chain. The poor 
performance of the chains that convert biomass to bioSNG early in the chain is due to 
the additional costs of liquefaction, high LNG carrier charter rates and regasification at 
the import harbour. 
 
From the three case studies, it is clear that pre-processing improves the performance 
of biomass value chains in terms of the economics as well as the GHG balances. For 
the case of Mozambique, we did not consider shipment of FT fuels to Western Europe 
as the production costs in Mozambique were already shown to be higher than the 
production costs of FT fuels in the Netherlands. Therefore, for the selected pre-
processing technologies analysed in this thesis, it can be concluded that WPs and 
TOPs significantly improves the economic and GHG performance of biomass supply 
chains. But also bioSNG can reduce delivered fuel costs significantly if pipeline 
transport is available. Since both torrefaction and bioSNG are still under development 
and not yet commercialised, we discuss below some key uncertainties surrounding 
their development and the likely impact this has on their application as biomass pre-
processing technologies. 
 
Uncertainties around the performance of torrefaction 
 
Since torrefaction for large scale bioenergy production is currently being developed, 
there is limited documentation on its techno-economic performance and as a result, 
most of the data used in Chapter 3 is based on grey literature, interviews and industry 
knowledge that is confidential. It is important to take into perspective that the data 
sets used in this study are all based on demo, pilot and pre-commercial facility runs. 
Also, as the technology is rapidly evolving, the datasets are highly dynamic during this 
pre-commercial phase as companies are optimising their production processes for 
commercial scale operations. 
 
Production costs of TOPs were estimated to be between 3.3-4.8 $/GJLHV for 
operational scales of between 50 and 250 kt/yr. With expected technological learning, 
TOPs production costs are expected to fall to within an average range of 2.6-5.1 
$/GJLHV with an uncertainty margin of ± 20-24% (based on variation in Capex ranges). 
If pre-learning uncertainties are not taken into account, the production costs decrease 
by about 20% and average costs are estimated to be from 2.1-4.1 $/GJLHV. However, 
these uncertainties are real as current experience with first pre-commercial plants 
indicate that initial investment cost were underestimated and companies are 
investing more capital into fine-tuning and reconfiguring their facilities to achieve 
desired product characteristics. Estimating the cost reductions was based on future 
cumulative system installations up to 2030 based on Sikkema et al. [34]. However, 
depending on the attractiveness of torrefaction, it is anticipated that a significant 
share of traditional wood pellet facilities would also be converted into integrated 
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torrefaction plants to take advantage of this technology [7]. We chose a conservative 
learning rate of 2% since most components are mature and learning

80
 is mainly in 

their integration. It is important to note that technological learning is expected to 
occur around the torrefaction reactor, and not primarily within the reactor – reactors 
are mature technologies in their own right. Important optimisation is expected to 
occur around integration of the torgas loop, combustor, heat exchangers as well as 
nitrogen feed. 
 
The advantages of TOPs compared to WPs is mainly in long distance shipping as well 
as at the final conversion plant. Despite the higher pre-processing costs, TOPs have 
the following cost advantages at the conversion site compared to WPs: unlike pellets, 
secure (covered) storage is not required for TOPs and milling can be done with coal 
mills. Also, TOPs are more suited for gasification and co-firing than pellets as they 
incur lower capacity and efficiency de-rating of coal plants than WPs. 
 
For full commercialisation, torrefaction reactors still require to be optimised to 
economically meet end use requirements and achieve market standardisation of the 
product. Rapid deployment and technological learning would be key to bring 
production costs down and making the torrefied pellets competitive. Ultimately, the 
presented advantages of torrefied pellets need to be proven in order to meet 
commercial expectations. 
 
Uncertainties around bioSNG 
 
BioSNG conversion technologies are still under development and currently, the largest 
operating gasifier is only 8 MWth. There are still some challenges before 
commercialisation can be realised. For instance, the effects of biomass moisture 
content on bioSNG production efficiency and cost are uncertain. Lower moisture 
contents could increase the efficiency of the gasifier, but this has not been assessed. A 
balance needs to be found between additional drying of the biomass and lower 
gasifier efficiency due to a higher moisture content of the fuel. Our results show that 
biomass drying with waste heat at the bioSNG production facility is more efficient 
than biomass drying earlier in the chain. However, the technical feasibility of this 
option has not been explored yet. A more detailed mass and energy balance of such 
an integrated facility needs to be conducted. 
 
Availability of infrastructure for gas transportation is a potential limiting factor for 
bioSNG production, especially in developing countries. The scale of bioSNG production 
on the short term is too small to build long distance gas transport infrastructure 
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 Following de Wit et al. [36], we use a scale-independent learning rate of 2% by taking the 
learning rate of second generation biomass to liquid plants (BtL) as a proxy for integrated 
torrefaction plants. The learning rate represents the decrease in technology costs for every 
doubling of installed capacity and excludes scaling effects. 



Summary and Conclusions 

 

344 

 

exclusively for bioSNG. Therefore, bioSNG transport is likely to be limited to areas 
with access to existing natural gas transport infrastructure. Gas transport in the form 
of LNG is likely to be limited to locations with an LNG liquefaction terminal. For Brazil, 
we assumed that a new dedicated LNG facility is built and the costs are included in the 
bioSNG value chain, which increases the LNG supply costs. If existing infrastructure 
was available, these costs could be lower – assuming the tariffs are spread over a 
wider range of users. 
 
In summary, the successful commercialisation of bioSNG will depend on the factors 
discussed above and, as with torrefaction, increasing the scale of the conversion plant 
plays a crucial role. But other than torrefaction, long-distance transport by LNG carrier 
and competitive end-use markets may pose larger challenges for bioSNG. However, 
global markets for SNG already exist. 
 
III. Which are the economically optimal biomass supply chain configurations 

for the sustainable mobilisation of biomass feedstocks for regional and 
international markets? 

 
Chapter 4 to 6 explore some of these supply pathways and compares the performance 
of the chains based on cost of delivered biomass, energy balance and GHG emissions. 
Different feedstocks are considered: Chapter 4 considers eucalyptus and switchgrass 
production on marginal and ‘suitable’ land quality in Mozambique, while Chapter 5 
investigates maize and wheat residues in South Africa. Chapter 6 compares eucalyptus 
from Brazil with poplar produced in Ukraine. In the three chapters, we compare the 
impacts of traditional pellets and torrefied pellets on the performance of the supply 
chains. Chapter 4 examines several final conversion routes, i.e. XtL

81
 (BtL, TtL, CBtL, 

CTtL) and XtP (BtP, TtP, CBtP, CTtP), whereby conversion is undertaken in 
Mozambique and the Netherlands. Chapter 5 only considers co-firing biomass with 
coal (i.e. CBtP and CTtP) in South Africa. In Chapter 6, we consider the production of 
bioSNG supplied for the transport sector as compressed natural gas (CNG) and final 
conversion takes place in Brazil, Ukraine and the Netherlands.  
 
As discussed in Chapter 4, torrefied pellets from Mozambique are delivered in 
Rotterdam at higher costs than traditional pellets at current conditions. In the long 
term, TOPs could be delivered at lower costs, converging with costs of WPs. And, due 
to improved logistics and lower conversion investment requirements, fuel production 
cost from TOPs is lower than from WPs, especially in the long term. Co-firing scenarios 
(CXtY) –based on switchgrass from suitable land- have the best economics for both 
short and long term, but the environmental penalty of co-firing are still significant. 
Both FT and power production in Mozambique are more costly than in Rotterdam, but 
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 BtL-biomass (pellets) to liquid; TtL-TOPs to liquid; CBtL- coal/biomass (pellets) to liquid (co-
feeding); CTtL-coal/TOPs to liquid (co-feeding); BtP-biomass to power; TtP-TOPs to power; 
CBtP- coal/biomass to power (co-firing); CTtP-coal/TOPs to power (co-firing). 
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in the Mozambican market, power production is not competitive, given the low 
electricity tariffs in the Southern Africa. For the Netherlands, both FT and power 
production are competitive against their respective fossil references in Western 
Europe. XtL and XtP scenarios results in GHG emission savings of above 85% for 
transport fuels and above 90% for electricity. The former would be well above the 
minimum GHG emission saving requirements as specified in the EU renewable energy 
directive. On the other hand, CXtL scenarios result in higher GHG emissions. 
Compared to pellets, TOPs scenarios incur 20% lower GHG emissions. The largest GHG 
emission benefits are obtained from TOPs chains, based on switchgrass produced on 
marginal land.  
 
Similarly, in Chapter 5, pre-treated crop residues (i.e. pellets and TOPs) in South Africa 
are delivered at lower cost than straw bales. At current conditions, the supply chain 
that delivers traditional pellets has the lowest cost biomass followed by supply chain 
using TOPs. As TOPs processing costs decline in the future, average delivered costs of 
TOPs are also expected to decrease by about 20%. Straw bales show the highest 
delivered cost. This is due higher logistic costs for the low bulk density bales. The 
power production costs via co-firing residues in an existing coal power plant is a 
competitive way of generating green electricity (compared to other renewables such 
as wind, solar PV and solar thermal). The lowest electricity production costs are 
obtained from co-firing pellets followed by co-firing TOPs. When final conversion is 
included, key differences in GHG emissions for the biomass scenarios are related to 
second transport and pre-treatment (pelletising and torrefaction) stage. Compared to 
a reference coal scenario, biomass cofiring reduces total GHG emissions by over 60%. 
If smaller amounts are co-fired, shorter supply chains and less pre-treatment would 
result in even higher GHG savings. Also, the associated cost of GHG mitigation is 
estimated to be low (from 20-28 $/tonne CO2e). Pellets chains result in lowest 
delivered fuel cost and lowest GHG mitigation costs.  
 
In Chapter 6, bioSNG production in the Netherlands using TOPs from Brazil delivers 
marginally lower cost fuel than the wood pellets chain and this is mainly due to the 
lower long distance transport cost of more energy dense TOPs compared to pellets. 
BioSNG production from TOPs results in the lowest GHG emissions. Early conversion 
of biomass to bioSNG in Brazil with subsequent shipment as liquefied natural gas 
(LNG) to the Netherlands is a less attractive option from an economic perspective. 
This lesser performance of the chains that convert biomass to bioSNG early in the 
chain is due to the additional costs of liquefaction, high LNG carrier charter rates and 
regasification at the import harbour. Early conversion of biomass into bioSNG in 
Ukraine and subsequent transport by pipeline however, provides the best economics. 
Partly this is explained by the shorter assumed distance from Ukraine to the 
Netherlands (2100 km) compared to over 7000 km from Brazil. However, the pellet 
and TOPs scenario from Brazil are also attractive, especially from a GHG perspective.  
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The analyses from Chapter 4 to 6 illustrates the numerous possibilities for biomass 
energy production and supply pathways supplying different markets. Figure 7-1 shows 
the ‘short term’ economic performance of selected supply chains for transport fuels 
that were investigated in this thesis. Considering the delivery in North Western 
Europe (using Rotterdam harbour as a focal point), it is apparent that bioSNG is 
delivered at lower cost compared to FT fuels (although the range for bioSNG is much 
broader) based on short term conditions. In the long term, FT costs could decrease to 
around 12 $/GJFT, which is also the lower range for large scale (GWth) for bioSNG.  
 

 
*the country in brackets represents the location of the conversion facility. With the exception 
of the first option, final consumption is the Netherlands. 
Figure 7-1: Comparison of delivered biofuel costs for selected chains ($/GJ biofuel) on the short 
term based on Chapter 4 and 6. BioSNG costs include delivery to the pump and compression 
to CNG. 

Co-feeding biomass and coal results in the lowest FT fuel production costs (15.6-17.4 
$/GJFT), and the GHG performance (of the biomass component) is comparable to 
standalone BtL plants. For the standalone BtL plants, pellets based supply chains 
deliver lower cost fuel (18.9-21.5 $/GJFT) compared to TOPs based chains (20.3-22.3 
$/GJFT). For bioSNG, the supply chain from Ukraine is the most economic route (12.6-
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18.6 $/GJCNG). There are marginal differences between the pellets, TOPs and LNG 
supply chains from Brazil. At lower scale, the LNG chains are less attractive. 
 
For the Mozambican market, BtL production costs (21-22.7 $/GJFT) are higher than in 
the Netherlands (15.6-22.3 $/GJFT), but the costs are still competitive with petroleum 
fuels as well as first generation biodiesel. One of the drawbacks of the Mozambican 
market is related to higher risks associated with large scale investments in the 
Mozambican market and higher costs of capital. 
 
Figure 7-2 compares the avoided GHG emission for selected supply chains. It is 
apparent that all the assessed scenarios achieve a GHG reduction of more than 60%, 
the threshold of minimum GHG emission saving set in the EU renewable energy 
directive for biofuels. Several supply chains achieve over 80% GHG emission reduction 
(e.g. FT fuel production in Netherlands and bioSNG using TOPs). Biomass power 
production in the Netherlands achieves over 90% GHG emission savings. 
 

 

*for South Africa, the high emission factor for grid electricity is reflected in the high GHG 
emissions in the pre-treatment stages and contributes to higher overall GHG emissions for TOPs 
and pellets chains 
Figure 7-2: Comparison of emission reduction for selected supply chains with respect to oil 
and coal power 

To conclude, in the short term, pellets are still expected to play an important role as 
the internationally traded solid biomass commodity and can also on the longer term 
be cost-effectively used as a feedstock for biofuel production. In the near future, 
torrefaction may become the dominant and preferred internationally traded solid 
biomass commodity as the technology is commercialised. This should result in 
improvement in biofuel supply chains both in terms of costs and GHG impacts. In 
addition, in the short term, it would be more cost-effective to ship densified solid 
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biomass from different regions of the world where low cost biomass is available to the 
major biofuel markets for final large scale conversion. Early conversion to secondary 
biomass energy carriers in the supply chain is only cost effective where infrastructure 
already exists for low cost transport to the market. Overall, FT fuel production in 
standalone biofuel processing pathways is very attractive both in terms of the 
economic competitiveness against fossil fuels and first generation biofuels, and also in 
terms of GHG reductions. For power generation, the most economic pathway for 
generating ‘renewable’ electricity is via co-firing biomass with coal compared to other 
renewable energy technologies. 

7.6 Recommendations 
 
Our analysis and results from other recent studies (e.g. Smeets et al. [9], Hoogwijk et 
al. [11], Van der Hilst et al. [28], Okello et al. [35]), indicate that several developing 
regions have high potential for the sustainable production of low cost biomass 
(suitable as 2

nd
 generation biofuel feedstocks). The resulting biofuel supplied to 

different markets over time can be delivered at competitive cost compared to fossil 
fuels. However, for these promising techno-economic pathways to be realised in 
practice, several key pre-conditions should be addressed: infrastructural 
development, time planning, capacity building, developing and implementing 
sustainability criteria frameworks, certification and good governance of land use.  
 
Investments 
 

 Infrastructure: To enable large-scale production of sustainable power and fuels 
demands the mobilisation of large volumes of biomass and this requires complex 
logistics and good infrastructure to deliver biomass competitively to the market. 
In particular, poor infrastructure in the rural areas of developing countries is a 
challenge for organising biomass supplies. On the one hand, the expected high 
biomass volumes imply major opportunities for logistics companies and transport 
operators, but that can also be a source of major stress on the transportation 
infrastructure, especially in rural regions. If managed poorly, this additional traffic 
could degrade rural roadways. But increased demand for biomass could also 
provide a strong incentive to improve rural transportation infrastructure, 
facilitating agricultural and economic development while at the same time 
promoting renewable energy. However, since biomass is a low value commodity, 
it could be more beneficial to develop and integrate bioenergy into the broader 
regional or national development agenda. To improve the viability of bioenergy 
programmes, it would be desirable to co-develop bioenergy with larger land 
governance strategies that include food production, watershed management and 
regional infrastructural development. To build up large volumes of biomass and 
set up decent infrastructure in developing regions would require time to 
implement. Implementation is regionally specific and covers different policy areas 
and is therefore complex. There is need for further research in these aspects. 
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 Business models: Bioenergy value chains offer many investment opportunities – 
feedstock production, pre-processing, transport and logistics as well as final 
conversion and distribution. However, these opportunities come with increased 
complexity and challenges compared to other renewable technologies because 
biomass mobilisation involves cross-sectoral actors and policy frameworks 
combining agriculture, energy, transport and infrastructure, which are interlinked 
with trade and industry. Thus realising investments is more difficult as the sector 
is regarded as risky and uncertain. Hence, it is important to develop attractive 
business models and investigate how these would be implemented. In addition, it 
would also be important to identify the conditions and policy measures that could 
support the growth of biomass production and provide the accompanying 
business models. 

 

 Technology (Demonstration and Operation): Second-generation bioenergy 
technologies represent an industry for which very little experience with 
commercial production yet exists. This also applies to pre-processing technologies 
like torrefaction. Although our analysis shows that, it is technically possible to 
establish 2

nd
 generation bioenergy plants in developing countries, it is unlikely 

that a first-of-a-kind plant can be established in developing countries in the short 
term. Given the current technological and commercial risks and because of these 
high investment costs, most 2

nd
 generation plants are in the short term likely to 

be built in industrialised countries. When the technology has matured, replication 
could be possible in other regions. For example, first generation bioethanol 
production plants are now being commissioned in several developing countries 
(including Mozambique), following the successful implementation of the 
technology in other regions. Developing countries (apart from Brazil, South Africa 
and other emerging countries) usually rely on external financing to implement 
large scale infrastructural projects and this also applies to biomass conversion 
plants. As a strategy, developing countries could start by developing feedstock 
production capacity and build experience supplying the global bioenergy market. 
It would be important however, to ensure that developing countries are not 
locked into primary feedstock production but that eventually, value addition can 
happen early in the biomass supply chain. 

 
Science and data 
 

 Scientific research: Due to lack of capacity and resources, developing countries 
are not well studied. For instance, the land use profiles in developing countries 
lack spatial detail and especially the severity of physical constraints, current use 
biodiversity content of degraded and marginal lands, as well as pastures are 
poorly understood,. Not much is known about the current use of this land, 
specific overlapping issues or government intentions. To fully understand and 
more accurately map the extent of biomass resources that can be mobilised in 
developing regions, more detailed local and regional studies need to be 
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performed leading to the development and deployment of especially spatially 
explicit datasets. In addition, there is need for ground truthing to verify modelling 
results. 

 

 Capacity building: To fill the gap in scientific knowledge, awareness, local capacity 
and cooperation on R&D would be needed in many emerging and developing 
countries to build a knowledge base on biomass resources, energy production 
and value chains. Capacity would be required in terms of land use analysis, 
sustainability criteria for local settings, land tenure policy and governance, 
infrastructure needs and financing requirements. 

 
Sustainability 
 

 Socio-economic trade-offs: Our analysis has shown that large scale production 
systems deliver lower biofuel costs and that small scale systems lead to complex 
and costly logistics. Linked to the sustainability criteria (discussed below), 
smallholder producers are often included in the biofuel value chain since rural 
development and income generation are some of the key distributional benefits 
of biofuels development. However, small-scale producers are at risk of losing 
both income and land, due to large scale mechanised operation which is often 
cited as contentious. If governance and certification systems are implemented 
effectively, smallholders would have to pay comparatively much more for 
certification of their biomass and this would increase their production costs, 
affecting the viability of their operations. A potential solution to this is group 
certification. The challenge then in developing countries is on how to engage with 
the small scale producers without losing the benefits of large scale production. 

 

 Sustainability criteria and certification of biomass: To facilitate production of 
sustainable biomass in various regions of the world and to facilitate international 
trade requires the implementation of sustainability criteria frameworks, 
certification and good governance. Due to poor regulations, lack of institutional 
capacity and corruption, there are risks of unsustainable biomass projects being 
developed in developing countries. Thus, globally accepted sustainability criteria 
and certification systems need to be further developed and enforced effectively. 
There are major opportunities and drivers for socio-economic development, 
investment and good practices for the larger agricultural sector. 
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8 Samenvatting en Conclusies 

8.1 Rationale 

Moderne bio-energie systemen hebben een aanzienlijk potentieel om fossiele 
energiedragers te vervangen en hiermee de uitstoot van broeikasgassen te 
verminderen. Tergelijkertijd kan dit gepaard gaan met positieve sociaal-economische 
en milieu-effecten. Om de mobilisatie van grote hoeveelheden biomassa te faciliteren 
moeten significante volumes biomassa grondstof beschikbaar worden gemaakt. Ook 
de ontwikkeling van competitieve biomassa waardenketens op basis van geschikte 
combinaties van biomassa en conversietechnologieën is een cruciale voorwaarde. 
Logistiek en transport zijn belangrijke factoren in de uiteindelijke biomassaprijs [1-3] 
en grote investeringen in infrastructuur en capaciteit zijn nodig om een grootschalig 
aanbod van biomassa te realiseren [4]. Het geleidelijk realiseren van deze 
infrastructuur kost tijd. Dit geldt ook voor het mobiliseren van grote volumes 
biomassa. Deze twee aspecten hangen met elkaar samen en zijn regio-specifiek. Ook 
zijn er diverse technologische mogelijkheden voor de voorbehandelling van biomassa. 
De totale logistiek en eventuele voorbehandeling heeft  grote invloed op de prijs van 
de geleverde biomassa [3,5-8], voornamelijk door de lage energiedichtheid en het 
heterogene karakter van de meeste soorten biomassa. Het is ook belangrijk om de 
economische haalbaarheid en de milieueffecten (voornamelijk broeikasgasemissies en 
energiebalans, maar ook impacts op bodems, biodiversiteit, etc.) van verschillende 
bio-energie aanvoerketens te onderzoeken om de duurzame levering van biomassa te 
borgen. Deze analyse kan ook gebruikt worden om de risico’s, kansen en voor- en 
nadelen van verschillende waardenketens te identificeren. Het is essentieel de 
regionale omstandigheden mee te nemen, doordat de impacts van biomassa 
waardeketens afhankelijk zijn van verschillende factoren, zoals geografische, milieu en 
institutionele factoren. Het is daarom nodig om de gehele biomassa waardeketen in 
die regionale context te analyseren om een goed beeld te krijgen van de vele aspecten 
die biomassa beschikbaarheid bepalen.  
 
Het verwezenlijken en veilig stellen van een duurzaam biomassa aanbod is een 
belangrijk vereiste voor een functionele en duurzame biobased economy. Dit maakt 
assessments van de beschikbaarheid van biomassa een cruciaal onderdeel van de 
biomassa waardeketen. Echter, bestaande assessments van biomassa als 
energiedrager geven zeer uiteenlopende schattingen van de potentiële bijdrage die 
biomassa kan leveren aan toekomstige energiesystemen. Een harmonisatie van deze 
schattingen inclusief een analyse de belangrijkste factoren die de beschikbaarheid van 
biomassa bepalen is daarom gewenst.  
 
De gebieden met gunstige mogelijkheden voor de productie van biomassa liggen 
voornamelijk in ontwikkelingslanden [9-14]. Desondanks worden de condities in deze 
landen zelden goed onderzocht. Voor veel regio’s, voornamelijk in ontwikkelingsland-
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en, is onze kennis van zowel de productie als het potentieel van agrarische 
reststromen beperkt. Als agrarische reststromen onderdeel moeten worden van het 
biomassa portfolio is het noodzakelijk dat assessments worden uitgevoerd naar de 
technische, economische en milieutechnische haalbaarheid van het gebruik van deze 
stromen. De meeste studies naar de beschikbaarheid van biomassa bekijken maar een 
gedeelte van de aanvoerketen en evalueren niet  de economische haalbaarheid van 
mobilisatie naar de afzetmarkt.  Zelfs als dit het geval is, dan gebruiken deze studies 
ruwe schattingen, zoals eenvoudige aannames hoeveel biomassa geoogst kan worden 
zonder rekening te houden met duurzaamheidscriteria gerelateerd aan de lokale 
omstandigheden (zoals gronderosie, koolstofgehalte van de bodem en vraag naar 
dezelfde biomassa voor andere  toepassingen). Kijkend naar Zuid-Afrika hebben de 
bestaande studies (bv. Cooper en Laing, [15]; OECD/IEA, [16]; Euler, [17]) nog niet 
gepoogd om de kosten aanbodcurves op een gedetailleerde ruimtelijke schaal te 
ontwikkelen om zo rekening te houden met specifieke  lokale omstandigheden zoals 
opbrengst, grondtype, regenval, temperatuur, vraag vanuit de veeteelt en transport-
infrastructuur. Gegeven de gevoele discussie rondom voedselproductie en het 
handhaven van een duurzame landbouwproductie is het nodig een coherente 
methodologie te ontwikkelen, waarmee voor verschillende omstandigheden kan 
worden bepaald hoeveel biomassa duurzaam gemobiliseerd kan worden zonder de 
bodem uit te putten (de zogenaamde duurzaam oogstbare fractie biomassa), hoeveel 
er biomass voor energietoepassingen rendabel geoogst kan worden. 
 
Gezien de mondiale spreiding van biomassa-productieregio’s en belangrijke 
afzetmarkten [18] speelt het voorbehandelen van biomassa  een belangrijke rol in het 
verbeteren van de economische prestate van biomassa aanvoerketens. Voorbehand-
eling  wordt toegepast  zodat biomassa kosteneffectief kan worden aangeleverd en 
resulteren in lagere investeringen verderop in de keten zoals de eindconversie [19-
21]. Dit kan biomassa aanwezig in meer afgelegen gebieden  economisch rendabel 
maken en daardoor de totale hoeveelheid beschikbare biomassa vergroten. Het pelle-
tiseren van biomassa is op dit moment de meest belangrijke voorbehandelings-
techniek voor vaste biomassa. Torrefactie van biomassa (gecombineerd met 
pelletiseren) is echter een veelbelovende voorbehandelingstechniek met het potent-
ieel om een homogene, op biomassa gebaseerde brandstofte maken met verbeterde 
energiedichtheid en verbrandingseigenschappen. De eigenschappen van deze drager 
zijn vergelijkbaar met die van lage-kwaliteit kolen [22][23,24]. De wetenschappelijke 
kennis van de prestaties van torrefactietechnologieën is beperkt en de openbare 
informatie met betrekking tot  de karakteristieken en kosten van geleverde getorrefic-
eerde biomassa is variëren sterk [25],[26],[27].  
 
Het is daarom belangrijk om beter inzicht te krijgen in de  vooruitzichten voor de 
commerciële benutting van torrefactietechnologie in de tijd. Dit omvat het evalueren 
van de technische en economische prestaties van torrefactie, zowel op de korte als op 
de lange termijn. Gekoppeld aan een gedetailleerde technische analyse is het ook 
belangrijk om de invloed van torrefactie op de technische, economische en overige 
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prestaties (waaronder de reductie van broeikasgasemissies) van bioenergie 
waardeketens te onderzoeken. Ook moeten de resultaten vergeleken worden met 
andere voorbehandelingstechnologieën (zoals bijvoorbeeld het conventioneel 
pelletiseren van biomassa en de conversie naar aardgas bioSNG) onder verschillende 
omstandigheden aan te geven wat optimale aanvoerketens van biomassa kunnen zijn. 
Een evaluatie van de technoeconomische en milieutechnische prestaties van de 
verschillende biomassa waardeketen is belangrijk omdat het de identificatie van 
opties voor optimalisatie, alsmede het vergelijken van verschillende aanvoerketens in 
de tijd mogelijk maakt. Hierdoor kan de aanvoerketen met de beste performance 
geïdentificeerd worden. 

8.2 Doel en onderzoeksvragen 
 
Het hoofddoel van dit proefschrift is het identificeren en evalueren van duurzame 
biomassa waardeketens voor energiedoeleinden om de concurerende mobilisatie van 
biomassa op grote schaal voor de korte als de lange termijn te faciliteren. 
 
Dit omvat de analyse van de beschikbaarheid van biomassa met in achtneming van 
internationaal geaccepteerde criteria voor duurzaamheid voor biomassa, het 
optimaliseren van de logistieke en conversiekosten, alsmede onderzoek naar  de 
milieueffecten (met speciale aandacht voor broeikasgasemissies en de energiebalans) 
van verschillende waardeketens. De volgende onderzoeksvragen zijn daartoe 
geformuleerd: 
 

I. Wat zijn de belangrijkste factoren die invloed hebben op het potentieel 
van energiegewassen en reststromen en welke invloed hebben 
duurzame en economische criteria op de beschikbaarheid van deze 
grondstof? 

II. Wat is de invloed van verschillende voorbehandelingstechnologieën op 
de technische, economische en milieutechnische prestaties van bio-
energie aanvoerketens onder verschillende omstandigheden en wat zijn 
de mogelijkheden voor toekomstige kostenreducties en verbeterde 
technische prestaties? 

III. Wat zijn de economische optimale configuraties van biomassa 
waardeketens voor de duurzame mobilisatie van biomassa voor 
regionale en de internationale afzetmarkten? 

8.3 Opzet van het proefschrift  
 
De hierboven beschreven onderzoeksvragen worden behandeld in Hoofdstuk 2 - 6 (zie 
Tabel 8-1). Hoofdstuk 2 geeft een overzicht van de status van de huidige analyses van 
biomassa potentiëlen en focust op de identificatie van cruciale factoren die het bio-
energie potentieel beïnvloeden alsmede op hiaten in de kennis . In hoofdstukken 4 - 6 
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worden deze methodologische aspecten  bij het bepalen van biomassapotentiëlen en 
waardeketens voor verschillende omstandigheden en scenario’s, gebruikt. Daarnaast 
zal in Hoofdstukken 4 - 6 de invloed onderzocht worden van verschillende biomassa-
voorbehandelingstechnologieën op de technoeconomische presetaties en de 
broeikasgasbalans, met speciale aandacht voor torrefactie en pelletiseren. Hoofdstuk 
3 geeft gedetailleerde inzichten in state-of-the-art verwachtingen voor de 
commerciële toepassing van torrefactie in de tijd, terwijl Hoofdstuk 4 de prestaties 
van biomassa waardenketens gebaseerd op torrefactie vergelijkt met die gebaseerd 
op pelletiseren. Hoofdstuk 5 evalueert biomassa aanvoerketens die gebruik maken 
van agrarische reststromen en beoordeelt  de haalbaarheid van het mobiliseren van 
die stromen voor grootschalige bioenergietoepassingen . Hoofdstuk 6 analyseert en 
vergelijkt biomassa aanvoerketens  die zich richten op het maken van synthetisch 
aardgas uit biomassa (bioSNG). 
 
Table 8-1: Matrix van de onderzoeksvragen behandeld per hoofdstuk 

Hoofdstuk Onderwerp Onderzoeks-
vraag 

  I II III 
2 Harmoniseren van biomassa energie potentiëlen – 

methodologische lessen uit  het analyseren van studies  naar  bio-
energie potentiëlen 

    

3 Biomassa torrefactietechnologie - status en toekomstperspectief     

4 Optimalisatie van biomass aanvoerketens met 
torrefactietechnologie 

      

5 Huidige en toekomstige technische, economische en 
milieutechnische haalbaarheid van reststromen van maïs en graan 
voor bioenergie toepassingen: geïllustreerd voor Zuid-Afrika 

      

6 Economische en energetische optimalisatie van bioSNG 
aanvoerketens 

     

 

8.4 Samenvatting van de resultaten 
 
Hoofdstuk 2 analyseeert de huidige studies en methoden met betrekking tot 
biomassa potenties. Ook worden de belangrijkste elementen geïdentificeerd die het 
potentieel van bio-energie bepalen. Om een systematische evaluatie van het 
potentieel van bio-energie grondstoffen mogelijk te maken, worden onderscheid 
gemaakt tussen drie aspecten om de studies te categoriseren en te analyseren: het 
type potentieel van bio-energie, de gebruikte aanpak en de gebruikte methodologie. 
Het type potentieel omvat theoretisch, technisch, ecologisch duurzaam, economisch 
(markt) en implementatiepotentieel. Er is een hiërarchische afname in potentieel van 
theoretisch naar implementatiepotentieel en er is overlap tussen economisch en 
ecologisch potentieel. De meeste assessments van biomassa voor energie kunnen 
worden ingedeeld als vraag-gestuurd of aanbod-gestuurd. Geïntegreerde analyses 



Samenvatting en Conclusies 

 

360 

 

naar de invloed en haalbaarheid en en review studies zijn ook mogelijke voor het 
bepalen van  biomassapotenties. Voor elke aanpak kunnen verschillende 
methodologieën onderscheiden worden. Deze methodologieën variëren van simpele 
statistische methodes tot complexe ruimtelijk-expliciete modellen en “ïntegrated 
assessment” modellen (inclusief gebruik van economische evenwichtsmodellen).  
 
Voor elke aanpak/methodologie en biomassa type wordt de beschikbaarheid van 
biomassa voor energie beïnvloed door enkele belangrijke onderliggende factoren en 
drivers. Voor energiegewassen zijn dit beschikbaarheid van land en opbrengst per 
hectare. Duurzaamheidscriteria vertegenwoordigenvertegenwoordigen belangrijke 
randvoorwaar-den voor de schattingen van het bio-energie potentieel (inclusief 
reststromen) en variaties en omissies in de toegepaste criteria (zowel qua type criteria 
als toegepaste drempelwaardes) zijn een belangrijke oorzaak voor de verschillen 
tussen de beschikbare schattingen. Een ideale allesomvattende analyse naar bio-
energie potentiëlen zou alle belangrijke factoren die de duurzame beschikbaarheid 
van biomassa voor energie beïnvloeden mee moeten nemen, inclusief factoren die 
negatieve sociaaleconomische en milieutechnische effecten zo veel mogelijk 
beperken. 
 
De bevindingen zijn gebruiktom een geselecteerde set bio-energie potentieel studies 
van landen te vergelijken en te harmoniseren. Ook worden aanbevelingen gemaakt 
voor het uitvoeren van betere en completere analyses. Afhankelijk van de gekozen 
scenariocondities, variëren de scenario’s varieert het geharmoniseerde technische 
biomassa potentiëlen voor de geselecteerde landen in 2030 tussen 5.2-27.3 EJ voor 
China, 1.1-18.8 EJ voor India, 2.0-10.9 EJ voor Indonesië, 1.6-7.0 EJ voor Mozambique 
en 9.3-23.5 EJ voor de VS. 
 
De huidige studies omvatten over het algemeen niet alle basis (duurzaamheids-) 
aspecten die je mag verwachten in een complete analyse. Ook zijn er verschillen in het 
detailniveau van de gebruikte parameters en methodologische transparantie tussen 
de studies. Over het algemeen is het ruimtelijk detail van landbeschikbaarheid en 
geschiktheid afwezig, zeker wat betreft verarmde en marginale gronden, maar ook 
graslanden worden slecht beschreven. De geëvalueerde studies zijn ook niet 
transparant met betrekking het huidige gebruik van marginaal land, alsmede de mate 
van aanwezige biodiversiteit. De competitie voor  water wordt zeer beparkt  
meegenomen en de biomassa opbrengst is voornamelijk gebaseerd op grove 
zoneringsmethoden. Een paar studies nemen verbetering in het management van 
agrarische en bosbouw productiesystemen in beschouwing, maar de onderliggende 
aannames zoals de opbrengst, efficiëntie en kosten worden nauwelijks besproken. 
Bescherming van de natuur wordt in de meeste studies meegenomen, maar dit 
beperkt zich meestal tot het uitsluiten van beschermde natuurgebieden en 
bebostebe-bosde gebieden. De competitie voor biomassa tussen  verschillende 
toepassingen wordt in de meeste studies grof geanalyseerd. Belangrijke aannames 
zoals demografische dynamiek, dieet en mogelijkheden om in de vraat naar proteïne 
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te voldoenmogelijke proteïneketens, beschermingscriteria voor biodiversiteit, etc., 
worden niet expliciet behandeld terwijl de invloed van verschillende wijzen en 
intensiteit van veeteeltvee-houderij zeer beperkt wordt meegenomen. De meeste 
studies zijn ook methodologisch incompleet omdat ze belangrijke feedback-effecten, 
welke een onvermijdelijk gevolg zijn grootschalige bio-energie productie, niet 
meenemen. Ook worden de effecten van directe en indirecte veranderingen in het 
gebruik van land, effecten van (vermeden) klimaat-verandering en de macro-
economische invloed van de grootschalige toepassing  van bio-energie beperkt 
meegenomen. 
 
Voor verbeterde analyses van bio-energie potentiëlen adviseren wij een geïntegreerd 
analytisch raamwerk dat alle genoemde belangrijke factoren omvat en hoge resolutie 
geografisch expliciete datasets gebruikt waarbij rekening gehouden wordt met 
mogelijke feedbackeffecten. Zo’n raamwerk omvat op zijn minst zes onderling 
verbonden belangrijke fases

82
. Dit zijn de schatting van het technische potentieel van 

biomassa voor energie, de evaluatie van de kosten van de biomassaproductie de 
identificatie van het economische potentieel voor biomassaproductie en door 
rekening te houden met macro-economische en milieutechnische invloeden van de 
biomassaproductie kan hieruit het potentieel van biomassa voor energie worden 
bepaald waarin alle dimensies van duur-zaamheid zijn meegenomen. Bij elke stap 
worden de onderliggende aannames en de belangrijkste parameters expliciet gemaakt 
en wordt onzekerheden helder weergegeven.. Dit betekent dat transparantie met 
betrekking tot de afbakening, methodologie en gebruikte datasets een fundamentele 
voorwaarde is bij elke fase van de analyse. 
 
Hoofdstuk 3 geeft gedetailleerd inzicht in de mogelijkheden van  commercieel gebruik 
van torrefactietechnologie, zowel onder de huidige condities als op de langere termijn 
(2030). Kijkend naar en gebaseerd op de huidige status van een compacte moving bed 
reactor hebben wij de belangrijkste karakteristieken van de procesprestaties bepaald 
middels de massa- en energiebalansen. Dit hoofdstuk laat zien dat houtige biomassa 
getorreficeerd kan worden met een thermische efficiëntie van 94% en een massa-
efficiëntie van 48% (op basis van droge en asvrije bimassa). Voor stro zijn deze 
waardes respectievelijk 96% en 65%. Op de lange termijn worden verbeteringen van 
de technische prestaties van het torrefactieproces verwacht, zoals het optimaal 
gebruik van afgassen die vrijkomen tijdens het torrefactieproces en een betere 
warmteintegratie. Hierdoor stijgt het energetisch rendement naar boven de 97%. 
Huidige productiekosten van getorreficeerde biomassa-pellets (TOPs) van hout 
worden geschat op 3.3-4.8 US$/GJLHV en kunnen op de lange termijn dalen naar 2.1-
5.1 US$/GJLHV (exclusief biomassakosten). Bij deze kosten zijn getorreficeerde pellets 
competitief met traditionele pellets. Voor dergelijke kosten-dalingen moet de 

                                                                 
82

 Het startpunt van zo’n raamwerk is de definitie van een set van ecologische en sociaal-
economische duurzaamheidscriteria die de voorwaarden definieren waaronder biomassa 
duurzaam kan worden verkregen. 
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torrefactiereactor wel geoptimaliseerd worden. Belangrijk voor de prestaties van 
torrefactiesystemen zijn het behalen van  een consistent, homogeen, volledig 
hydrofoob en stabiel product. Daarnaast moet  de energiedichtheid afgestemd 
kunnen worden op het  eindgebruik en moeten  verschillende soorten biomassa 
gebruikt kunnen worden.  
 
Hoofdstuk 4 vergelijkt de economische en milieutechnische invloeden van torrefactie 
op de bio-energie aanvoerketens met die van conventionele pellets voor verschillende 
scenario’s waarbij de biomassa wordt geproduceerd en voorbehandeld in 
Mozambique en vervolgens naar Rotterdam wordt verscheept om daar gebruikt te 
worden voor de productie van elektriciteit of FT-brandstoffen. Wij kijken ook naar de 
invloed van het gebruik van verschillende soorten land voor de productie van de 
biomassa (productief en marginaal), verschillende soorten biomassa (Eucalyptus en 
prairiegras), en verschillen in logistiek, eindconversietechnologie (XtY en CXtY) en 
afzetmarkt (Nederland en Mozambique). Onder huidige omstandigheden worden 
getorreficeerde pellets (TOPs) geleverd in Rotterdam met hogere kosten (7.3-7.5 
$/GJ) dan traditionele pellets (5.1-5.3 $/GJ). Op de lange termijn kunnen de kosten 
voor TOPs dalen naar 4.7-5.8 $/GJ, waardoor ze convergeren met de kosten van 
traditionele pellets. TOPs aanvoerketens hebben ook 20% lagere broeikasgasemissies. 
Door verbeterde logistiek en lagere investeringskosten voor de conversie dalen de 
productiekosten van brandstof uit TOPs (12.8-16.9 $/GJFT) onder de kosten bij gebruik 
van traditionele pellets voor productie van synthetische diesel (FT) (12.9-18.7 $/GJFT). 
Scenario’s voor meestoken (CXtY) resulteren in nog lagere productie-kosten (maar 
hebben wel hogere milieuimpact) dan 100% biomassa scenario’s (XtY). In de meeste 
gevallen resulteert prairiegras geproduceerd op productief land in de regio Nampula 
in lagere brandstofproductiekosten dan Eucalyptus geproduceerd op marginaal land 
in de regio Gaza. Productie van zowel FT-brandstoffen als elektriciteit is duurder in 
Mozambique dan in Rotterdam. Voor Nederland geldt dat, kijkend naar de 
gemiddelde energieprijzen in West-Europa, de productie van zowel FT-brandstoffen 
als elektriciteit competitief is. De analyse laat ook zien dat grootschalige bio-
energieproductie competitief kan worden met fossiele brandstoffen. Hoewel de 
voordelen van TOPs aantoonbaar liggen in de logistiek en conversie, resulteren de 
huidige torrefactiekosten hogere bio-brandstofkosten. Verbeteringen in torrefactie-
technologie kan echter resulteren in betere prestaties van toekomstige productie-
ketens. 
 
Hoofdstuk 5 behandelt de haalbaarheid van het mobiliseren van restromen van mais 
en graan voor grootschalige bio-energietoepassingen in Zuid-Afrika. Hiertoe wordt 
bepaald hoeveel residuen duurzame verwijderd kunnen worden, en worden de kosten  
voor verschillende productieregio’s vastgesteld. Een hoofddoel van dit hoofdstuk was 
om de methodologie voor schattingen van het deel van landbouwresideen dat 
duurzaam te benutten is  voor energiedoeleinden te verfijnen, waarin behoud van de 
productiviteit het land en het voorkomen van verdringing van concurrerend gebruik 
van deze reststromen centraal staan. Onder de huidige condities is het duurzame 



Chapter 8 

 

363 

 

potentieel van bio-energie uit reststromen van mais en graan in Zuid-Afrika geschat 
op ongeveer 100 PJ. Dit potentieel kan naar naar ca. 240 PJ in een ‘verbeterde’ 
scenario door maatregelen als ‘’no-till’’ landbouw (zonder ploegen) en het toepassen 
van betere teelten met hogere opbrengsten. Deze schattingen zijn gebaseerd op een 
opbrengst van 2-6 t/ha residue, afhankelijk van landtype en gewasmanagement. Dit 
hoofdstuk laat ook zien dat de transportkosten van de reststromen tussen de 0.9-1.7 
$/GJ liggen. Ongeveer 96% van deze reststromen zijn beschikbaar tegen kosten onder 
de 1.5 $/GJ. In het ‘geoptimaliseerde’ scenario kost 85% van de biomassa minder dan 
1.3 $/GJ. Voor biomassa geleverd aan de centrale conversiefaciliteit kost ongeveer 
36% van de biomassa minder dan 5 $/GJ terwijl in het ‘verbeterde’ scenario ongeveer 
87% afgeleverd kan worden voor minder dan 5 $/GJ. Meestoken van reststromen met 
kolen kan resulteren in lagere productiekosten van elektriciteit vergeleken met 
andere duurzame opwekkingsmethodes en dat met significante reducties in 
broeikasgasemissies (tot 0.72 t CO2e/MWhe). De opbouw van capaciteit om rest-
stromen te mobiliseren in Zuid-Afrika kan beginnen door het landbouw-systeem te 
gebruiken om de markt op gang te brengen. Het is vervolgens nodig om verbeteringen 
in de logistiek en langbouwmethoden te imlementeren. Dit omvat het afzien van 
ploegen, beter agrarische managementsystemen, betere oogstmachines, hogere 
efficiëntie waarmee dierlijke producten geproduceerd worden, dubbele rotatie 
systemen, gebruik van gespecialiseerde loonwerkers en het opzetten van voorbe-
handelingsinstallaties en betere logistiek.  
 
Hoofdstuk 6 analyseert economisch en milieutechnisch optimale aanvoerketens  voor 
de productie van bioSNG voor gebruik in Nederland, waarbij gecomprimeerd aardgas 
afgeleverd wordt bij tankstations. Verschillende bioSNG productieketens zijn 
geanalyseerd en vergeleken. Ketens omvatten verschillende productieregio’s (Brazilië 
en Oekraïne), soorten biomassa (Eucalyptus en Populier), voorbehandelings-
technologie (pelletiseren en torrefactie), transport en locaties voor conversie van 
biomassa naar SNG (Brazilië, Nederland en Oekraïne). Bij een schaal van 100 MWth in 
liggen de bioSNG kosten tussen 18.6-25.9 $/GJafgeleverd CNG  met een energierendement 
van 47-62%. Bij een schaal van 1000 MWth in dalen de kosten met ongeveer 30% naar 
12.6-17.4 $/GJafgeleverd CNG. BioSNG productie in de Oekraïne en transport van het gas 
met een pijpleiding naar Nederland resulteert in alle onderzochte gevallen in de 
laagste kosten van het afgeleverde gas en het hoogste energierendement (62%). Dit 
komt voornamelijk door de lage transportkosten en energieverliezen wanneer gebruik 
gemaakt wordt van transport per pijpleiding voor het transporteren van LNG over 
lange afstanden. Echter, SNG productie van getorreficeerde pellets (TOPs) heeft de 
laagste broeikasgasuitstoot (17 kg CO2e/GJSNG) vergeleken met de routes uit de 
Oekraïne (25 kg CO2e/GJCNG). Productiekosten bij een schaal van 100 MWth zijn hoger 
dan de huidige aardgasprijzen maar lager dan olie- en biodieselprijs. De kosten van 
bioSNG kunnen convergeren met de verwachtte aardgasprijzen in de komende 
decennia, welke geschat worden op 18.2 $/GJ. Bij een schaal van 1000 MWth is bio-
SNG competitief met aardgas (en eerder bij hogere CO2 prijzen) en zeer competitief 
vergeleken met olie en biodiesel. Het is duidelijk dat SNG productie naar de GWth 
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schaal de sleutel is naar kostenreductie en competitieve SNG productie. Voor 
biomassaregio’s zoals Brazilië is het kosteneffectiever om de biomassa voor te 
behandelen naar pellets of TOPs en om de eindconversie nabij de import-haven te 
doen. 

8.5 Hoofdbevindingen en conclusies 
 
Op basis van de bevindingen in Hoofdstukken 2 t/m 6 zijn de volgende antwoorden en 
aanbevelingen op de onderzoeksvragen geformuleerd: 
 

I. Wat zijn de belangrijkste factoren die invloed hebben op het potentieel 
van energiegewassen en reststromen en welke invloed hebben 
duurzame en economische criteria op de beschikbaarheid van deze 
grondstof? 

 
Voor elke aanpak/methodologie en soort biomassa wordt de beschikbaarheid van 
biomassa voor energie bepaald door enkele onderliggende factoren en drivers, welke 
zijn samengevat in Tabel 8-2. Voor energiegewassen zijn land beschikbaarheid en 
opbrengst per hectare (onder bepaalde biofysische condities zoals grond, water en 
klimaat) belangrijke determinanten van het bio-energie potentieel. Milieutechnische 
en sociaaleconomische duurzaamheidscriteria zijn belangrijke factoren voor het bio-
energie potentieel (inclusief reststromen), en variaties en omissies in de toegepaste 
criteria (zowel qua type criteria als toegepaste drempelwaardes) zijn een belangrijke 
oorzaak van de verschillen tussen  de beschikbare schattingen. Dit geldt ook voor rest- 
en afvalstromen waar het technisch potentieel afhangt van de duurzaamheidscriteria 
(zoals het in stand houden van de grondkwaliteit) die de hoeveelheid duurzaam te 
oogsten agrarische en bosbouw rest- en afvalstromen beperkt terwijl er rekening 
wordt gehouden met concurrerende toepassingen. De technische beperkingen voor 
het oogsten van residuen en de efficiëntie van het oogsten  zijn belangrijke factoren 
van de bruto beschikbare rest-stroom potentiëlen. Een allesomvattende assessment 
naar bio-energie zou eigenlijk moeten kijken naar alle belangrijke factoren die de 
duurzame beschikbaarheid van biomassa voor energie beïnvloeden. Dit is inclusief 
factoren die negatieve sociaaleconomische (zoals competitie met andere 
biomassatoepassingen) en milieutechnische (zoals grond- en biodiversiteitbeschermi-
ng) invloeden zo veel mogelijk beperken. 
 
Zowel schattingen van de hoeveelheid beschikbare land als die van de opbrengsten 
per hectare zijn onderhevig aan zeer uiteenlopende oordelen, terwijl schattingen met 
betrekking tot  de hoeveelheid biomassa nodig voor voedsel en andere concurrerende 
toepassingen zoals veevoer en materialen aanzienlijke onzekerheden bevatten. Dit 
onderstreept de noodzaak voor harmonisatie van de gebruikte metoden en de ontwi-
kkeling van een algemeen geaccepteerde methodisch raamwerk om  biomassapoten-
ties te bepalen. Idealiter zou de schatting voor landgebruik rekening houden met een 
‘voedsel, vezel en milieu eerst’ principe waarbij gebruik gemaakt wordt van ruimtelijk 
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expliciete datasets en geïntegreerd modeleringsraamwerk. Opbrengsten per hectare 
worden voornamelijk gebaseerd op groeimodellen voor gewassen bij bepaalde agro-
management-systemen. We concluderen ook dat schattingen van biomassa potentiël-
en afhankelijk zijn van expliciete keuzes over verbeteringen in agrarisch en veehou-
derijmanagement omdat deze de beschikbaar-heid van land voor voedselproductie 
alsmede de hoeveelheid reststromen beïnvloeden. 
 
Gegeven de ruimtelijke heterogeniteit van agro-ecologische condities in de meeste 
landen en om de eisen van gedetailleerde ruimtelijke landgebruik modellen te 
voldoen is er een dringend behoefte aan goede en gedetailleerde ruimtelijke data. 
Veranderingen in land-gebruik moeten ook historische trends omvatten om de 
dynamiek in toekomstig land-gebruik te beter te kunnen voorspellen en om modellen 
te kalibreren. Het is belangrijk om de tijdsdimensie mee te nemen omdat de ontwikk-
eling van bio-energieproductie leidt tot sociaaleconomische en milieu-effecten en 
terugkoppelingen  die van invloed zijn op de toekomstige potentiëlen van bio-energie.  
 
Table 8-2: Cruciale factoren in biomassa voor energie potentieel assessments 

Drivers & Factoren Mozambique 
biomassa grondstof 
studie (Hoofdstuk 4) 

Zuid-Afrika 
gewasreststroom 
studie (Hoofdstuk 5) 

Biomassavraag voor voeding, veevoer en 
vezel/biomaterialen  

  

Verbeteringen in agrarisch en bosbouw 
management en technologie 

  

Gebruik van marginaal of verarmd land  n.v.t. 
Water beschikbaarheid en gebruik X n.v.t. 
Natuurbescherming en uitbreiding van 
beschermde gebieden 

  

Klimaatverandering en broeikasgasemissies   

Keuze van energiegewassen  n.v.t. 
Gebruik van agrarische en bosbouw 
reststromen 

n.v.t.  

Marktmechanisme voor voedsel-veevoer-
brandstof-materialen 

X X 

Kosten van de biomassaproductie   

Legenda: 
 - aspect meegenomen in de assessment 
n.v.t.- aspect niet van toepassing voor de assessment 
X - aspect van toepassing, maar niet meegenomen in de assessment 
 

In de assessments van biomassa voor energie in Mozambique zijn de biomassa-
productie potentiëlen gebaseerd op ruimtelijk expliciete state-of-the-art GIS 
modellering, welke gedetailleerd wordt beschreven in Van der Hilst et al. [28]. De 
ontwikkeling van de belangrijkste drivers voor agrarisch landgebruik, voedselvraag, 
dierlijke producten en materialen werden geanalyseerd aan de hand van projecties 
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van bevolkingsgroei, dieet, BNP en zelfvoorzieningsratio. Schattingen over de 
beschikbaarheid van land voor energie-gewassen zijn gemodelleerd op basis van 
geavanceerde ruimtelijktijdsafhankelijke modellen (PLUC) voor veranderingen in land-
gebruik (land use change: LUC). De LUC dynamiek is tot 2030 in een hoge resolutie (1 
km

2
 rasterniveau) in kaart bracht. Hierbij werden de duurzaamheidscriteria zoals 

gepresenteerd  in Tabel 8-2 meegenomen. Land uitgesloten voor energiegewassen 
omvat huidig en toekomstig agrarisch land, weidegronden(op basis van voedsel- en 
veevoervraag), stedelijk gebied, bebost en beschermd gebied, land met steile 
hellingen of met gevoelige ecosystemen. De schatting over de hoeveelheid benodigd 
land ligt in dezelfde orde van grootte als andere studies (bv. [2][29,30]), ondanks dat 
de huidige studies veel betere ruimtelijk-tijdsafhankelijk expliciete gegevens 
gebruiken. Echter, het modelleringsraamwerk kan nog steeds verbeterd worden. 
Validatie van de ruimtelijke expliciete data kon niet uitgevoerd worden door gebrek 
aan historische (ruimtelijke) gegevens. Ook neemt het model feedback van de markt 
bij het berekenen van de economische bio-energie potentiëlen niet mee. Voor 
concurrerende toepassingen nam de studie het effect van alternatieve proteïneketens 
niet mee. Ook competitie voor water (welke idealiter op het niveau van een 
stroomgebied wordt gedaan) werd door gebrek aan data niet gemodelleerd, hoewel 
de waterbeschikbaarheid en neerslagniveaus wel werden meegenomen in de 
schattingen van de opbrengst per hectare. Verder werd de invloed van 
klimaatverandering op toekomstige opbrengsten (zoals CO2 bemesting) niet expliciet 
gemodelleerd. 
 
Bij de schattingen van de potentiëlen van biomassa voor energie van reststromen in 
Zuid-Afrika hebben we de duurzaamheidscriteria op een vergelijkbare manier 
toegepast: zo zijn  de duurzame oogstniveaus van reststromen en de vermijding van 
competitie met andere toepassingen van reststromen in de analyse meegenomen. 
Het bruto technisch potentieel van reststromen werd geschat op 10.6 miljoen ton per 
jaar, maar 4.3 miljoen ton is nodig om bodemerosie te voorkomen en 10 miljoen ton 
is nodig om de organische koolgehaltes in de grond in stand te houden. Een extra 
330,000 ton is nodig voor veevoer waardoor er uiteindelijk 5.8 miljoen ton 
beschikbaar blijft. Een deel van de organische bodem koolstof behoefte wordt 
gerealiseerd door 7.3 miljoen ton ondergrondse biomassa (wortels, etc.).  
 
In Hoofdstuk 5 nemen we aan dat er minimaal 2 ton reststroom per hectare nodig is 
om bodemerosie te beperken tot een maximum van 10% vergeleken met erosie van 
onbedekte bodem terwijl er ook nog verschillende extra hoeveelheden reststromen 
nodig zijn op een gezond 2.0% organisch koolstofgehalte (SOC) te blijven. Een 2% SOC 
niveau wordt als hoog beschouwd, zeker voor Zuid-Afrika, maar in het algemeen 
hebben agrarische gronden op dit moment een zeer laag organisch koolstofgehalte 
(<0.5%). Zoals besproken in Hoofdstuk 5 zijn er op dit moment geen gegevens van 
duurzame SOC niveaus van Zuid-Afrikaanse gronden. Hierdoor is er ook een 
aanzienlijke onzekerheid wat betreft de benodigde SOC onder verschillende agro-
ecologische condities in het land. Deze onzekerheden komen door het  verschil in SOC 
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tussen verschillende bodems, klimaat, vegetatie en landgebruik en management van 
het land [31,32]. Door het hogere kleigehalte zijn zware gronden in het algemeen 
beter in staat SOC fysiek te beschermen tegen decompositie en geaggregeerde 
gronden zijn beter in staat SOC te beschermen tegen erosie. Daarentegen treedt een 
snel verlies van SOC op in zandgronden met weinig tot geen klei [33].  
 
Er is een gedetailleerd modelleringsraamwerk gebruikt om regionale SOC vereisten te 
bepalen. Desondanks is het vanwge  de ruimtelijke heterogeniteit van de 
verschillende administratieve regio’s van Zuid-Afrika nodig om datasets te gebruiken  
met een nog hogere ruimtelijke resolutie. Daarom is meer analyse nodig om de 
regionale SOC niveaus te bepalen waardoor een betere evaluatie van duurzame 
oogstniveaus van reststromen mogelijk is. Er is  niet naar de macro-economisch 
feedback effecten van verhoogde gewasreststromen gekeken door gebrek aan data. 
Het is daarom ook belangrijk om zowel de marktdynamiek van verhoogde 
gewasreststromen te modelleren als ook  de effecten op de kosten van verschillende 
aanvoerketens als deze geoptimaliseerd worden door maatregelen zoals verbeterde 
gewas en vee management, verschuiving naar niet ploegen (no-till) en infrastructurele 
verbeteringen. 
 
Concluderend, zowel Hoofdstuk 4 als 5 laten zien dat de meeste duurzaam-
heidscriteria toegepast kunnen worden in analyse van biomassapotenties, maar dat 
dit uiteindelijk gedetailleerd  onderzoek op projectniveau  niet kan vervangen. Gebre-
kkige beschikbaarheid van gegevens en veranderingen in landgebruikspatronen 
maken ‘ground-truthing’-verificatie nog altijd noodzakelijk. Niettemin representeren 
de gevonden duurzame potentiëlen in beide studies aanzienlijke volumes welke – mits 
efficiënt gemobiliseerd – een significant contributie aan de binnenlandse duurzame 
energie-productie kunnen leveren of een waardevol exportproduct kan zijn. 
 
II. Wat is de invloed van verschillende voorbehandelingstechnologieën op de 

technische, economische en milieutechnische prestaties van bio-
energieketens onder verschillende omstandigheden en wat zijn de 
mogelijkheden voor toekomstige kostenreducties en verbeterde technische 
prestaties? 

 
Biomassa moet voorbehandeld worden om efficiënte opslag, transport en gebruik 
voor verschillende toepassingen, die ontworpen zijn voor fossiele grondstoffen, 
mogelijk te maken. Transport over lange afstanden van onbehandelde biomassa is 
niet economisch door de lage energiedichtheid. Daarom, en gegeven de mondiale 
spreiding van de biomassa productiegebieden en de belangrijkste afzetmarkten voor 
bio-energie, is het belangrijk om geschikte voorbehandingstechnologieen te 
identificeren om het concurrerend vermogen van biomassa als duurzame grondstof te 
vergroten. Op dit moment zijn conventionele pellets de meest internationaal 
verhandelde biomassa handelswaar. Getorreficeerde pellets (TOPs) zijn een nieuw 
product met de potentie om de economische prestaties van biomassa aanvoerketens 
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te verbeteren. Verder kan biomassa al vroeg in de keten vergast worden naar 
methaan (bioSNG) of om vloeibare Fischer-Tropsch brandstoffen te produceren, 
hetgeen de potentie heeft om de prestaties van biomassa aanvoerketens te 
verbeteren. Echter, deze technologieën zijn niet commercieel en worden op dit 
moment ontwikkeld. De verwachting is dat ze in dit decennium commercieel 
beschikbaar komen. Toekomstige kostenreducties en efficiëntieverbeteringen zijn 
belangrijke voorwaarden. 
 
Terwijl de productie van (hout-)pellets technisch volwassen is  en pellets al internatio-
naal worden verhandeld is torrefactie een opkomende en veelbelovende voorbe-
handelingstechnologie voor biomassa  met de potentie om een belangrijke bijdrage te 
leveren aan de verhandelbaarheid van biomassa als duurzame energiebron. Gegeven 
hun vermogen om kolen direct te vervangen heeft TOPs een groot marktpotentiaal. 
Echter, er zijn nog veel uitdagingen zoals het verlagen van de productiekosten, en het  
bewerkstelligen van  een homogeen, geheel hydrofoob stabiel product, geproduceerd 
uit verschillende soorten biomassa. Belangrijk zijn efficiënte warmteintegratie en 
optimaal gebruik van afgassen om energieneutraal te opereren met minimale 
veiligheidsrisico’s. 
 
Bij het beoordelen van de invloed van verschillende voorbehandelingstechnologieën 
op biomassa aanvoerketens hebben we de resultaten vergeleken met een referentie 
gebaseerd op een houtpellet keten. Zoals te zien is in Hoofdstuk 4 zijn onder de 
huidige condities de productiekosten van naar Rotterdam geleverde TOPs van 
Mozambique 17-22% hoger dan de kosten van traditionele pellets. Op de lange 
termijn zouden de kosten van geleverde TOPs ongeveer 9% hoger kunnen zijn 
vergeleken met houtpellets. Echter, TOPs aanvoerketens hebben 20% lagere broeikas-
gasemissies dan pellets.  En, door verbeterde logistiek en lagere conversie-investeri-
ngskosten zijn de productiekosten van brandstof uit TOPs vergeleken met WPs op de 
korte termijn marginaal hoger en in 2030 net iets lager. 
  
Op dezelfde manier verbetert voorbehandeling de economische prestaties met lagere 
broeikasgasemissies van gewas reststromen in Zuid-Afrika, zoals te zien is in 
Hoofdstuk 5. Onder de huidige condities vermindert pelletiseren de kosten van 
afgeleverde biomassa met ongeveer 40%. Getorreficeerde pellets geleverd tot aan de 
conversie-installatie hebben 28% hogere kosten dan pellets. Op de lange termijn daalt 
dit naar 13% hogere kosten. Kijkend naar broeikasgasemissies levert het gebruik van 
ruwe biomassa een besparing van 14% op vergeleken met pellets terwijl gebruik van 
TOPs resulteert in een toename van broeikasgasemissies van 5%. Echter, vergeleken 
met pellets zijn de kosten van vermeden broeikasgasemissies 30% hoger bij ruwe 
biomassa en 26% hoger bij TOPs. Als de eindconversie wordt meegenomen zijn de 
belangrijkste verschillen in broeikasgasemissies voor de biomassa scenario’s 
gerelateerd aan de tweede transportfase (transport van balen biomassa leidt tot 2.5 
keer meer broeikasgasemissies dan transport van voorbehandelde biomassa) en aan 
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de voorbehandeling (pelletising en torrefactie) welke resulteert emissies van ongeve-
er 0.2 ton CO2e/MWhe. 
 
In Hoofdstuk 6 is bioSNG productie in Nederland gebruikmakend van  Braziliaanse 
pellets het referentiescenario. In dit geval zijn de productiekosten van afgeleverde 
bioSNG van Braziliaanse TOPs identiek aan die van pellets, ondanks de hogere kosten 
voor torrefactie. BioSNG productie in Oekraïne, die  getransporteerd wordt via een 
pijpleiding naar Nederland, resulteert in 16% lagere kosten in vergelijking  met de 
pellet case. Daarentegen resulteert de productie van bioSNG in Brazilië, en verscheept 
naar Nederland als vloeibaar aardgas (liquefied natural gas: LNG), in 716% hogere 
productiekosten vergeleken met de pellet case. Kijkend naar de kosten is conversie 
naar bioSNG vroeg in de keten aantrekkelijk, indien transport per pijpleiding mogelijk 
is. Is dit niet mogelijk, dan heeft het verhogen van de energiedichtheid van de 
biomassa door pelletisering of torrefactie economische voordelen. Wat betreft de 
uitstoot van broeikasgassen resulteert bioSNG productie van TOPs in 20% lagere 
broeikasgasemissies vergeleken met de pellet case. Het verschepen van LNG vanuit 
Brazilië resulteert in 19-35% hogere emissies, terwijl SNG uit Oekraïne resulteert in 
19% hogere emissies vergeleken met de pellet case. De slechte prestaties van de 
ketens die biomassa vroeg omzetten naar bioSNG wordt veroorzaakt door de extra 
kosten van het vloeibaar maken van de bioSNG, de hoge verschepingskosten van LNG 
en het terug vormen van LNG naar aardgas nabij de import-haven. 
 
De drie uitgevoerde case studies maken duidelijk dat voorbehandeling van de 
biomassa de prestaties van de ketens verbetert, zowel economisch als wat betreft 
broeikasgasemissies. Bij de case studie van Mozambique is niet gekeken naar het 
verschepen van de FT-brandstoffen naar West-Europa omdat de productiekosten in 
Mozambique al hoger waren dan de productiekosten voor FT-brandstoffen in 
Nederland. Daarom kan worden geconcludeerd dat pellets en TOPs de economische 
en broeikasgasbalans van biomassa aanvoerketens aanzienlijk verbeteren voor de in 
dit proefschrift onderzochte voorbehandelingstechnologieën. Maar ook dat de kosten 
van afgeleverde bioSNG kunnen significant dalen als transport via pijpleiding mgelijk 
is. Omdat zowel torrefactie als bioSNG nog ontwikkeld wordt en niet commercieel 
beschikbaar zijn, worden hieronder enkele belangrijke onzekerheden omtrent hun 
ontwikkeling en de mogelijke invloed hiervan op hun toepassing als biomassa 
voorbehandelingstechnologie besproken. 
 
Onzekerheden omtrent de prestaties van torrefactie 
 
Torrefactie voor grootschalige toepassing wordt nog ontwikkeld, daarom is slechts 
beperkt informatie van de technoeconomische prestaties beschikbaar. Hierdoor is het 
merendeel van de data in Hoofdstuk 3 gebaseerd op grijze literatuur, interviews en 
vertrouwelijke bedrijfskennis. Het is belangrijk om in gedachte te houden dat alle data 
die gebruikt is in die studie gebaseerd is op operationele data van demonstratie, pilot 
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en niet-gecommercialiseerde installaties. Omdat de technologie zich snel ontwikkelt, 
zijn de beschikbare performance data onderhevig aan verandering. 
 
De productiekosten van TOPs worden geschat op 3.3-4.8 $/GJLHV voor een capaciteits-
range van 50-250 kt/j. Door mogelijke technologische verbeteringen (‘’learning’’) 
kunnen de productiekosten dalen naar ca. 2.6-5.1 $/GJLHV met een onzekerheid van 
±20-24% (gebaseerd op de Capex waarden). Indien pre-learning onzekerheden niet 
worden meege-nomen kunnen de productiekosten met ongeveer 20% dalen naar 
gemiddelde kosten van 2.1-4.1 $/GJLHV. Echter, deze onzekerheden zijn reëel omdat 
de recente ervaringen met de eerste niet commerciële  installaties laten zien dat de 
oorspronkelijk geschatte investeringskosten te laag waren, en bedrijven meer kapitaal 
investeerden in het afstellen en opnieuw configureren van hun installaties om de 
gewenste productkarakteristieken te krijgen. De schatting van de kostenreducties zijn 
gebaseerd op een toekomstig cumulatief geïnstalleerd vermogen tot 2030, gebaseerd 
op Sikkema et al. [34]. Echter er wordt verwacht dat, afhankelijk van de 
aantrekkelijkheid van torrefactie, een aanzienlijk deel van de traditionele installaties 
voor conventionele pellets wordt omgebouwd naar geïntegreerde torrefactie 
installaties om van deze technologie gebruik te maken [7]. Wij zijn van een 
conservatief leer percentage van 2% uitgegaan omdat de meeste componenten al 
uitontwikkeld zijn en leren

83
 voornamelijk plaatsvindt door verdere procesintegratie. 

Het is belangrijk om te beseffen dat technologisch leren waarschijnlijk voornamelijk 
rond de torrefactiereactor plaatsvindt en niet bij de reactor zelf. De reactoren zelf zijn 
namelijk goeddeels uitontwikkelde technologieën. Belangrijke optimalisatie vindt 
waarschijnlijk plaats rond de integratie van de torgas loop, verbrander, hittewisselaars 
en de stikstof-voeding. 
 
De voordelen van TOPs vergeleken met conventionele pellets liggen voornamelijk bij 
verscheping over lange afstanden en bij de voordelen bij de finale conversie. Ondanks 
de hogere voorbehandelingskosten hebben TOPS de volgende kostenvoordelen bij de 
conversie installatie vergeleken met WPs: in tegenstelling tot pellets is een veilige 
(bedekte) opslag niet nodig voor TOPs en vermaling van de TOPs kan gedaan worden 
met bestaande steenkolenmolens. Verder zijn TOPs meer geschikt voor vergassing en 
meestoken dan pellets omdat ze tot lagere capaciteits- en efficiëntievermindering in 
kolencentrales leiden dan wanneer conventionele pellets worden gebruikt. 
  
Voor volledige commerciële toepassing dienen torrefactie installaties eerst 
geoptimaliseerd te worden om zo economische te voldoen aan de eisen van de 
eindgebruiker, en om marktstandaardisatie van het product te bereiken. Snelle 
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 Zoals in de Wit et al. [36], beschreven gebruiken wij een schaal-onafhankelijke 
leerpercentage van 2%. Hiervoor hebben we het leerpercentage van geavanceerde 
biobrandstoffen (BTL) gebruikt als een indicator voor geïntegreerde torrefactie-fabrieken.  Dit 
leerpercentage geeft de percentuele daling weer van de kosten van de technologie met elke 
verdubbeling van de geïnstalleerde capaciteit; kostenreducties door opschalen niet inbegrepen. 
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implementatie en technologisch leren zijn noodzakelijk om de productiekosten 
omlaag te brengen en om getorreficeerde pellets concurrerend te maken. Uiteindelijk 
moeten de hier gepresenteerde voordelen van getorreficeerde pellets in de praktijk 
bewezen worden om te voldoen aan de commerciële verwachtingen. 
 
Onzekerheden rond bioSNG 
 
BioSNG conversietechnologieën worden op dit moment ontwikkeld en opgeschaald. 
De grootste operationele vergasser heeft een capacteit van slechts  8 MWth. Er zijn 
nog enkele uitdagingen voordat commerciële toepassing kan worden gerealiseerd, 
zoals de onzekerheid van het effect van het vochtgehalte van de biomassa op de 
efficiëntie en kosten van SNG productie. Een lager vochtgehalte zou de efficiëntie van 
de vergasser moeten verhogen, maar dit aspect is niet verder bestudeerd. Een balans 
moet worden gevonden tussen het extra drogen van de biomassa en een lagere 
vergassingsefficiëntie veroorzaakt door een hoger vochtgehalte van de brandstof. 
Onze resultaten laten zien dat het drogen van biomassa met restwarmte op de SNG 
productie installatie efficiënter is dan de biomassa eerder in de keten drogen. Echter, 
de technische haalbaarheid van deze optie is nog niet verkend. Een meer 
gedetailleerde massa- en energiebalans van zo’n geïntegreerde installatie dient te 
worden bepaald met verdere analyses. 
 
Beschikbaarheid van een infrastructuur voor het transporteren van het gas is een 
mogelijk beperkende factor van bioSNG productie, zeker in ontwikkelingslanden. De 
schaal van bioSNG productie op de korte termijn is te klein om een infrastructuur voor 
langafstands-transport exclusief voor bioSNG te bouwen. Daarom is het waarschijnlijk 
dat bioSNG transport beperkt blijft tot gebieden waar al een bestaande aardgas 
infrastructuur is. Transport van gas in de vorm van LNG blijft waarschijnlijk beperkt tot 
locaties met een LNG liquefactie terminal. Voor Brazilië hebben we aangenomen dat 
er een LNG installatie wordt gebouwd en de kosten daarvan zijn meegenomen in de 
bioSNG waardenketen, wat de kosten van LNG vergroot. Als er al een bestaande 
infrastructuur is zullen de kosten lager zijn – aangenomen dat de kosten verdeeld 
worden over meerdere gebruikers. 
 
Samenvattend: de succesvolle commercialisatie van bioSNG hangt af van de boven-
staande factoren, en het vergroten van de schaal van de conversie installatie speelt, 
net als bij torrefactie,  een cruciale rol. Daarentegen zijn, anders dan bij torrefactie, 
transport over lange afstand via LNG tankers en het bestaan van concurrerende 
afzetmarkten grotere uitdagingen voor bioSNG. Echter, een mondiale markt voor SNG 
bestaat al. 
 
III. Wat zijn de economische optimale configuraties van biomassa 

aanvoerketens voor de duurzame mobilisatie van biomassa voor de 
regionale en de internationale afzetmarkt? 
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Hoofdstuk 4 t/m 6 verkennen een aantal aanvoerketens en vergelijken de prestaties 
van deze ketens op basis van de kosten van de afgeleverde biomassa, energiebalans 
en broeikasgasemissies. Verschillende soorten biomassa worden meegenomen: 
Hoofdstuk 4 kijkt naar Eucalyptus- en vingergrasproductie op marginale en ‘geschikte’ 
grond in Mozambique terwijl Hoofdstuk 5 maïs- en graanreststromen in Zuid-Afrika 
onderzoekt. Hoofdstuk 6 vergelijkt Eucalyptus uit Brazilië met Populier uit Oekraïne. In 
de drie hoofdstukken vergelijken we de effecten van traditionele pellets en 
getorreficeerde pellets op de prestaties van de aanvoerketens. Hoofdstuk 4 
onderzoekt enkele eindconversie routes, namelijk XtL

84
 (BtL, TtL, CBtL, CTtL) en XtP 

(BtP, TtP, CBtP, CTtP), waarbij de eindconversie plaatsvindt in Mozambique of 
Nederland. Hoofdstuk 5 kijkt alleen naar het meestoken van biomassa met kolen 
(oftewel CBtP en CTtP) in Zuid-Afrika. In Hoofdstuk 6 kijken we naar de productie van 
bioSNG voor de transportsector in de vorm van gecomprimeerd aardgas (compressed 
natural gas: CNG) en de productie van SNG plaats vindt in Brazilië, Oekraïne of 
Nederland. 
 
Zoals besproken in Hoofdstuk 4 hebben bij de huidige condities getorreficeerde 
pellets, uit Mozambique en afgeleverd in Rotterdam, hogere kosten dan traditionele 
pellets. Op de lange termijn kunnen de kosten van TOPs dalen en convergeren met de 
kosten van WPs. Bovendien, dalen de productiekosten van brandstof uit TOPs onder 
die van WPs, zeker op de lange termijn, door verbeterde logistiek en lagere 
investeringskosten voor conversie technologieën. Scenario’s voor meestoken (CXtY) – 
gebaseerd op prairiegras van geschikte grond – zijn het meest concurrend op zowel de 
korte als de lange termijn. Productie van zowel FT-brandstoffen als elektriciteit is 
duurder in Mozambique dan in Rotterdam, maar op de Mozambikaanse markt is 
elektriciteitsproductie niet concurrerend door de lage elektriciteitsprijzen in Zuid-
Afrika. Voor Nederland geldt dat zowel FT-brandstof- als elektriciteitsproductie 
concurrerend is met hun fossiele equivalenten in West-Europa. XtL en XtP scenario’s 
resulteren in een besparing van broeikasgasemissies van meer dan 85% voor 
transportbrandstoffen en meer dan 90% voor elektriciteit. De FT-brandstoffen 
voldoen hiermee ruimschoots aan de minimale besparing op broeikasgasemissies 
gespecificeerd in de EU duurzame energie richtlijn. Vergeleken met pellets hebben de 
TOPs scenario’s 20% lagere broeikasgasemissies. De grootste reductie in de uitstoot 
van broeikasgassen worden gerealiseerd door TOPs geproduceerd van prairiegras 
geteeld op marginale gronden. 
 
Op dezelfde manier hebben voorbehandelde reststromen van gewassen (naar pellets 
of TOPs) in Zuid-Afrika lagere kosten bij aflevering dan strobalen. Onder de huidige 
condities heeft de aanvoerketen met traditionele pellets de laagste biomassa kosten 

                                                                 
84

 BtL-biomassa (pellets) naar vloeibare brandstof; TtL-TOPs naar vloeibare brandstof; CBtL- 
kolen/biomassa (pellets) naar vloeibare brandstof (meestoken); CTtL-kolen/TOPs naar vloeibare 
brandstoffen (meestoken); BtP-biomassa naar elektriciteit; TtP-TOPs naar elektriciteit; CBtP- 
kolen/biomassa naar elektriciteit (meestoken); CTtP-kolen/TOPs naar elektriciteit (meestoken). 
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gevolgd door de aanvoerketen met TOPs. Doordat de conversiekosten naar TOPs in de 
toekomst zullen dalen, is de verwachting dat de gemiddelde prijs voor het leveren van 
TOPs met ongeveer 20% zal dalen. Afgeleverde strobalen  hebben de hoogste kosten. 
Dit komt voornamelijk door de hogere logistieke kosten van de balen door  vanwege 
de lage bulkdichtheid. De productiekosten van elektriciteit opgewekt door middel van 
meegestookte biomassa in een bestaande kolencentrale, is een concurrerende manier 
om groene elektriciteit op te wekken (vergeleken met andere duurzame opties zoals 
wind, PV en zonnewarmte). De laagste productiekosten van elektriciteit wordt 
verkregen door het meestoken van pellets, gevolgd door het meestoken van TOPs. 
Wanneer de eindconversiekosten meegenomen worden, zijn belangrijke verschillen te 
zien in de broeikasgasemissies van de biomassa-scenario’s gerelateerd aan de tweede 
transportstap in de keten en de voorbehandelingsfase (pelletisering of torrefactie). 
Vergeleken met alleen kolen vermindert het meestoken van biomassa de uitstoot van 
broeikasgassen met meer dan 60%. Als kleinere hoeveelheden biomassa worden 
meegestookt kunnen korte aanvoerketens en minder voorbe-handeling resulteren in 
een nog grotere vermindering van de broeikasgasemissies. Bovendien zijn de 
bijbehorende mitigatiekosten laag (20-28 $/t CO2e). Pelletketens resulteren in de 
laagste produktiekosten voor transportbrandstoffn, alsmede de laagste broeikasgas 
mitigatiekosten. 
 
In Hoofdstuk 6 heeft bioSNG productie in Nederland van TOPs uit Brazilië marginaal 
lagere productiekosten dan op basis van houtpellets. Dit komt voornamelijk door de 
lagere kosten voor het transport over lange afstanden van de energierijke TOPs 
vergeleken met pellets. SNG productie van TOPs resulteert in de laagste broeikasga-
semissies. Vroege conversie van biomassa naar bioSNG in Brazilië en de bijbehorende 
verscheping naar Nederland als vloeibaar gas (LNG) is economisch gezien een minder 
aantrekkelijke optie. De slechtere economische prestaties van de ketens die biomassa 
vroeg omzetten naar bioSNG, wordt veroorzaakt door de extra kosten van het maken 
van de bioSNG, de relatief hoge kosten van het verschepen van LNG  en door het 
vergassen bij de importhaven. De vroege conversie van biomassa naar bioSNG in de 
Oekraïne en het bijbehorende transport per pijpleiding geeft echter de beste 
economische prestaties. Dit kan gedeeltelijk verklaard worden door de korte 
transportafstand tussen de Oekraïne en Nederland (2100 km) vergeleken met meer 
dan 7000 km vanaf Brazilië. Echter, de pellet en TOPs scenario’s vanuit Brazilië zijn 
ook aantrekkelijk, zeker wat betreft de broeikasgasemissiereductie. 
 
De analyses in Hoofdstuk 4 t/m 6 illustreren de vele mogelijkheden van biomassa 
conversie naar energie en aanvoerketens voor  verschillende afzetmarkten. Figuur 8-1 
laat de economische prestaties op de korte termijn zien van de geselecteerde ketens 
voor transportbrandstoffen die in dit proefschrift zijn onderzocht.  Rekening houdend 
met levering in Noordwest-Europa (waarbij de Rotterdamse haven een representatief 
punt vormt) is het duidelijk dat onder de huidige condities bioSNG geleverd kan 
worden voor lagere kosten dan FT-brandstoffen (hoewel  de spreiding in kosten  van 
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bioSNG veel groter is). Op de lange termijn kunnen de FT-kosten dalen naar ongeveer 
12 $/GJFT, wat ook de ondergrens is van grootschalige (GWth) bioSNG productie. 
 

 
 
*het land tussen haakjes geeft  de locatie van de conversie installatie weer. De eindconsumptie 

bevind zich in Nederland, met uitzondering van de eerste optie.   

Figure 8-1: Vergelijking van biobrandstofkosten van geselecteerde ketens ($/GJ 

biobrandstof) op de korte termijn, gebaseerd op Hoofdstuk 4 en 6. SNG kosten zijn 
inclusief de kosten van het leveren aan de pomp en de compressie naar CNG. 

Het covergassen van biomassa met kolen resulteert in de laagste productiekosten van 
FT-brandstoffen (15.6-17.4 $/GJFT), maar de broeikasgasprestatie (van de biomassa 
component) is vergelijkbaar met die van een BtL centrale. Bij een BtL fabriek zijn de 
brandstof-kosten het laagst bij  op pellets gebaseerde aanvoerketens,  (18.9-21.5 
$/GJFT) vergeleken met op TOPs gebaseerde ketens (20.3-22.3 $/GJFT). Voor bio-SNG is 
de aanvoerketen vanuit de Oekraïne economisch de meest gunstigste route (12.6-18.6 
$/GJCNG). De aan-voerketens gebaseerd op pellets, TOPs en LNG vanuit  Brazilië laten 
marginale verschillen zien. Bij een kleine schaal wordt de LNG keten minder 
aantrekkelijk. 
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Voor de Mozambikaanse markt zijn de BtL productiekosten (21-22.7 $/GJFT) hoger dan 
in Nederland (15.6-22.3 $/GJFT), maar deze kosten zijn nog steeds concurrerend met 
petro-leumbrandstoffen alsook eerste generatie biodiesel. Een  van de nadelen van de 
Moza-mbikaanse markt is echter de relatief hogere risico’s inherent aan grootschalige 
investeri-ngen in daardoor en de hogere kosten voor kapitaal. 
 
Figuur 8-2 vergelijkt de vermeden broeikasgasemissies van de geselecteerde ketens. 
Het is duidelijk dat alle onderzochte scenario’s de uitstoot van broeikasgassen met 
minimaal 60% verminderen, dit is de  drempel van minimale vermindering van 
broeikasgassen  in de EU duurzame energie richtlijn voor biobrandstoffen. 
Verschillende aanvoerketens halen een reductie van meer dan 80% (bv. FT-
brandstoffen in Nederland en bio-SNG van TOPs). Elektriciteitsopwekking uit biomassa 
behaalt in Nederland een besparing op broeikasgas-emissies van meer dan 90%. 
 

 

*voor Zuid-Afrika komt de hoge emissiefactor van elektriciteit van het landelijke netwerk terug 
in de hoge broeikasgasemissies in de voorbehandelingsfases en draagt daardoor bij aan de hoge 
algehele broeikasgasemissies voor de TOPs en pellet ketens 
Figure 8-2: Vergelijking van de besparing in emissies van de geselecteerde ketens ten aanzien 
van energie uit olie en kolen.  

Concluderend is de verwachting dat pellets op de korte termijn een belangrijke rol 
blijven spelen als vaste biomassa op de internationale markt,  en op ook kosteneffec-
tief gebruikt kan worden als grondstof  voor de productie van biobrandstoffen. In de 
nabije toekomst kunnen ‘getorrificeerde pellets’; de dominante en geprefereerde 
producten worden op de internationale market, zodra de technologie commercieel 
beschikbaar is. Dit kan leiden tot verbeteringen in de prestaties van biobrandstof 
productieketens, zowel qua kosten als broeikasgasbalans. Op de korte termijn is het 
kosteneffectiever om voorbehandelde biomassa te verschepen van de verschillende 
regio’s waar biomassa goedkoop voorradig is naar de belangrijkste afzetmarkten voor 
de grootschalige eindconversie. Vroege conversie in de aanvoerketen naar secundaire 
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energiedragers is alleen kosteneffectief indien de infrastructuur voor goedkoop 
transport naar de afzetmarkten al bestaat. In het algemeen is de productie van FT-
brandstoffen in stand-alone biobrandstof conversiecapaciteit aantrekkelijk, zowel qua  
concurrentie met fossiele brandstoffen en eerste generatie bio-brandstoffen als qua 
vermindering van broeikasgasemissies. Voor elektriciteitsproductie is, vergeleken met 
andere duurzame opwekkingstechnologieën, het meestoken van biomassa bij kolen-
centrales de meest economische route voor het opwekken van ‘duur-zame’ elektrici-
teit. 

8.6 Aanbevelingen 
 
Het gepresenteerde, en ook de resultaten van andere studies (bv. Smeets et al. [9], 
Hoogwijk et al. [11], Van der Hilst et al. [28], Okello et al. [34]), laat zien dat meerdere 
regio’s, vooral ook in ontwikkelingslanden, een groot potentieel hebben voor de 
productie van duurzame biomassa tegen lage kosten (geschikt voor 2

e
 generatie 

biobrandstof-productie). De biobrandstof die hieruit geproduceerd kan worden voor 
verschillende afzetmarkten, kunnen onder de juiste condities concurrend met fossiele 
brandstoffen worden. Echter, om deze veelbelovende technoeconomische routes te 
realiseren moeten enkele belangrijke voorwaardes worden geadresseerd: ontwikk-
eling van infrastructurele capaciteit, goede planning, capaciteitsopbouw in de regio, 
ontwikkelen en implementatie van duurzaamheidskaders, certificering en goed mana-
gement van landgebruik. 
 
Investeringen 
 

 Infrastructuur: Om de grootschalige productie van duurzame elektriciteit en 
brandstoffen uit biomassa mogelijk te maken, wordt is mobilisatie van grote 
hoeveel-heden biomassa cruciaal. Om de biomassa concurrerend af te leveren bij 
de afzetmarkten,  vereist dit een goed georganiseerde logistiek en infrastructuur. 
Slecht ontwikkelde infrastructuur in rurale gebieden in ontwikkelingslanden 
vormt een barriere bij het organiseren van biomassa aanvoer. Aan de ene kant 
betekenen de potentieel grote biomassa volumes een aanzienlijke kans voor 
logistieke bedrijven en transporteurs, maar het kan ook een enorme druk  
veroorzaken op de infrastructuur, zeker in landelijke gebieden. Indien slecht 
georganiseerd kan het extra verkeer landelijke wegen te zwaar belasten. Maar 
een toenemende vraag naar biomassa kan ook een sterke stimulans zijn om de 
transportinfrastructuur te verbeteren. Dat kan op zijn beurt leiden tot agrarische 
en economische ontwikkeling en tegelijkertijd promotie van hernieuwbare 
energie. Echter, omdat biomassa een relatief lage marktwaarde heeft is het beter 
zijn om ontwikkelinge van bio-energie te integreren in een bredere regionale of 
nationale ontwikkelings-agenda.  Om de haalbaarheid van dergelijke strategieën 
voor ontwikkeling van biomassa en bioenergie te vergroten, is het wenselijk om 
de ontwikkeling van bio-energie te combineren met overkoepelende strategieën 
voor landgebruiksbeheer, inclusief voedselproductie, water management en 
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regionale infrastructurele ontwikkeling. Het opbouwen van grote volumes 
biomassa en het opzetten van degelijke infrastructuur in ontwikkelingsregio’s, 
kost tijd. Deze implementatie is regio-specifiek en omvat verschillende beleidst-
erreinen en is daardoor complex. Meer onderzoek naar deze aspecten is gewenst. 
 

 Bedrijfsmodellen: Bio-energie ketens leveren veel investeringskansen op in 
biomassa productie, voorbehandeling, transport en logistiek, alsmede eind-
conversie en distributie. Echter, de complexiteit en uitdagingen vergeleken met 
andere duurzame technologieën zijn aanzienlijk, omdat de mobilisatie van 
biomassa meerdere sectoren omvat en beleidsterreinen die landbouw, energie, 
transport en infrastructuur combineren, die op hun beurt weer deel zijn van de 
organisatie van handel en industrie. Het realiseren van investeringen is daardoor 
moeilijker omdat de sector te boek staat als riskant en onzeker. Daarom is het 
belangrijk om aantrekkelijke bedrijfsmodellen te ontwikkelen en te onderzoeken 
hoe deze modellen geïmplementeerd kunnen worden. Bovendien is het ook 
belangrijk om de condities en beleidsmaatregelen te identificeren die de groei 
van biomassaproductie kunnen promoten en de bijbehorende bedrijfsmodellen 
kunnen leveren.  
 

 Technologie (Demonstratie en implemenatie): Tweede generatie bioenergietech-
nologieën representeren een industrie met tot zover zeer beperkte commerciële 
produktie. Dit geldt ook voor voorbehandelingstechnologieën zoals torrefactie. 
Alhoewel onze analyse laat zien dat het technisch mogelijk is om 2

e
 generatie bio-

energie installaties te implementeren  in ontwikkelingslanden, is het onwaarsch-
ijnlijk dat deregelijke nieuwe installaties op korte termijn in ontwikkelingslanden 
gerealiseerd worden. Gegeven de huidige technische en economische risico’s 
gecombineerd met de hoge investeringskosten is het waarschijnlijker dat de 
meeste 2

e
 generatie installaties op korte termijn gebouwd zullen worden in 

geïndustrialiseerde landen. Wanneer de technologie voldoende ontwikkeld is, kan 
die ook toegepast worden in andere regio’s. Een voorbeeld zijn de eerste 
generatie bio-ethanol productie installaties die nu gebouwd gaan worden in 
enkele ontwikkelingslanden (zoals Mozambique) volgend op de succesvolle 
implementatie van deze technologie in andere regio’s. Ontwikkelingslanden 
(buiten Brazilië, Zuid-Afrika en andere opkomende economieën) leunen vaak op 
externe financiering voor de implementatie van grootschalige infrastructurele 
projecten en dit is ook van toepassing op  biomassa conversie installaties. Als 
strategie kunnen ontwikkelingslanden beginnen met het ontwikkelen van hun 
biomassa productiecapaciteit en ervaring opdoen met het leveren aan de 
mondiale bio-energiemarkt. Het is echter belangrijk dat ontwikkelingslanden zich 
niet alleen vastleggen op het produceren van de grondstoffen, maar dat 
uiteindelijk ook waardevermeerdering kan worden gerealiseerd in de geheleprod-
uctieketen. 
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Wetenschap en data 
 

 Wetenschappelijk onderzoek: Door gebrek aan capaciteit en middelen zijn ontw-
ikkelingslanden niet goed bestudeerd. Een voorbeeld zijn de landgebruiksdata in 
ontwikkelingslanden, die regelmatig niet beschikbaar zijn met gedetailleerd 
ruimtelijk detail-niveau ten aanzien van beperkingen in bodemgeschiktheid, 
biodiversiteit op verarmde en marginale gronden, en het gebruik van 
weidegronden. Het huidig gebruik van deze gronden is slecht beschreven, 
combinaties van aspecten en de plannen en regels van de overheid.  Om de 
omvang van de hoeveelheid biomassa die in ontwikkelingslanden te mobiliseren 
zijn goed te begrijpen, en die nauwkeurig in kaart te kunnen brengen, zijn meer  
gedetailleerde lokale en regionale studies nodig. In dergelijke analyses worden 
ruimtelijk expliciete datasets zowel toegepast als verder ontwikkeld. Daarnaast is 
er een noodzaak om de modelresultaten te verifiëren door middel van lokaal 
veldwerk.  
 

 Capaciteitsopbouw: Voor de opbouw van kennis en capaciteit voor planning en 
implementatie van duurzame biomassaproductie en bio-energie waardeketens in 
ontwikkelingslanden, is het nodig om de kloof tussen wetenschappelijke kennis, 
bewustwording, lokale capaciteit en samenwerking bij onderzoek en ontwikkeling 
te dichten. Capaciteitsopbouw is nodig op het gebied van landgebruiksanalyses, 
duurzaamheidscriteria met betrekking tot specifieke lokale omstandigheden, 
beleid en bestuur op het gebied van land rechten en zonering,  infrastruur en 
financieringsvereisten. 

 
Duurzaamheid 
 

 Sociaaleconomische afwegingen: Onze analyse laat zien dat grootschalige 
productie-systemen biobrandstof kunnen leveren met lage kosten en dat 
kleinschalige systemen leiden tot hogere kosten. Als onderdeel van duurzaam-
heidscriteria (hieronder besproken), zijn kleinschalige producenten vaak 
opgenomen in de waardeketen omdat rurale ontwikkeling en het genereren van 
inkomen tot de belangrijkste voordelen van duurzame biobrandstofproductie 
wordt gerekend. Echter, grooschalige en gemechaniseerde prouductie is er een 
risico dat deze kleinere producenten zowel hun land als hun inkomen verliezen, 
wat als zeer ongewenst wordt gezien. Als bestuur en certificering systemen 
effectief geïmplementeerd worden, zouden kleinschalige producenten in 
vergelijking veel meer voor het certificeren van hun biomassa moeten betalen, dit 
zou hun productie kosten verhogen en heeft invloed op de haalbaarheid. Een 
mogelijke oplossing is groepscertificering. De uitdaging in veel ontwikkelings-
landen is om de  kleinschalige producenten te betrekken bij de biomassa-
productie zonder de voordelen van grootschalige productie te verliezen. 
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 Duurzaamheidscriteria en certificering van biomassa: om de productie van 
duurzame biomassa in verschillende regio’s in de wereld te faciliteren, alsmede 
internationale handel, is de implementatie nodig van duurzaamheidskaders en 
criteria, certificering en goed bestuur. Door slechte beperkt toezicht, gebrekkige 
regelgeving en institutionele capaciteit en corruptie, bestaat het risico dat niet-
duurzame biomassa projecten ontwikkeld worden in ontwikkelingslanden. 
Daarom is het noodzakelijk dat mondiaal geaccepteerde duurzaamheids criteria 
en certificerings systemen verder ontwikkeld worden en effectief gemonitord 
worden. Slaagt dit, dan liggen er grote mogelijkheden voor sociaal economische 
ontwikkeling, investeringen en implementatie van ‘’best practices’’ voor de 
landbouwsector als geheel. 
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