
MULTI-FUNCTIONAL BIOMASS SYSTEMS 
 
 

Multifunctionele biomassasystemen 
(met een samenvatting in het Nederlands) 

 
 

Multifunktionale Biomassesysteme 
(mit einer Zusammenfassung auf Deutsch) 

 

 

 

 

 

 

 

 

 

 

PROEFSCHRIFT 
 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR AAN DE UNIVERSITEIT UTRECHT 
OP GEZAG VAN DE RECTOR MAGNIFICUS, PROF. DR. W.H. GISPEN 

INGEVOLGE HET BESLUIT VAN HET COLLEGE VOOR PROMOTIES 
IN HET OPENBAAR TE VERDEDIGEN  

OP WOENSDAG 1 DECEMBER 2004 DES MIDDAGS OM 12.45 UUR 
 
 

door 
 
 

Veronika Dornburg 
 

geboren op 21 december 1971 te Wülfrath (Duitsland) 



  

Promoter:  Prof. Dr. W.C. Turkenburg 
Department of Science, Technology and Society, Faculty of Chemistry, Utrecht University  
 
Co-promoter:  Dr. A.P.C. Faaij 
Department of Science, Technology and Society, Faculty of Chemistry, Utrecht University  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This thesis is part of the research programme ‘BioPush’ sponsored by NWO (Netherlands 
Organisation for Scientific Research) and SenterNovem (The Netherlands Agency for 
Energy and the Environment). The research was executed at the Department of Science, 
Technology and Society and the Copernicus Institute for Sustainable Development and 
Innovation of Utrecht University.  
 
 
 
Multifunctional biomass systems/Veronika Dornburg—Utrecht: Universiteit Utrecht, 
Faculteit Scheikunde, Proefschrift Universiteit Utrecht. Met literatuuropgave. — 
Met en samenvatting in het Nederlands. Mit einer Zusammenfassung auf Deutsch. 
 
 
ISBN: 90-393-3854-X 
 



 

Кто сказал, что Зeмля не умeрлa? 
Нet, oна затaйлаcь вpeмя! 

(Владимир Высоцкий) 
 

Who said that the earth has died? 
No, it holds its breath for a while! 

(Vladimir Vysotsky) 

 
 



 
 



5 

Contents 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 1: Introduction 9 
1 Biomass and greenhouse gas mitigation 9 
2 Multi-functional biomass systems 12 

2.1 Multiple use of resources 13 
2.2 Multi-product use and cascading 14 
2.3 Multi-functional biomass systems 14 

3 Efficiency of biomass systems 16 
3.1 Savings of non-renewable energy consumption 17 
3.2 GHG emission reductions 17 
3.3 Agricultural land use 19 
3.4 Costs of biomass systems 20 
3.5 Efficiency of multi-functional biomass systems 21 

4 Objective and scope of this thesis 21 
 

CHAPTER 2:  Economic and greenhouse gas emission analysis of bioenergy production  
 using multi-product crops – Case studies for the Netherlands and Poland 25 

1 Introduction 26 
2 Approach 29 

2.1 Multi-product crop systems 29 
2.2 Calculation method 30 

3 Input data 31 
3.1 Yield, costs, energy demand and GHG emissions of crop production 32 
3.2 Prices and GHG substitution factors of biomass material 35 
3.3 GHG substitution factors of biomass energy 37 

4 Performance of multi-product systems 38 
4.1 Net annual GHG emission reductions per ha 38 
4.2 Primary biomass fuel costs 40 
4.3 Variation of crop production objective 43 
4.4 Monte-Carlo analysis 45 

5 Discussion 49 
6 Summary and conclusions 50 
 



 6 

CHAPTER 3:  Cost and CO2-emission reduction of biomass cascading -  
 Methodological aspects and case study of SRF poplar 53 

1 Introduction 54 
2 Methodology 56 

2.1 System boundaries of biomass and reference system 56 
2.2 Land use 58 
2.3 Time dimension 59 
2.4 Definition of functional units 62 
2.5 Calculation method 62 

3 Cascading chains of short rotation poplar 63 
3.1 Applications 63 
3.2 Cascading chains 64 
3.3 Input data 65 

4 Results 67 
4.1 Base case results 67 
4.2 Sensitivity analysis 70 

5 Discussion and conclusions 74 
5.1 Potential benefits of cascading 75 
5.2 Quantitative results of the case study 76 
5.3 Bottom-up analysis 76 
5.4 Methodological framework 77 
5.5 Further research 77 

Appendix 1: Application of short rotation poplar 79 
A 1.1  Overview and selection 79 
A 1.2  Recycling 82 

Appendix 2: Input data 84 
 

CHAPTER 4:  Comparing the land requirements, energy savings, and greenhouse gas  
 emissions reduction of bio-based polymers and bioenergy -  
 An analysis and system extension of life-cycle assessment studies 87 

1 Introduction 88 
2 LCA studies of bio-based polymers 90 

2.1 Non-renewable energy savings and GHG emission reduction 91 
2.2 Inclusion of land demand and agricultural residues 91 

3 Methodology 94 
3.1 Energy savings and GHG emission reduction without utilisation of residues 94 
3.2 Energy savings and GHG emission reduction by utilisation of residues 96 
3.3 Comparison with bioenergy 97 

4 Agricultural production and energy use of agricultural residues 98 
5 Results 101 

5.1 Energy savings and GHG emission reduction per hectare 101 
5.2 Comparison of bio-based polymers and bioenergy only 104 

6 Sensitivity analysis 106 
7 Discussion 109 

7.1 Methodological differences between the LCA studies 109 
7.2 Removal of agricultural residues 109 
7.3 Technological development 111 
7.4 Secondary savings 111 

8 Conclusions 112 
 



 7

CHAPTER 5:  Economics and GHG emission reduction of a PLA bio-refinery system – 
 Combining bottom-up analysis with price elasticity effects 115 

1 Introduction 116 
2 Methodology 120 

2.1 Chain analysis 120 
2.2 Market analysis 122 

3 PLA bio-refinery system 125 
3.1 Biomass production 125 
3.2 Bioenergy 127 
3.3 PLA production 128 
3.4 Substitution of reference products 130 
3.5 Recycling and waste treatment 132 
3.6 Transport 134 
3.7 Demand curves 135 

4 Results 136 
4.1 Performance of the PLA bio-refinery system 136 
4.2 Costs in relation to scale 141 

5 Discussion 143 
6 Conclusions 145 

 

CHAPTER 6: Estimating GHG emission mitigation supply curves of  
large-scale biomass use on a country level 147 

1 Introduction 148 
2 Method 150 

2.1 Biomass supply curve I 152 
2.2 Biomass supply curve II 154 
2.3 GHG emission mitigation cost curve I 155 
2.4 GHG emission mitigation cost curve II 157 

3 Input data 159 
3.1 Biomass supply and land markets 159 
3.2 Biomass applications and their markets 162 

4 Results 167 
4.1 Biomass supply curves 167 
4.2 GHG emission mitigation cost curves 168 
4.3 GHG emission mitigation supply curves  169 
4.4 Comparison of scenarios 172 
4.5 Sensitivity analysis 173 

5 Discussion 175 
6 Conclusions 177 
 

Summary and conclusions 179 
Sammenvatting en conclusies 186 
Zusammenfassung und Schlussfolgerungen 194 
References  203 
Dankwoord  215 
Curriculum Vitae 216 



 



 

  9 

CHAPTER 1: 
 

Introduction 
 
 
 
 
 

1 Biomass and greenhouse gas mitigation 

In order to achieve sustainable development, many socio-economic and environmental is-
sues of energy and material demand and supply still need to be solved (Goldemberg et al., 
2000). Human-induced climate change is one of the most serious environmental concerns. 
Its negative long-term effects on human society and ecosystems are potentially large 
(IPCC, 2001c). Climate change can be the result of an increase of the greenhouse effect due 
to anthropogenic greenhouse gas (GHG) emissions (IPCC, 2001a). To limit the rate and 
level of climate change, a number of countries have formulated governmental policies to 
reduce these emissions. In the Kyoto Protocol of the Conference of Parties to the United 
Nations Framework Convention on Climate Change, quantitative objectives of greenhouse 
gas emissions reduction are specified. In this context, the European Union committed itself 
to an 8% reduction of 1990 greenhouse gas emissions in the period 2008 to 2012 (UNFCC, 
1997)1. 
 
Mitigation of greenhouse gas emissions can be achieved by various options, i.e. increase of 
energy efficiency, increase of material efficiency, low carbon energy supplies, CO2 capture 
and storage and enhanced carbon sequestration. Biomass can play a role in the mitigation 
process as well as in addressing other environmental, social and economic aspects of sus-
tainable development2 (Turkenburg et al., 2000). Biomass can be a substitute for conven-
tional materials and can supply solid, liquid and gaseous fuels. Thus, biomass can lower 
the net CO2 emissions of energy and material supplies (Johansson, 2000; IPCC, 2001b). In 
addition, biomass plantations can achieve net sequestration of carbon in plants and soils 
depending on the former use of the land. 
                                                 
1 Greenhouse gas emissions in 1990 in the European Union were 4.2*109 Mg CO2 equivalent (UNFCC, 1997). 
2 For example, the production of biomass may improve access to modern energy carriers, create employment in rural 
areas, contribute to a more sustainable agriculture, reduce dependency on imported fuels and exploit new material 
markets. 
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Many uses of biomass for materials and energy are possible. Main uses for material are 
chemical products, pulp and paper and construction materials. Main uses for energy are 
the production of heat, electricity and transportation fuels. Figure 1.1 gives an overview of 
principal uses of biomass crops for energy and material purposes. 
 

oilseed crops sugar crops
herbaceous, e.g.: woody, e.g.: e.g.: e.g.:

- miscanthus - poplar - sunflower - sugar beet

- reed - willow -  rape - sugar cane

- switchgrass - black locust

- hemp - spruce

combustion gasification pyrolysis digestion fermentation pulping cutting extraction chemical

compacting synthesis

heat, electricity chemicals paper constructionliquid or gaseous fuels

energy uses material uses

bio-chem. conversion physical-chemical conversionthermo-chemical conversion

- maize

- wheat

- potato

e.g.:

lignocellulosic crops starch crops

heat

syngas
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methanol /H2

oil

ethanol

biogas waste liquor

intermediates

methanol

pulp

lubricants

polymers, surfactants
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timber, boards fibres, etc
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Figure 1.1: Principal uses of biomass for energy and material 
 
In the scientific literature, the total global potential of biomass energy and material sup-
plies is estimated to range between 80 to 1250 EJ/year in the long term (Hoogwijk et al., 
2003), while the global primary energy consumption in the year 2001 was about 420 EJ/yr. 
(IEA, 2003a; IEA, 2003b). However, most studies expect a contribution of 50-200 EJ from 
biomass energy in 2050 with the largest part from dedicated energy crops and limited 
contributions from biomass residues (Berndes et al., 2003). Assuming that the global bio-
mass potential of 50-200 EJ substitutes present primary energy supplies, GHG emission 
reductions of about 3*109 to 12*109 Mg CO2/year could result (IEA, 2002c). For bio-mate-
rials the potential GHG emission reduction that can be achieved is more difficult to esti-
mate, because various materials can be substituted. For example, Gielen et al. (2000) esti-
mate that the technical potential of GHG emission reduction by bio-material use could be 
about 0.5*109 Mg CO2eq/year in Western Europe in 2030.  
 
The potential amount of agricultural and forestry residues—available at low costs without 
an additional demand for land—is limited and estimated to be 30-90 EJ globally (Hoog-
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wijk et al., 2004a). Therefore, dedicated energy and industrial crops also have to be used if 
biomass is to contribute substantially to the mitigation of greenhouse gas emissions. Cur-
rently, most alternatives for energy and material production from fossil fuels or the use of 
mineral resources are cheaper than energy or materials from dedicated crops, partly be-
cause agricultural land resource may be scarce and/or expensive. In scientific literature 
production costs of woody biomass range from 0.5 to 17.7 US$/GJ worldwide. In Europe 
this figure ranges from 2.5 to 16.4 US$/GJ (Hoogwijk et al., 2004b), while coal prices in 
Europe are at present about 2 US$/GJ (IEA, 2003c). (The potential of woody biomass pro-
duction in Europe is estimated at 17-25 EJ (Johansson and Turkenburg, 2004).) 
 
With regard to costs, the mitigation of GHG emissions by means of biomass use has to 
compete with other mitigation options. According to the IPCC, costs of selected GHG 
emissions reduction options are at present in a range of –110 to +60 US$/Mg CO2eq3, with 
GHG emission reduction costs of biomass substituting coal and gas ranging from –10 to 
+50 US$/Mg CO2eq (IPCC, 2001b). However, most biomass uses from dedicated energy 
crops may at present be more expensive. For example, related to modern bio-fuels, Hame-
linck (2004) estimates these costs to be in the range of 20 to 170 US$/Mg CO2. Gielen et al. 
(2000) argue that most biomass material and energy uses will result in GHG emission re-
duction costs of above 50 US$/Mg CO2eq. Consequently, to implement biomass for GHG 
emission mitigation on a large scale, GHG emission mitigation costs of many biomass 
material and energy options need to be reduced.  
 
The availability of land for the production of biomass energy and materials is limited due 
to the competition with food production and the use of land for other purposes and func-
tions (Hoogwijk et al., 2003). Consequently, several authors have indicated that an in-
creasing demand for biomass for energy and material use will increase the market prices 
of agricultural land and subsequently the market prices of food, bioenergy and bio-mate-
rials; see e.g. Green (2000), Hoogwijk et al. (2004b) and Azar and Berndes (1999). This rela-
tion between demands, market prices and the amount of biomass supplied for food, mate-
rials and energy has been studied by e.g. De La Torre Ugarte et al. (2003), Gielen et al. 
(2000), Gielen et al. (2003) and Yamamoto et al. (2001)4 and should be taken into account 
when analysing costs of biomass utilisation strategies. 

                                                 
3 These GHG emission reduction options are divided in the following categories: Buildings and appliances (-110 to 10 
US$/Mg CO2eq), transport, i.e. automobile efficiency improvements (-60 to 60 US$/Mg CO2eq), manufacturing (-70 to 
60 US$/Mg CO2eq), agriculture (-20 to 60 US$/Mg CO2eq), wastes (-10 to 10 US$/Mg CO2eq) and energy supply (-10 to 
60 US$/Mg CO2eq). 
4 De La Torre Ugarte et al. (2003) investigated the available land for energy crops in the U.S. depending on their market 
price using an agricultural policy model that includes demands and supplies in the agricultural sector. Gielen et al. 
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Currently, a modest amount of biomass is used for material and (non-traditional) energy 
supply in industrialised countries and most biomass used for energy are residues. In the 
European Union (EU-15) only about 2.5% of gross inland energy consumption or 1.5 EJ 
were derived from biomass in the year 2000 (Johansson and Turkenburg, 2004). On the 
material side biomass is used mainly for traditional application as pulp & paper, sawn 
wood and particleboard. In total wood products and pulp and paper accounted for about 
25% of bulk material5 production in the European Union in 1999, which is about 4 EJ. In 
contrast, advanced bio-materials are at present used to a much lesser degree. For example, 
bio-based plastics had a market share of below 0.1% (below about 3 PJ) in the European 
Union in 1998 (ECCP, 2001). 
 
In conclusion, the availability of agricultural and forestry residues is limited, while the 
technical potentials for biomass production are quite high (Hoogwijk et al., 2004a). Focus-
sing on Europe, one of the main reasons for the low share of biomass applications from 
dedicated crops are the often-high production costs due a.o. the relative low availability of 
agricultural land. Therefore, more competitive routes for the introduction of biomass are 
needed in the short to medium term.  
 
 

2 Multi-functional biomass systems 

Multi-functional biomass systems may contribute substantially to a more efficient use of 
biomass resources and agricultural land, resulting in low mitigation costs of greenhouse 
gas emissions. Therefore, in this thesis two concepts of multi-functional biomass sys-
tems—multi-product use and cascading—are investigated. In this section, the basic princi-
ple of multi-functional biomass systems, namely the multiple-use of resources, is dis-
cussed and the concepts of multi-product use and cascading are defined. Also, an over-
view of possible multi-functional biomass systems is given.  
 

                                                                                                                                                                  
(2000) modelled the future use of biomass for energy and materials in Western Europe depending on the market price of 
GHG emissions. The authors use a linear optimisation model, which calculates optimal technological choices (e.g. kind 
of biomass production) given an exogenous demand of products. Yamamoto et al. (2001) estimated the global potential 
supply of bioenergy depending on the demand for material and food using a land use model that simulates competitions 
between the various uses. Finally, Gielen et al. (2003) analysed different biomass policies for CO2 emission reduction 
considering global demands for materials, energy and food modelling the competing land uses maximising con-
sumer/producer surplus in an ideal market. 
5 Round wood, plastics, crude steel, aluminium, glass, paper & board, cement and bricks & tiles (Phylipsen et al., 2002; 
UN/ECE and FAO, 2001). 
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2.1 Multiple use of resources 

Within the concept of multiple land use, land generates more than one type of product or 
service like the production of food, fodder, energy and materials, the protection of the soil, 
wastewater treatment, recreation, or nature protection; see e.g. (Börjesson, 1999; Londo, 
2002; Lewandowski et al., 2003) In this thesis, however, we concentrate on multiple use of 
biomass resources. Hence, we exclude multiple land use from the analysis. 
 
The multiple use of biomass resources can be achieved in several ways. First, different 
parts of a crop may each be used for a specific purpose. Second, processing of biomass 
may lead to various product and by-products. Finally, biomass may be used to produce 
materials and energy in succession, i.e. the recycling and cascading approach.  
 
In scientific literature, the potential of using each part of a biomass resource for a specific 
purpose, thus increasing efficiency of biomass utilisation mainly with regard to costs, has 
often been discussed; see e.g. (DTO, 1997; Benjamin and Weenen, 2000).  
 
Producing several products and by-products from biomass is also an often-examined con-
cept. Wright and Cushman (1997) stress the importance of increasing the use of by-prod-
ucts, and Williams et al. (1995) and Turkenburg et al. (2000) discuss the co-production of 
fuels, heat and electricity. Another concept of multiple biomass resource use is the bio-
refinery; see e.g. (Scott et al., 1997; Benjamin and Weenen, 2000; Elliot, 2004; Paster et al., 
2003; Realff, 2003). A bio-refinery is an analogy to a petrochemical refinery where crude oil 
is completely reverted into many different value-added products maximising the eco-
nomic benefits. In a bio-refinery, the biomass resource is converted into bio-materials and/ 
or energy carriers. Often a main product of bio-refinery is a bulk chemical.  
 
Increasing the efficiency of biomass utilisation by recycling of bio-materials and waste-to-
energy conversion is discussed by several studies; see e.g. (Goverse et al., 2000; Fraanje, 
1997; Boogardt, 2000). However, in these studies the cascading of wood products is inves-
tigated mostly in a qualitative way. 
 
Hence, in scientific literature, the multiple use of biomass resources is seen as an impor-
tant possibility to increase the efficient use of biomass for materials and energy, and re-
duces the costs of biomass options to mitigate GHG emissions. Nevertheless, only very 
few studies have investigated the potential of multi-functional biomass systems in a 
quantitative way. 
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2.2 Multi-product use and cascading 

The principles of multiple biomass resource use can be summarised under the terms 
‘multi-product use’ and ‘cascading’. Multi-product use is defined as using biomass for differ-
ent applications. Cascading is the subsequent use of biomass for a number of applications. 
In other words, biomass is used first for a material application; next, it may be recycled for 
several further material applications; and finally, energy is recovered from the bio-
material waste.  
 
In this thesis, multi-functional biomass systems are systems that combine in principle bio-
material use(s) and bioenergy use(s). Figure 1.2 gives an overview of such a multi-func-
tional biomass system. 
 

 

→ Electricity
→ Heat 
→ Fuels 

Energy useMaterial use 

→ Construction 
→ Food/fodder 
→ Chemicals 
→ Pulp and paper 
→ Other  

Both uses from one crop:
multi-product use 

Land use – production of biomass

→ Wood (short/long term rotation)
→ Perennial herbaceous crops (e.g. miscanthus)
→ Other crops (oilseed, sugar, starch) 

Waste-to-energy
 
 

+ 
     Recycling: 

       cascading

 

Figure 1.2: Schematic overview of multi-functional biomass systems  
 

2.3 Multi-functional biomass systems 

As many different biomass crops, bio-material applications and bioenergy conversion 
steps exist, obviously, a very large number of multi-functional biomass systems are pos-
sible. The main application of the biomass resource characterises the feasibility of a multi-
functional biomass system. In the case of material production, the application determines 
the selection of crops, the availability of agricultural residues, the supply of by-products, 
potential recycling steps and waste-to-energy conversions. 
 
The bio-material application in a multi-functional biomass system should at least offer a 
good possibility for multi-product use or cascading. In the case of multi-product use, this 



 

  

Table 1.1: Selected biomass material applications and their suitability for multi-functional biomass systems  
Application Biomass 

resource 
Main 

substitution 
By-products 
and residues 

Cascading Market 
pricea 

 

Market 
volumeb 

Spec. CO2 
emission 
reduction 

Profi-
tabi-
lity 

Add. 
market 
volume 

Remarks 

Pulp and paper          
Pulp and 
paper 

Ligno-cellu-
lose fibres 

Pulp from 
forestry  

Lignin, bark, 
twigs 

Waste 
paper  

430-440 
US$2002/Mg 

34*106 Mg2002  

(0.1 EJ) 
--/- +  -/0 Well established, low 

additional potential 
Chemicals           

Ethylene Sugar, ligno-
cellulose 

Petrochem. 
ethylene 

Agric. residues, 
fodder, lignin 

Inter-
mediate  

550-620 
US$2001/Mg 

20*106 Mg2002  

(1.0 EJ) 
+/++ -/+ ++ Better if ligno-cellu-

lose route developed 
Bio-based 
polymers 

Sugar/starch 
ligno-cellu-

lose 

Petrochem. 
polymers 

Agric. residues, 
fodder, lignin 

Polymer 
recycling 

770-1540 
US$2002/Mg 

34*106 Mg2002 

 (1.3 EJ) 
0/+ -/+ 0/++ Better if lingo-cellu-

lose route developed 

Fibre 
reinforced 
composites 

Ligno-cellu-
lose fibre 

Glass fibre 
composites 

Agric. residues None 3180-6360 
US$2001/Mg 

2*106 Mg2002  

(≈ 0 EJ) 
   -/0 +/++ -/0 Possible profitable, 

but only small market 
volume 

Lactic, levu-
linic, succi-
nic acid  

Sugar/starch Various 
petrochemi-

cals 

Agric. residues, 
food 

Inter-
mediate 

See ethylene See ethylene -/+ -/+ 0/+ Shift of chemical 
products necessary  

Solvents Vegetable oil Petrochem. 
solvents 

Agric. residues, 
fodder 

Re-use 300-2000 
US$2001/Mg 

4*106 Mg1999  

(0.2 EJ) 
-/++ 0 -/0 Small market 

Lubricants Vegetable oil Petrochem. 
lubricants 

Agric. residues, 
fodder 

Re-use ≈3000 
US$1998/Mg 

5*106 Mg1999 

 (0.2 EJ) 
+/++ 0 -/0 Small market 

Construction materials          
Sawn timber Wood Construction 

material 
Small wood 

pieces 
Wood 

products 
190-210 

US$2002/m3 
80*106 m32002  

(0.8 EJ) 
+/++ 0/+ 0/+ High requirements 

wood properties 
Engineered 
wood prod. 

Wood Construction 
material 

Small wood 
pieces 

Sawn 
wood 

≈420 
€2003/m3 

1*106 Mg2002  

(0.0 EJ) 
+/++ 0/+ 0/+ High requirements 

wood properties 
Insulation  Ligno-cellu-

lose fibres 
Mineral 

insulation  
Agricultural 

residues 
Re-use 
fibres 

40-50 
ECU1995/Mg 

52*106 Mg1992 

(0 EJ) 
+/++ 0 0/+ Recycling feasibility 

largely unknown 
Fibre, par-
ticle board  

Ligno-cellu-
lose fibres 

Board 
materials 

Bark, twigs, 
agric. residues 

Re-use 
fibres, part. 

190-320 
US$2002/m3 

40*106 m32002  

(0.4 EJ) 
0 0/+ 0 Good cascading 

possibilities 
--: not suited, -: poorly suited, 0: medium suited, +: well suited, ++: very well suited  
a Values in this column are current market prices of wood products and non-biomass reference materials:  pulp (FAO, 2004); ethylene (Anonymous, 2001) ; bulk plastics 
(Leaversuch, 2002), bulk fibre reinforced composites (DiGITIP, 2002);  range solvents (Klass, 1998);  synthetic lubricants (Technical Insights, 1999); sawn timber (FAO, 
2004); engineered wood products (Finnforest, 2003); insulation material (EU, 1997);  particle and fibreboard (FAO, 2004).  
b Market volumes are in the case of wood products the currently produced amounts and in other cases the amounts of fossil or mineral alternative products in Western 
Europe. Thus, no estimation of future bio-based market potentials has been made, here. The potential in EJ is based on the heating value of the products.  Market volumes: 
pulp (FAO, 2004); ethylene (CEFIC, 2003); plastics (APME, 2003); fibre reinforced composites (DiGITIP, 2002) – heating value of only glass fibres, partly also carbon fibres 
are used; solvents (ECCP, 2001); lubricants (ECCP, 2001); sawn timber (FAO, 2004) – for comparison density of wood and wood products is roughly 0.5 Mg/m3 ; 
engineered wood products (UN/ECE and FAO, 2001);  insulation material, i.e. mineral wool (EC, 2002); prices particle board and fibreboard (FAO, 2004). 
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means that residues or by-products from material production may be used and in the case 
of cascading, that the material may be recycled. Table 1.1 shows principle bio-material ap-
plications that fulfil this criterion. 
 
Moreover, as discussed above, the bio-material should contribute to an efficient reduction 
of GHG emissions in terms of costs and land use. Three related parameters are used and 
evaluated qualitatively in Table 1.1. First, the specific CO2 emission reduction describes the 
reduction of CO2 emissions per unit of bio-material. This parameter depends mainly on 
the fossil fuel use during bio-material production and the production of the reference 
material. Second, the profitability, which is derived from, the difference between the market 
prices of bio-materials and their respective production costs. Third, the additional market 
volume describes the total technical potential minus current bio-material production. This 
parameter is an indicator for the total potential GHG emission reductions that can be 
achieved.  
 
Main sectors of bio-material uses are pulp and paper, chemicals and construction. The pulp and 
paper industry currently uses a large part of woody biomass. The additional potential for 
pulp and paper production, to substitute the use of other materials—e.g. plastics—and, 
thus, to reduce GHG emissions is probably low. Contrary, the chemical industry is an in-
teresting sector offering new opportunities for biomass utilisation (DTO, 1997). Especially 
bulk chemicals from biomass have a large potential to substitute fossil fuel feedstock in the 
chemical industry. Finally, bio-materials for construction have already a large market share. 
In this case, particularly a large cascading potential exists, based on a variety of recycling 
options.  
 
Obviously, biomass resources should have a suitable quality for the application selected. 
Furthermore, biomass crops in a multi-functional biomass system should either have a 
high total biomass yield for bulk material and energy applications or have a high yield of a 
specific plant component required for a high-value added material application, e.g. fibres, 
sugar or starch. Finally, bioenergy conversion technologies in a multi-functional biomass 
system should be able to convert efficiently the available agricultural residues, processing 
residues and bio-material wastes. 
 
Summarising, multiple biomass resource use may be a promising concept to decrease the 
costs and land use of GHG emission mitigation by biomass material and energy uses. In 
this thesis, we will focus on multi-functional biomass systems with multi-product use and 
cascading. Material application that seem promising for these systems are bulk chemical 
and construction materials. 
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3 Efficiency of biomass systems 

Concluding that an efficient reduction of GHG emissions at low costs and with minimal 
land use is an important criterion for the evaluation of (multi-functional) biomass systems, 
leads to the question of how to quantify this efficiency. Important parameters are savings 
of non-renewable energy consumption (GJ), GHG emission reduction (Mg CO2eq), (agri-
cultural) land use (ha) and costs (€). From, these parameters the efficiency of GHG emis-
sion reduction, i.e. costs (€/Mg CO2eq) and land use (ha/Mg CO2eq) can be derived.6 
 

3.1 Savings of non-renewable energy consumption 

Investigating energy balances of different biomass systems is a common way to compare 
especially bioenergy systems. Furthermore, energy balances can be an important indicator 
of GHG emission balances as most GHG emissions in biomass systems are related to fossil 
energy uses and savings. In order to set up an energy balance, generally energy inputs and 
outputs of a biomass system have to be accounted for. These inputs are direct energy uses, 
e.g. diesel use for tractor in biomass production, or indirect energy uses, e.g. energy uses 
for the production of a biomass combustion plant. In scientific literature, the energy inputs 
are compared often to the energy content of the bioenergy carrier resulting in net energy 
outputs or net energy ratios; see e.g. the overview of bioenergy balances of bio-ethanol in 
Shapouri et al. (2002) or the comparison of energy crops in Venturi and Venturi (2003).  
 
Taken into account that a material or energy carrier produced from biomass replaces a ref-
erence product with the same function, energy balances can also be used to investigate pri-
mary or non-renewable energy savings. This approach has been applied to compare en-
ergy balances of bio-based materials with each other (see e.g. Patel et al., 2003) and to 
compare bio-materials to bioenergy production (see e.g. Kaenzig et al., 2004). Because 
evaluating biomass systems by savings of non-renewable energy consumption allows 
comparing different types of products and systems, this parameter is used for the analysis 
of multi-functional biomass systems in this thesis.  
 

3.2 GHG emission reductions 

Most important greenhouse gases in the context of biomass systems are carbon dioxide 
(CO2), nitrous oxide (N2O) and methane (CH4). Bioenergy and -material have a ‘short car-

                                                 
6 Note, that many other criteria may play a role in the assessment of biomass systems, e.g. eutrophication, health im-
pacts, contribution to rural development, employment or public perception. Given the central research question of this 
thesis, however, these aspects are not considered here.  
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bon cycle’, i.e. carbon is removed from the atmosphere during biomass growth and then 
released during biomass use. Thus, in comparison to the ‘long’ carbon cycle of fossil en-
ergy carriers CO2 emissions are reduced when fossil fuel use is replaced by the use of bio-
mass resources. Nitrous oxide is emitted in biomass production systems during N-fertili-
sation. N2O may be an important fraction of the total GHG emissions of biomass produc-
tion systems depending on the agricultural management scheme; see e.g. IPCC (2001b) 
and Heller et al. (2003). Finally, methane may be emitted if (part of) the biomass is decom-
posed anaerobically, e.g. stumps left during forest harvesting or land filled bio-materials. 
However, in most agricultural biomass system—apart from rice cultivation—methane 
emissions play a minor role (IPCC, 2001b). All GHG emissions can be expressed by their 
global warming potential (IPCC, 2001a). In this thesis, we use the expression CO2 equiva-
lents when evaluating GHG emissions based on the global warming potential of each 
greenhouse gas during 100 years. (Consequently, 1 kg CH4 is equivalent to 23 kg CO2 and 
1kg N2O is equivalent to 296 kg CO2 (IPCC, 2001a).) 
 
Accounting of GHG emission balances follows the same principle as accounting for energy 
balances, i.e. determining all direct and indirect GHG emissions of biomass systems. GHG 
emission reductions are also calculated by comparing the emissions of the biomass system 
to the emissions of a reference system that produced comparable materials and/or energy 
carrier; see e.g. Börjesson and Gustavsson (2000). An important methodological aspect in 
this context is the choice of the reference system as very different materials and energy 
carriers may be substituted by biomass utilisation (Vikman et al., 2004; Schlamadinger et 
al., 1997). Waste treatment plays an important role, too, because the type of waste treat-
ment influences the release of carbon embodied in materials; see e.g. Finnveden and 
Ekvall (1998) and Patel et al. (2003). For example, incineration releases all embodied car-
bon but might recover energy and, thus, reduce GHG emissions from fossil energy, while 
land filling may store part of this carbon.7 Consequently in this thesis, special attention is 
paid to the choice of the reference system and waste treatment of bio-materials and refer-
ence materials are included in the GHG emission balances. 
 
Time aspects may also play an important role in GHG emission reduction accounting. 
Mitigation of carbon dioxide emissions can be achieved by the reduction of carbon emis-
sions from fossil resources or the storage of carbon outside the atmosphere, e.g. in forests 
or bio-materials. However, if carbon is stored in forest or bio-material, carbon dioxide 

                                                 
7 Gardner et al. (2002) show that large part of wood remains intact in a 20 to 30 year old Australian landfills. However, 
IPCC (2001b) argues that even though some of the carbon might be sequestered infinitely, land filling is a disadvanta-
geous waste treatment technology for organic wastes compared with composting and digestion. 
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emissions are not avoided for an indefinite period. Methods to account for such carbon 
storage are widely discussed, especially for carbon sequestration in forests; see e.g. OECD 
and IEA (2001),  Kirschbaum (2003) and Richards and Stokes (2004).  
 
For bioenergy production, Schlamadinger et al. (1997) developed a methodology to ac-
count for changes in carbon stocks in the whole system. This methodology includes the 
definition of a reference system including for example land use and energy production. 
Moreover, it is argued that rather the dynamic change of carbon stocks in the different 
carbon pools—e.g. fossil fuels, standing forest—should be measured over a longer time 
period than CO2 emission reduction at a certain moment in time. However, studies that 
compare the temporarily storage of carbon in bio-material systems with the substitution of 
fossil energy carriers and aggregate the results as total GHG emission reduction are rare. 
Methodological work in this field is still going on; see e.g. IEA (2004a). In this thesis, we at-
tempt to describe carbon stock changes in biomass material and energy systems in terms 
GHG emission reductions. 
 

3.3 Agricultural land use 

Land use in different biomass systems per unit of non-renewable energy savings, GHG 
emission reduction or costs can vary considerable. This is due to different yields of crops, 
materials and energy carriers and to different values of biomass products in terms of en-
ergy savings, GHG emission reductions and costs. In early studies of biomass system land 
use played a minor role. However, the comparison on an agricultural area basis becomes 
more and more an important issue; see e.g. IPCC (1995), van den Broek et al. (2001), Keith 
(2001) and Kaenzig et al. (2004). Also, Dinkel et al. (1996), who carry out an analysis of bio-
based polymer production, conclude from their result that a comparison of bio-materials 
and bioenergy on an agricultural land use basis would be desirable. 
 
The impact of land use can also be described by other criteria, e.g. influence on soil qual-
ity, erosion prevention or bio-diversity; see e.g. Baitz et al. (2000) and Lindeijer (2000). The 
implementation of biomass systems on a large-scale in order to reduce a significant 
amount of GHG emissions, however, is mainly limited by the costs and scarcity of agri 
cultural land. Therefore, in this thesis we concentrate on the amount of land that is used 
for bio-material and energy production and the reduction of GHG emissions as important 
parameters.  
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3.4 Costs of biomass systems 

Finally, costs of biomass systems are an often-studied criterion; see e.g. JRC (2003), 
Hamelinck (2004) and Hallam et al. (2003). Like GHG emission and energy balances, net 
costs can be calculated over the whole biomass systems accounting for all costs and reve-
nues. Cost calculations from an industrial perspective, using typically high discount rates 
and short lifetimes, lead to higher cost estimates than calculations from a societal perspec-
tive, using typically lower discount rates and longer lifetimes. Moreover, analyses from a 
societal perspective often consider the whole biomass systems, while in an industrial per-
spective often single processing steps, e.g. bio-electricity production or bio-material pro-
duction, are regarded. This may also lead to different cost estimates.  
 
Moreover, costs can be calculated using either a bottom-up or top-down approach. In the 
bottom-up or ‘engineering’ approach, costs of every part of the biomass system, e.g. agri-
cultural land rent, transport costs or equipment for biomass combustion, are estimated 
and added up. In contrast, the top-down approach uses aggregated data from economic 
sectors and estimates the induced changes in the economy by the introduction of a bio-
mass system. Therefore, in a top-down approach, cost estimates on a technology level are 
much less detailed. On the other hand, interactions between sectors—resulting for exam-
ple in market prices changes—can be investigated much better.  
 
Consequently, results of bottom-up and top-down studies are principally different but can 
supplement each other. Richards and Stokes (2004) compare the results of these different 
approaches in several studies for carbon sequestration. For bio-material and bioenergy 
systems it is found that the change of market prices of agricultural land and biomass prod-
ucts can play an important role, if these systems are introduced on a large scale. For ex-
ample, Azar and Berndes (1999) show that food and land prices increase due to higher 
bioenergy prices and Otto and Gallagher (2004) studied price effects in the feed market 
due to an increased production of ethanol. However, bottom-up cost estimates of bio-
energy and material systems typically do not include such market price changes.  
 
As governments initiate GHG emission reduction policies, cost estimates from a societal 
point of view using a bottom-up approach, seem an appropriate approach to determine 
specific benefits of different multi-functional biomass systems. To evaluate costs and ef-
fects of large-scale implementation of multi-functional biomass systems, however, market 
price changes caused by this implementation need to be investigated, too. 
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3.5 Efficiency of multi-functional biomass systems 

Summarising, in the literature, many different biomass systems have been compared in 
view of their energy savings, GHG emission reduction, costs and to a lesser degree land 
use efficiencies. Methods for this comparison are available or in the case of GHG emission 
reductions still in development.  
 
However, only very few studies have explicitly addressed multi-functional biomass sys-
tems, i.e. multi-product use and cascading, in a quantitative way. In the context of multi-
product use, studies of bio-material production often take into account the use of process-
ing residues for energy (see e.g. Hekkert and Worrell, 1998) but usually do not include the 
utilisation of agricultural residues. Furthermore, few studies investigate the benefits of 
producing several products from a biomass resource quantitatively. As an exception 
Wyman (2003) investigated potential economic synergies of bio-refineries.  
 
In view of cascading, several studies have compared recycling and reuse of a material to 
virgin production or other waste treatment strategies; see e.g. Finnveden and Ekvall 
(1998). However, cascading chains of biomass including several successive applications 
have not been compared quantitatively.  
 
Summing up, the potential benefits of multi-functional biomass systems still need to be 
proven in quantitative analyses. For this purpose, adaptation or further development of 
methodologies are sometimes needed. Particularly, problems of allocation or system ex-
pansion to account for different products and land uses in multi-functional biomass sys-
tems have to be solved; see e.g. Overend (2004) and Edwards (2004). Moreover, the issue 
of accounting for the time dimension in especially long-life cascading applications needs 
to be solved. Finally, the integration of market price changes of bio-materials, bioenergy 
and land due to the large-scale introduction of biomass systems in bottom-up costs analy-
sis deserves special attention. 
 
 

4 Objective and scope of this thesis 

Summarising the possibilities of multi-functional biomass use to contribute to a necessary 
reduction of costs and an efficient use of land of bioenergy system need to be better under-
stood in a quantitative way. Therefore, the central research question of this thesis is:  
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What is the potential of multi-functional biomass systems to improve the costs and the land use effi-
ciency of saving non-renewable energy consumption and reducing GHG emissions in quantitative 
terms? 
 
Two main aspects play an important role in answering this central question. First, meth-
odologies to account for costs, land use, GHG emissions and non-renewable energy con-
sumptions need to be adapted for the evaluation of such multi-functional biomass sys-
tems. Second, the potential benefits depend on the kind of biomass system regarded, i.e. 
the materials and energy carriers produced, the scale of the system and the multi-func-
tional resource uses applied. The mechanism of this dependence have to be studied in or-
der to identify promising multi-functional biomass systems.  
 
Therefore, in the following chapters the performance of multi-functional biomass systems 
is quantified. In this thesis, we investigate biomass system costs from a societal perspec-
tive using e.g. low discount rates. A main focus will be on the review of methodologies for 
accounting GHG emissions, non-renewable energy consumption, agricultural land use 
and costs as well as the adaptation of these methodologies to special aspects of multi-
functional biomass use. The analysis of the potential benefits of multi-functional biomass 
systems is carried out by several case studies of biomass systems including various waste 
treatment technologies for the short term —present until 20108—that appeared promising 
after a first review.  
 
Because at present the shift of biomass production to more favourable areas seems to be an 
alternative for more efficient biomass systems,9 these case studies are situated in Europe 
and concentrate on Poland in order to investigate the potential of biomass production in 
the new EU-member states of Central Eastern Europe.10  
 
In Chapter 2 of this thesis, the concept of multi-product use and its potential impacts on 
fuel costs of bioenergy and GHG emission reduction per area of agricultural land use are 
investigated. Especially, the relation between the economic value and the specific GHG 
emission reduction of a possible material application and the potential benefits of multi-
product use is analysed. As for different parts of a crop more or less valuable material ap-

                                                 
8 Because of short timeframe, increase of agricultural productivity is not considered in this thesis. 
9 In the longer term, also an increase of productivity of biomass production is expected. 
10 Within Europe the new accession states of the European Union in Central Eastern Europe seem to be a good option, 
because these states have at present large areas of available agricultural land, potentially high to medium crop yields and 
comparably low costs of land and labour; see e.g. van Dam et al. (2004). 
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plications are possible, the benefits of multi-product use vary with the percentage of crop 
used for material applications, which is investigated in this chapter.  
 
For this analysis, a case study of hemp, poplar and wheat is carried out. Material uses re-
garded for multi-product use are the use of wheat grains for food, wheat straw for animal 
litter, hemp bark fibres for reinforced composites, hemp core fibres for animal litter, hemp 
seeds for food and cosmetics and poplar wood chips for pulp. For energy uses parts of the 
crops are used as solid fuel for electricity production. This case study compares potential 
benefits in a Western European and a Central Eastern European Country, i.e. the Nether-
lands and Poland. 
 
Chapter 3 examines the concept of cascading more closely. In this chapter, the main focus is 
on the development of methodology for accounting CO2 emissions and costs of cascading, 
as methodological aspects play a large role if several materials and energy carriers are 
produced subsequently from a given biomass resource. In this context, the boundaries of 
the biomass cascading system and the respective reference system, the inclusion of land 
use, the time dimension and the definition of reference applications are important issues 
that are discussed in detail.  
 
Moreover in this chapter, key parameters and issues that influence the efficiency of bio-
mass cascading chains are identified like it is done in Chapter 2 for multi-product use. Pa-
rameters to investigate the performance of cascading chains are their CO2 emission reduc-
tion, their total costs per area of agricultural land use and their CO2 mitigation costs. Spe-
cial attention is paid to the influence of time and discount rates, to the combination of dif-
ferent material and energy applications in cascading chains and to the historical variations 
of markets prices on the performance parameters. This is done by a case study of cascad-
ing chains of short rotation (SR) poplar. Different material and energy applications of SR 
poplar are regarded within these cascading chains, i.e. particle lumber, MDF board, trans-
portation pallets, pulp, ethylene, viscose, methanol and electricity. Geographical scope of 
this case study is Poland.  
 
Chapter 4 deepens the investigation of the importance of land use efficiency as criteria to 
evaluate non-renewable energy consumption and GHG emission reduction of biomass 
uses and to compare the benefits of bio-materials and bioenergy. Here, the difference be-
tween a mass-based evaluation of bio-materials and an area-based evaluation is analysed. 
Moreover, the possible improvement of savings of non-renewable energy consumption 
and GHG emission reduction of bio-material by the use of agricultural residues is investi-
gated. The influence of allocation methods on the results is particularly studied.  
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Subject of this investigation are different bio-based polymers including natural fibre com-
posites. These polymers are compared to each other, using different evaluation criteria 
and to some options of bioenergy production. This analysis is based on an extension of 
existing Life Cycle Assessment (LCA) studies. 
 
Following Chapter 5 studies a more complex multi-functional biomass system, combining 
multi-product use and cascading. The influence of key factors in the set-up of biomass 
systems—including the kind and amount of multi-functional biomass resource use—on 
the savings of non-renewable energy consumption, the reduction of GHG emissions and 
costs of the biomass system are studied. In Chapter 2 and 3, it turned out that market 
prices of materials are crucially important for the economic success of multi-functional 
biomass use, but that these market prices can be quite variable and may depend on the 
market size. Therefore, in this chapter a market analysis is added to the chain analysis that 
takes into account increasing land prices and decreasing prices of material products and 
by-products if biomass systems are introduced on a large scale. This market analysis is 
combined with economies of scale to determine impact of production volume on the costs 
of multi-functional biomass systems. 
 
In this study, the case of a poly lactic acid (PLA) bio-refinery system in Poland is analysed. 
PLA is a commercially produced bio-based polymer that appeared promising from the as-
sessment of bio-based polymers in Chapter 3. The bio-refinery system includes the 
production of biomass, i.e. wheat or short rotation wood, the use of residues for bioenergy, 
the use of material by-products, the substitution of petrochemical polymers by PLA 
products, back-to monomer recycling of parts of the PLA produced and waste treatment 
of the remaining PLA.  
 
Finally, in Chapter 6 the introduction of multi-functional biomass systems on a large scale 
is studied. Main focus of the analysis is the effect of increasing scale of biomass use on the 
mitigation costs of GHG emissions. Increasing agricultural land prices, decreasing bio-
material and bioenergy prices due to a larger demand or supply of these commodities are 
taken into account as well as increasing biomass supply costs.  
 
For this market analysis of GHG mitigation costs, four biomass systems from the previous 
chapters are compared to each other, i.e. the production of MDF board, PLA, methanol 
and electricity. The case study is again situated in Poland. 
 
This thesis finishes with a summary, the conclusions of the previous chapters and a reflec-
tion on the results of the overall thesis related to the central research question. 



 

25 

CHAPTER 2: 
 

Economic and greenhouse gas emission analysis of bioenergy 
production using multi-product crops – Case studies for the 

Netherlands and Poland* 
 
 
 
 
 
Abstract 

In the face of climate change that may result from greenhouse gas emissions, the scarcity 
of agricultural land and limited competitiveness of biomass energy on the market, it is de-
sirable to increase the performance of bioenergy systems. Multi-product crops, i.e. using a 
crop partially for energy and partially for material purposes can possibly create additional 
incomes as well as additional GHG emission reductions. In this study, the performance of 
several multi-product crop systems is compared to energy crop systems, focussed on the 
costs of primary biomass fuel costs and GHG emission reductions per hectare of biomass 
production. The sensitivity of the results is studied by means of a Monte-Carlo analysis. 
The multi-product crops studied are wheat, hemp and poplar in the Netherlands and Po-
land. GHG emission reductions of these multi-product crop systems are found to be be-
tween 0.2 and 2.4 Mg CO2eq/(ha*yr) in Poland and 0.9 and 7.8 Mg CO2eq/(ha*yr) in the 
Netherlands, while primary biomass fuel costs range from –4.1 to –1.7 €/GJ in the Neth-
erlands and from 0.1 to 9.8 €/GJ in Poland. Results show that the economic attractiveness 
of multi-product crops depends strongly on material market prices, crop production costs 
and crop yields. Net annual GHG emission reductions per ha are influenced strongly by 
the specific GHG emission reduction of material use, reference energy systems and GHG 
emissions of crop production. Multi-product use of crops can significantly decrease pri-
mary biomass fuel costs. However, this does not apply in general, but depends on kind of 
crops and material uses. For the examples analysed here, net annual GHG emission re-
ductions per ha are not lowered by multi-product use of crops. Consequently, multi-prod-
uct crops are not a priori an option to increase the performance of bioenergy systems. 
Further research on the feasibility of large-scale multi-product crop systems and their im-
pact on land and material markets is desirable. 

                                                 
* Accepted for publication in Biomass & Bioenergy; Co-Authors: G. Termeer and A.P.C. Faaij. 
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1 Introduction 

The utilisation of biomass instead of fossil fuels to fulfil our energy needs can contribute to 
the reduction of greenhouse gas (GHG) emissions and the dependence on fossil fuel en-
ergy carriers. Therefore, nowadays policy objectives often aim at a relatively large increase 
of the share of bioenergy to the total energy supply. For example, the European Union 
aims at a share of 8.5% of the total supply in 2010 whereas in 2000 it was 3% (EC, 1997). 
However, a large contribution of bioenergy can only be obtained by the production and 
utilisation of energy crops. Two major barriers to achieve that are the scarcity of land and 
the relative high costs of the bioenergy carriers produced. 
 
Land and especially good quality land that can be used to produce bioenergy is scarce and 
could limit the supply and competitiveness of bioenergy significantly (Green, 2000; Keith, 
2001). This scarcity of land is caused by the competition between the production of food, 
bio-material and bioenergy on available agricultural and forestry areas and other com-
peting land uses, e.g. urbanisation and nature development (Turkenburg et al., 2000; 
Hoogwijk et al., 2003). 
 
In addition, many authors have identified the costs of bioenergy as a major problem for 
the introduction of bioenergy on a large scale; see e.g. Green (2000) and IPCC (2001b). For 
example, Dinkelbach et al. (1999) estimate energy crop production costs at about 3-6 €/GJ 
in the Netherlands. Hallam et al. (2001) estimate herbaceous crop production costs at 
about 2-5 €/GJ in the U.S. At the same time, fossil fuels can be obtained on the market for 
about 2-3 €/GJ for coal and 2-5 €/GJ for natural gas (IEA, 2002d). 
 
To maximise GHG emission reduction per area of land and to reduce the costs of biomass 
for bioenergy, using a crop only partially for energy and partially for material purposes 
may be a solution. This is because the material component of the crop may create (1) addi-
tional incomes and (2) additional GHG emissions reductions. Various ‘material’ applica-
tions - in this context defined as non-energy applications- are possible such as food, fod-
der, pulp & paper, construction material and chemicals. A crop that is split into two or 
more parts that are used for material and energy applications is a multi-product crop. In the 
rest of this chapter we will regard this concept of multi-product crops more closely. 
 
In general, all agricultural and forest crops are suitable as multi-product crop. Typically, 
the main component of a crop, i.e. the component that is the primary objective of produc-
tion, is used for material applications including food. The rest of the plant, i.e. the ‘resi-
due’, is often left on the field or in the forest, but can be used for energy purposes. Exam-
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ples of main crop components are seeds, ligno-cellulosic fibres, lumber, vegetable oils, 
starch and sugar. Examples of typical residues are bark, small twigs, plant stalk and 
leaves. Even though the utilisation of the main component for material purposes and the 
residue for energy production is most common, other combinations are possible. Residues 
can be used for material applications, e.g. grain straw as construction material, and main 
components for bioenergy, e.g. combustion of lumber.  
 
As a consequence, a broad variety of multi-product crop systems are possible. Well-known 
examples of multi-product crop systems in the context of ‘traditional’ agriculture are the 
production of cereals and sugar cane and the combustion of straw and bagasse for heat or 
power production. Less traditional multi-product crop system are possible, too. An exam-
ple is the production of maize, where starch is used for polymers production, by-products 
from starch production for fodder and the stalks and leaves for energy purposes. 
 
As discussed above, multi-product crops systems have the potential to improve the com-
petitiveness of bioenergy systems and the impact of these systems on GHG emission re-
ductions. However, these benefits are not taken to be granted. Many parameters influence 
the performance of multi-product crop systems. First, characteristics of the biomass pro-
duction system, e.g. crop yields, production costs and energy use, play an important role. 
These characteristics in turn depend on the intensity of agricultural practice (mechanisa-
tion, fertiliser input, etc.) and local circumstances (soil, climate, etc). Second, material uses 
determine the performance of multi-product crop systems. Important variables are the 
kind of substituted material, material market prices and energy inputs of material pro-
duction. Finally, the kind of energy use (e.g. end use energy carrier, conversion technol-
ogy) and performance of the reference energy system are influential, too.  
 
Several authors have studied relations between land availability, material markets and 
bioenergy supply. For example, Hoogwijk et al. (2003) determined bioenergy costs de-
pending on food and energy demands on a global scale. Gielen et al. (2000) calculated the 
reduction of GHG emissions by biomass in relation to energy and material demands in 
Europe. Marrison and Larson (1996) investigated the relation between bioenergy supplies 
and food production in Africa and Leemans et al. (1996) investigated this relation on a 
global scale. De La Torre Ugarte and Ray (2000) modelled bioenergy supplies in relation to 
food and material demands in the U.S. Even though biomass material production and 
residue utilisation for energy are typically included in this model, possible benefits of 
multi-product crop utilisation (in relation to the various parameters discussed above) have 
not been quantified, yet. 
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Therefore, we determine primary biomass fuel costs and GHG emission reductions per area of 
land of multi-product crop systems. The results are compared to utilising the whole crops for 
either energy or material only. In that way benefits of multi-product crops are determined. 
Moreover, because many different variables influence the results, the sensitivity of the re-
sults on various parameters is studied by means of a Monte-Carlo analysis. 
 
In our analysis a case study approach is followed focussed on three multi-product crops: 
wheat, hemp and short rotation poplar. Wheat is a ‘traditional’ annual food crop that is culti-
vated for its grain, while wheat straw can be used for energy generation. Hemp is a 
promising industrial crop for material uses. Fibres and seeds of hemp are used for e.g. 
textiles, composites pulp, food and chemicals. The remaining hemp straw can be used for 
energy generation. Finally, short rotation poplar is a promising perennial energy crop, be-
cause of its potentially high biomass yields. Moreover, besides for energy production short 
rotation wood can be used for material purposes like pulp and particleboard.  
 
In this study, we restrict ourselves to multi-product crop systems in Europe focussed on 
two countries, the Netherlands and Poland, characterised by different types of agricultural 
production systems and economic conditions. The Netherlands is a Western European 
Country with a highly intensified agricultural production system. For example, wheat 
yields in the Netherlands are the highest within Europe. Furthermore, costs of land and 
labour are high. The Netherlands are EU-member receiving EU agricultural subsidies. 
Poland is a Central Eastern European country in transition. Agricultural production in 
Poland is less mechanised than in the Netherlands and costs of land and labour are low. 
Poland is supposed to join the EU in 2004 and does not participate in the EU agricultural 
subsidy system yet.1 
 
In Section 2 of this chapter, the method of calculating bioenergy costs and GHG emission 
reductions per area of land of multi-product crop systems is described. In Section 3, input 
parameters for the selected multi-product crop systems, are presented and discussed. Pri-
mary bioenergy fuel costs and GHG emission reductions of the studied multi-product crop 
systems are presented in Section 4. The results are shown in relation to specific parameters 
of material applications, e.g. GHG substitution and market price per tonne of material. A 
sensitivity analysis, i.e. a Monte-Carlo analysis of the result is covered in Section 4, too. 
Section 5 finishes with discussion and conclusions concerning the performance of multi-
product crops systems. 

                                                 
1 This was the situation at the time of writing. In May 2004 Poland has joined the EU. 
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2 Approach 

In the first part of this Section, various parameters that can influence GHG emission re-
duction and primary biomass fuel costs of multi-product crop systems considered in this 
study are discussed. The second part gives an overview of the calculation method used in 
this study. A detailed description of the background of input parameters (origin, calcula-
tion method and limitation) is given in Section 3. At the end of this section, the method 
used for a sensitivity analysis is discussed.  
 

2.1 Multi-product crop systems 

A multi-product crop production and conversion system basically consists of crop produc-
tion, energy conversion and material production. Materials and energy out of the multi-
product crop substitute reference materials and energy. Figure 2.1 gives an overview of 
such a system. Consequently, GHG emission reductions and costs of multi-product crop 
systems depend on the performance of the sub-systems that are influenced by many pa-
rameters. These are discussed in detail below.  
 

crop 
production 

part A 

part B 

Substitution reference 
energy and material 

end use material 

material 
processing

end use energy  
 

energy 
conversion

 

Figure 2.1: Schematic overview of a multi-product crop system 

 
Crop production 
The crop yield per ha and year and the share of plant components (e.g. wheat straw and grain) 
determine the amounts of biomass available for energy and material purposes. However, 
crop yields and shares of plant components depend on agricultural practice and local condi-
tions, e.g. soil and climate. Also, GHG emissions of crop production depend strongly on agri-
cultural practice. The use of machines and materials (like seeds, fertilisers, pesticides and 
buildings) leads to GHG emission directly and indirectly. GHG emissions are also caused 
by the use of nitrogen fertiliser in the form of N2O emissions in the field. Finally, agricultural 
practice and local conditions also influence the costs of crop production. Important costs 
items in this context are labour costs, machines costs, land costs and material costs. Apart from 
that, crop production costs are reduced by EU agricultural subsidies in the Netherlands.  



Multi-product crops – case study for Poland and the Netherlands  

30 

Material production and substitution 
The kind of material application and the kind of reference materials substituted determine the 
possible benefits of using parts of a multi-product crop for material applications. GHG 
emission reductions of materials use are the GHG emissions that would result from the pro-
duction of the reference material minus the GHG emissions of material production from 
the multi-product crop. Market prices of crop components determine the revenue from mate-
rial components in the multi-product crop system. These market prices vary with time and 
can be subject to regional variations. 
 
Production and substitution of energy carriers 
Crops can be converted to different energy carriers that substitute the same amount of ref-
erence energy carriers thereby reducing GHG emissions. This reduction depends on the 
specific GHG emissions of reference energy production. Energy produced from multi-product 
crops can be sold for the market price of the respective energy carrier. However, in this 
chapter we calculate ‘gross’ bioenergy costs of multi-product crops, i.e. bioenergy costs 
without revenues from energy sales. Comparing these ‘gross’ bioenergy costs to common 
market prices, the competitiveness of bioenergy from multi-product crops can be judged.  
 

2.2 Calculation method 

The different multi-product crop systems are compared on the basis of two key indicators: 
• Net GHG emission reduction per area of biomass production [Mg CO2eq/(ha*yr)] 
• Costs of primary biomass fuel [€/GJLHV] 
 
These indicators are calculated according to formula 1 and 2. One ha of biomass produc-
tion and the respective yields of energy and material components are the starting point for 
the calculations of these indicators. Input data are derived from literature including statis-
tics, LCA analyses and scientific reports.  
 
Crops are usually produced in order to maximise the amount of a certain component, i.e. 
grain of winter wheat, bark fibres of hemp and total biomass yield of poplar. This is stud-
ied in the ‘base case’ of this chapter. In addition, the multi-product crop systems are 
studied for some other crop production objectives. These are the production of hemp for 
seeds and the production of poplar for larger shares of white chips by longer rotation 
times. For wheat no variation of production method is considered, because wheat varieties 
with high grain yields have high total biomass yields, too (Lewandowski, 2001). 
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GHGred = (- GHGcrop + GHGmat + GHGfuel) / A  (1) 
Cbiof = (Ccrop – Rmat) / LHV (2) 
 
GHGred: Net GHG emission reduction per area of biomass production [Mg CO2 eq/(ha*yr)] 
GHGcrop: indirect and direct GHG emissions due to machine, material and fertiliser use incl. N2O emissions [Mg CO2eq] 
GHGmat: GHG emission reduction due to the substitution of a reference material by a multi-product material [Mg CO2eq] 
GHGfuel: GHG emission reduction due to the substitution of solid fossil fuel by the primary biomass fuel [Mg CO2eq] 
A: area of biomass production biomass production [ha*yr] 
Cbiof: Costs of primary biomass fuel [€/GJLHV] 
Ccrop: Crop production costs due to machine, material and fertiliser use and land rent [€] 
Rmat : revenues from sale of plant components for material use [€] 
LHV: lower heating value of plant components for energy use  [GJLHV] 
 
Finally, a sensitivity analysis of the base case results is carried out, because the input data 
used in the analysis can vary, as shown by e.g. reference energy systems and historical 
data for market prices. As many different variables with relatively large uncertainties de-
termine the results, a Monte-Carlo analysis is carried out for each crop and country. For a 
Monte-Carlo analysis a probability distribution for the value of each input variable is de-
fined from which probability distributions of the results are generated. Moreover, the sen-
sitivity of the results (i.e. the contribution to variance) to each input parameter is deter-
mined. 
 
Several variables influence the results only at a certain percentage of energy use of the 
multi-product crop. For example, GHG emission reduction factors of material use don’t in-
fluence the net annual GHG emission reduction per ha if the crop is used as a pure energy 
crop. Therefore, three utilisation modes of the multi-product crops are studied in the 
Monte-Carlo analysis. These modes are (1) ‘material crop’, i.e. the maximum share of the 
crop is used for material applications, (2) ‘multi-product’, i.e. only the main material com-
ponent is used for material applications, and (3) ‘energy crop’, i.e. the whole crop is used 
for energy. To allow calculation of primary biomass fuel costs, it is assumed that in the 
‘material crop’ mode at least 5% of the crop is used for energy purposes. 
 
 

3 Input data  

In this section, input parameters for the analysis of the multi-product crop systems are 
presented for crop production and material and energy uses. Average values of parame-
ters are used for the calculation of base case results. Also ranges of the value of the pa-
rameters are given that are used in the Monte-Carlo analysis.  
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3.1 Yield, costs, energy demand and GHG emissions of crop production 

Yields of crop components in the Netherlands and Poland for wheat, short rotation poplar 
and hemp are presented in Table 2.1. Values refer to average soil and climatic conditions 
and average agricultural practice of the respective country. Data on wheat is derived from 
agricultural statistics, while data on hemp originates from statistics and scientific litera-
ture. Poplar is only cultivated on a small scale in the Netherlands and is not cultivated in 
Poland. Therefore, poplar yields for the Netherlands are taken from feasibility studies. 
Yields of short rotation poplar in Poland were estimated from yields of short rotation wil-
low in Poland in comparison to willow and poplar yields in the Netherlands.  
 
Table 2.1: Biomass yields and distribution of plant parts of wheat, hemp and poplar 

Parameter Netherlands Poland 
 Average Range Reference Average Range Reference 
Winter wheat       
Yield whole plant [Mg/(ha*yr)] 12.5 11.1-13.6 (PAV, 2000) 6.5 5.8-7.0 (CSO, 2003) a 

Wheat straw [% whole plant] 34 32-36 (PAV, 2000) 47 44-48 (CSO, 2003) b 

Hemp       
Yield stem c [Mg/(ha*yr)] 8.1 6-9 (PAV, 2000;  

Karus et al., 1996) 
2.8 2.6-5.6 (FAO, 2004)d 

Bark fibres [% stem] e 25 20-30 (Karus et al., 1996) 25 20-30 (Karus et al., 1996) 
Yield seeds [Mg/(ha*yr)] e 0 0 (Karus et al., 1996) 0 0 (Karus et al., 1996) 
Short rotation poplar       
Yield [Mg/(ha*yr)]f 7.0    6-10 (Lewandowski, 2001; 

Biewinga and vd Bijl, 
1996; Stolp et al., 1996) 

3.6 3.1-5.1 (Kozlowski et al., 
2001) g 

White chips [% whole plant]  75 70-80 (Teeuwisse, 1999)h 75 70-80 (Teeuwisse, 1999)h 

a 47% of straw is added to grain yield from statistics.  
b Straw yields refer to the total of cereals in Poland, which consist to one third of wheat.  
c Hemp yields consist of seeds and stems (i.e. straw). The stems can be divided into a woody core and the outer bark 
fibres.  
d 75% of core is added to fibre yields from statistics. (Until begin of the 1990ies, hemp was cultivated on a much larger 
scale, i.e. more than 2000 ha compared to 70 ha 2002. At that time yields were higher and reached up to 5.6 Mg/(ha*yr) 
(FAO, 2004). For current experimental plots Kozlowski (2001) states yields of 10 Mg/(ha*yr). 
e Distribution of plant components refers to Germany that is comparable to the Netherlands and Poland.  
f Yields of short rotation poplar in literature differ considerably. While Biewinga and van der Bijl (1996) state actual yields 
of 7.0 Mgdm/(ha*yr) and attainable yields of 8.5 Mg /(ha*yr) for the Netherlands, Stolp et al. (1996) assume an average 
yield of 10 Mgdm/(ha*yr). For Germany, that has comparable climatic conditions average yields are 7-9 Mgdm /(ha*yr), 
while ranges of 6-18 Mgdm /(ha*yr) are possible  (Lewandowski, 2001). 
g Poplar is currently not cultivated in Poland. Therefore, poplar yields are estimated by means of short rotation willow 
yields, which is a comparable crop. Average yields of willow in Poland are about 4 Mg/(ha*yr)*yr. (Kozlowski et al., 
2001). In the Netherlands, poplar yields are about 10% lower than willow yields (Biewinga and van der Bijl, 1996). Poplar 
yields in Poland are estimated from willow yields by the same percentage.  
h Value applies to short rotation cottonwood, which is closely related to hybrid poplar. 
 
Costs of crop production are divided into costs of labour, machines, materials and land. In 
general, crop production costs are calculated from rented means of production, i.e. land, 
machines, and labour. By this approach market prices of these production factors are taken 
into account. Hence, profits are implicitly considered. The crop production costs are re-
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duced by EU agricultural subsidies in the Netherlands, while in Poland currently no sub-
sidies are provided. 
 
Data on wheat production costs in the Netherlands and Poland and data on hemp pro-
duction costs in the Netherlands are from agricultural statistics. Because hemp is currently 
not cultivated on a significant scale in Poland, data on hemp production costs in Poland 
originates from experimental plots. For poplar, production data has been taken from sci-
entific literature. For Poland production costs have been estimated based on information 
on short rotation willow, which has a comparable production method. As poplar is a per-
ennial crop, yearly costs are calculated from present values.2 For a detailed description of 
values and assumptions, see Table 2.2. 
 
Ranges of biomass production costs have been estimated. Minimum costs represent a less 
intensive agricultural production system, i.e. a system without fertiliser and pesticide use. 
Moreover, costs of machines, labour and materials have been reduced by 10%. For the 
Netherlands, maximum costs of biomass production are estimated by a variation of 10% 
and the assumption that no agricultural subsidies are granted. For Poland, maximum costs 
of biomass production represent a more intensive system like in the Netherlands. There-
fore, respective production costs of the Netherlands are used. 
 
Table 2.2: Working hours and costs of biomass production per ha and year  

 Wheat – NLa Wheat – PLb Hemp – NL a Hemp – PL c Poplar – NL d Poplar – PL e 

 Hour €2000 Hour €2000 Hour €2000 Hour €2000 Hour €2000 Hour €2000 
Labour 11.2 258 32.6 94 12.8 294 N/a 31 4.1 100 N/a 22 
Establishment 5.4 124 N/a N/a 5.4 124 N/a 12 f 0.8 29 2.7 5 
Cultivation 2.6 60 N/a N/a 0.9 21 N/a N/a 0.2 4 N/a N/a 
Harvest 3.2 74 N/a N/a 6.5 149 6.5 19 3.1 67 6.1 g 17 g 
Machines 9.8 793 14.0 h 179 10.8 519 N/a 357 3.5 104 N/a 31 
Establishment 5.4 158 N/a N/a 5.4 158 N/a 52 f 0.2 17 0.5 6 
Cultivation 2.6 156 N/a N/a 0.9 56 N/a N/a 0.2 12 N/a N/a 

Harvest 1.8 479 N/a N/a 4.5 305 4.5 305 3.1 75 N/a 25 g 

Materials - 500 - 189 - 219 - 245 - 195 - 250 
Seeds - 75 - 26 - 111 - 104 - 60 - 79 
Fertiliser - 132 - 78 - 95 - 132 - 12 - 14 
Pest control - 230 - 43 - 0 - 0 - 2 - 5 
Other - 63 i - 42 j - 13 i - 9 - 121 k - 111 

Land l - 373 - 33 - 373 - 33 - 373 - 33 
Subsidies - -415 - 0 - -646 - 0 - -488 n - 0 
Total - 1509 - 495 - 759 - 666 - 284 - 262 

a Cost data are from PAV (2000). However, only total costs for hired machines including labour are given. These have 
been split into distinct machine and labour costs by average costs of labour of 23.0 € per worked hour (CBS, 2002).  
b Data are from Skarzynska et al. (2001a) and Skarzynska et al. (2001b). Average farm size for wheat in Poland is quite 
small, i.e. 3.6 ha, however, the trend in recent years has been that farm size increased and the proportion of labour costs 

                                                 
2 Cqa = [qa /(1+r)a]*r/[1-(1+r)-a] with Cqa = yearly costs from cost item qa, qa = cost item in year a, r = interest rate 
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decreased. Machine costs include capital costs and are, thus, comparable to hired machines. Labour costs are calculated 
by assuming an hourly wage 2.87 €/hour for workers in the agricultural sector (ILO, 2001). 
c Costs data of hemp production are from experimental plots (Kozlowski, 2001), because no other data were available. 
While all costs are lower or comparable to costs in the Netherlands, the costs of harvest are extremely high. In the cheap-
est variant harvest costs are 880 €/(ha*yr) (machines and labour) compared to 429 €/(ha*yr) in the Netherlands. How-
ever, it is assumed that these high costs are due to the utilisation of special harvesters on small experimental plots and 
that machines costs and labour hours comparable to the Netherlands are achievable in practice. 
d If possible, cost costs are taken from PAV (2000). However, working hours, material costs and harvest costs had to be 
taken from PAGV (1994). Other costs are derived from Stolp et al. (1996).  
e Poplar production costs in Poland are taken from short rotation willow production costs (Szczukowski et al., 2000a). 
(For comparison, Termeer (2002)  calculates for the Netherlands willow production costs of 990 €/(ha*yr) and poplar 
production costs of 890 €/(ha*yr) based on Kozlowski (2001) and Coelman and Pijanowska (1996). Moreover, it is as-
sumed that like in the Netherlands, poplar is fertilised every 4 years, while willow is fertilised every year.) As 
Szczukowski et al. (2000a) do not take into account stump clearing costs, stump clearing costs from the Netherlands are 
added to other costs. 
f Establishment costs include cultivation costs 
g Harvest costs include cultivation costs 
h Machine hours do not include average use of horse power, i.e. 0.4 h/(ha*yr). 
i Drying, taxes, insurance.  
j Buildings, insurance, capital costs. 
k Forestry tax and stump clearing at the end of plantation after 20 years.  
l In 1998 the average rent for arable land was 338 ECU/(ha*yr), while between 1994 and 1998 land prices increased about 
3 to 8% (Eurostat, 2000). Assuming a yearly increase of 5% a land rent of 373 €/(ha*yr) in the year 2000 results. Land 
costs in Poland are from Skarzynska (2001a). 
f Subsidy for set-aside land, that is applicable for dedicated non-food production. 
 
Energy demands of biomass production result from direct and indirect use of energy for ma-
chines and materials. Data on energy demands of crop production in the Netherlands are 
taken from a study on the environmental impacts of energy crops of Biewinga and van der 
Bijl (1996). Data on energy demands of crop production in Poland were not available. 
Therefore, data on production inputs (e.g. machine hours) were combined with specific 
energy demands of these inputs from scientific literature (e.g. gross energy demand of 1 
kg of mineral fertiliser). If possible, these specific energy demands are also taken from the 
study of Biewinga and van der Bijl (1996) to generate comparable results for the Nether-
lands and Poland. Information on inputs of crop production in Poland is derived from 
agricultural statistics. However, information on inputs of hemp production is derived by 
means of a comparison of production costs in the Netherlands and Poland, assuming that 
the amount of money spent on a mean of production (e.g. fertiliser costs) is proportional to 
the energy inputs. Finally, poplar production inputs in Poland have been derived from a 
study on short rotation willow production. 
 
GHG emissions of biomass production are derived by country-specific emission factors from 
energy demands; see Table 2.3. These emission factors refer to overall fuel mixes used in 
each country and are 75 kg CO2eq/GJ for the Netherlands and 90 kg CO2eq/GJ for Poland 
(IEA, 2002a; Frischknecht et al., 1994). In general, for machine use an emission factor of 
diesel oil was applied (75 kg CO2eq/GJ). Furthermore, N2O emissions on the field due to N 
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fertilisation are included in the calculation of GHG emissions due to fertiliser use. Data on 
these emissions were taken from literature; see Table 2.3. 
 
Also for GHG emissions of crop production ranges have been estimated. The lowest value 
of GHG emissions refers to agricultural production without fertiliser and pesticide use. 
For the Netherlands, maximum GHG emissions exceed the average emissions by only 10% 
because average agricultural production is already quite intensive. However, in the case of 
poplar maximum GHG emissions exceed the average emissions by 30%, because produc-
tion of poplar is currently quite extensive compared to the production of wheat and hemp. 
In Poland, biomass production is relative extensive. Therefore, respective average emis-
sions of the intensive biomass production in the Netherlands are used as higher range of 
GHG emissions in Poland. 
 
Table 2.3: Energy demand and GHG emissions per ha and year of biomass production  

 Wheat – NL a Wheat – PL b Hemp – NL a Hemp – PL c Poplar – NL a Poplar – PL d 

 GJ  Mg 
CO2eq 

GJ Mg 
CO2eq 

GJ Mg 
CO2eq 

GJ Mg 
CO2eq 

GJ Mg 
CO2eq 

GJ Mg 
CO2eq 

Machines 8.7 0.74 3.5 0.26 8.7 0.74 6.0 0.45 6.0 0.51 5.2 0.47 
Seeds 0.6 0.05 0.6 0.05 1.6 0.12 1.6 0.12 0.3 0.02 0.4 0.03 
Fertiliser e 7.9 f 2.29 4.6 1.34 3.1 f 0.83 4.3 0.99 2.5 g 0.59 1.1 0.20 
Pest control 0.3 0.02 0.2 0.02 - - - - 0.0 0.00 0.1 0.00 
Other - - - - - - - - 7.2 h 0.54 6.4 i 0.57 
Total 17.5 3.10 8.9 1.67 13.4 1.69 11.9 1.56 16.0 1.66 13.2 1.37 
Range (min) 
           (max) 

 0.79 
3.40 

 0.31 
3.10 

 0.77 
2.20 

 0.57 
1.69 

 1.07 
1.82 

 1.17 
1.66 

a Data on energy use from Biewinga and van der Bijl (1996). 
b For machines use, only general operations hours are given in Skarzynska et al. (2001b). Therefore, the energy use is esti-
mated by means of average nominal motor size of Polish agricultural machines, i.e. 32 kW (CSO, 2003)  and an according 
energy use, i.e. 5.8 kg diesel per hour of normal work (Kaltschmitt and Reinhardt, 1997). Fertiliser utilisation is taken 
from Skarzynska et al. (2001b) and combined with gross energy requirements from Biewinga and van der Bijl (1996). For 
seed production, energy demands from the Netherlands are assumed. Moreover, it is assumed that the costs for pesti-
cides are comparable in the Netherlands and Poland and therefore, the energy requirements of pesticides are estimated 
by the costs.  
c Energy demands of machine use and fertiliser application could only be estimated by means of cost differences from 
the respective values in the Netherlands (see Table 2.2). For seed production, the same energy demands as in the Neth-
erlands has been assumed.  
d Data refers to short rotation willow production (Szczukowski et al., 2000b) with the assumption of fertilisation every 4 
years, see footnote Table 2.2.  
e GHG emissions of fertilisation include  N2O emissions from the field (Biewinga and van der Bijl, 1996). For Poland, it is 
assumed that N2O emissions are proportional to the amount of N fertiliser applied in comparison to the amount of N 
fertiliser applied in the Netherlands.  
f The energy demand is based on fertiliser application due to average agricultural practice as described in PAV (2000).  
g The energy demand is based on fertiliser application due to average agricultural practice as described in PAGV (1994).  
h Chipping and drying. 
i The energy demand of chipping refers to short rotation willow production in Poland (Termeer, 2002). Because no dry-
ing is assumed in the Polish case, energy use from drying in the Netherlands is added here. 
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3.2 Prices and GHG substitution factors of biomass material  

Market prices of plant components for material use and their historical developments in the last 
ten years are presented in Figure 2.2. Prices of wheat components, i.e. straw and grain, 
originate from national statistics. Prices of wood chips are import prices of FAO trade 
statistics (FAO, 2004). However, for hemp no historical development of prices could be 
found, because cultivation of hemp in the Netherlands is a recent development and in Po-
land, local markets are small and not very developed. Therefore, price ranges of the Ger-
man market that imports among others hemp from the Netherlands and Poland are used. 
In Figure 2.2, these price ranges are depicted as vertical lines. For the calculation of the 
base case results, current average prices are used, see Table 2.4.  
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Figure 2.2: Historical development of prices of plant components for material applications 
in the Netherlands and Poland in Euros of respective years. For hemp components current 

price ranges are indicated as vertical lines (data from PAV, 2000; CSO, 2003; FAO, 2004; 
Karus et al., 2000; EC/BREC, 2003). 

 
GHG substitution factors of material application of multi-product crops are presented in Table 
2.5. These substitution factors have been determined in several steps. First, it has been de-
fined for which material application the plant component is typically used. Second, a ref-
erence material, i.e. a material that is substituted by the biomass material is determined. 
Finally, the GHG emission reduction per Mg of multi-product crop component is esti-
mated. This GHG emission reduction are the emissions caused by the production of the 
reference material minus the emission caused by the production of the multi-product crop 
material. It is taken into account that different amounts of materials are substituted. For 
example, if used in composites of comparable properties 0.7 kg of hemp fibres replaces 1 
kg of glass fibres (Wötzel et al., 1999). 
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Data on GHG emission reduction by material substitution are taken from LCA studies and 
other scientific literature. These data refer to average European production processes. 
Thus, no difference between Poland and the Netherlands is made. Also for GHG emission 
reduction of material substitution, ranges have been estimated. The minimum reduction is 
zero, assuming that no material is actually substituted. To account for variations in pro-
duction processes, we estimate the maximum reduction to be 20% higher than the base 
value. 
 
Table 2.4: Average material prices of plant components in the Netherlands and Poland in 
€/Mg material 

 Wheat 
 grain 

Wheat  
straw 

Hemp  
bark fibresa 

Hemp 
 coreb 

Hemp 
 seedsb 

Poplar  
chipsd 

Netherlands 123 e 50 e 460 60 256 79 
Poland 143 f 15 g 460 60 256 90 

a Bark fibre prices from Karus et al. (2000) are diminished by average decortication costs of 90 €/Mg. Decortication costs 
in Germany range from 54 to 117 €/Mg depending on the quality of the fibre gained (Karus et al., 1996). 
b For hemp core, a price from the lower range is used because the market for high value products is very limited (Karus 
et al., 2000). 
c (Karus et al., 2000). 
d Prices are derived from import prices of wood chips  (FAO, 2004). These prices are stated for m3 and are converted to 
prices per Mg by an average density of wood of different species of 0.5 Mg/m3 (Haygreen and Bowyer, 1996).  
e (PAV, 2000). 
f (CSO, 2003). 
g (EC/BREC, 2003). 
 
Table 2.5: GHG emission reduction by material substitution in Mg CO2eq per Mg of multi-
product crop component 

Biomass Used for Substituted material Substitution of GHG Range 
Wheat - grain Food/fodder Soya 0.38 a 0-0.46 
Wheat - straw Animal litter Mineral litterb 0.17 c 0-0.20 
Hemp – bark fibre Reinforced plastic Glass fibre 0.8 d 0-0.96 
Hemp – core Animal litter Mineral litterb 0.17 c 0-0.20 
Hemp - seeds Fodder + cosmetics Soya meal + vegetable oile 0.7 c 0-0.84 
Poplar - chips Pulp Pulpwood 0.04 f 0-0.05 

a This value refers to soya production in U.S. (UBA, 2003).  Substitution accords to protein contents, i.e. 13% in soyabean 
and 12.2 % in wheat. 
b Bentonit. 
c (Karus et al., 1996). 
d Values are taken from Wötzel, et al. (1999). These are reduced by GHG emissions related to the energy demand of fibre 
processing (decortication), i.e. 2.1 GJ/Mgfibre (Kok, 2001). 
e Oil of Oenothere biennis (evening prime rose). 
f Pulp and fibre wood mix EU (UBA, 2003). 
 

3.3 GHG substitution factors of biomass energy  

GHG substitution factors of energy application of multi-product crops are presented in Table 
2.6. The underlying assumption is that crop components are used for heat or power gen-
eration as solid fuel. Moreover, crop components replace fossil fuel that otherwise would 
have been used for heat and power generation. The GHG substitution factor of heat and 
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power generation refers to the respective fossil fuel mixes.3 These substitution factors are 
76 kg CO2eq/ GJLHV in the Netherlands and 94 kg CO2eq/GJLHV in Poland (IEA, 2002a; 
Frischknecht et al., 1994). In the Monte-Carlo analysis a variation of these factors from 0 to 
98 kg CO2eq/GJLHV is taken into account. This range corresponds to the emissions of differ-
ent energy carriers that may be substituted, i.e. renewable or nuclear energy and coal. 
 
Table 2.6: Lower heating values of multi-product crop components in GJ/Mgdm and GHG 
substitution factors for energy uses in Mg CO2eq/Mgdm  (IEA, 2002a; Frischknecht et al., 
1994; ECN, 2003) 

 Wheat 
grain 

Wheat 
straw 

Hemp 
bark fibres 

Hemp 
core 

Hemp 
seeds 

Poplar 
chipsa 

LHV  17.0 15.5 16.4b 16.4b 16.8c 17.7 
Range LHV  15-18 15-18 15-18 15-18 15-18 15-18 
GHG substitution factor NLd 1.29 1.18 1.25 1.25 1.28 1.35 
GHG substitution factor PLe 1.60 1.46 1.54 1.54 1.58 1.66 

a Chips of whole tree. 
b Heating value of hemp straw comprising core and bark fibres. 
c Heating value of hemp whole plant. 
d Assuming a carbon factor of 76 kgCO2eq./GJLHV, see Section 3.3. 
e Assuming a carbon factor of 94 kgCO2eq./GJLHV, see Section 3.3. 
 
 

4 Performance of multi-product systems 

4.1 Net annual GHG emission reductions per ha  

Figure 2.3 shows the net annual GHG emission reductions per ha and year in relation to 
the specific GHG substitution factors of material application. Note that main components 
of multi-product crops for material application are wheat grain, hemp bark fibre or poplar 
white chips. ‘Base’ results calculated from average input values are marked by dots. The 
ranges of the lines in Figure 2.3 corresponds to the estimated ranges of GHG substitution 
factors, compare Table 2.5. 
 
The impact of the specific GHG emission factor of material substitution on the net annual 
GHG emission reduction per ha and year increases with the percentage of biomass used 
for material production. Therefore, hemp (with only about 25% bark fibre content) is the 
least influenced by changes in the GHG credits of material substitution. Hemp in the 
Netherlands has the highest net GHG emission reduction per ha and year in the ‘base’ re-
sults. This can be explained by the high amount of material that is used for energy pur-
poses and the relative low GHG emissions during hemp cultivation. However, hemp in 
                                                 
3 Therefore, a displacement factor of 1 is implicitly assumed in this study, which applies to co-firing of biomass in fossil 
power plants as is currently quite common. 
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Poland achieves a smaller net reduction of GHG emissions per ha and year, because crop 
yields are lower. Wheat contributes modestly and poplar only slightly to GHG emission 
reduction if used as a multi-product crop. 
 
Comparing the situation in Poland and the Netherlands, net reduction in GHG emissions 
are typically lower in Poland. Thus, lower crop yields in Poland are not offset by lower 
GHG emissions during crop production. Note that for specific GHG emission reduction of 
material substitution, no differences between the two countries have been considered. 
 
Net annual GHG emission reductions per ha as function of the percentage of multi-prod-
uct crop used for energy purposes are presented in Figure 2.4. This percentage is varied 
from zero (material utilisation only) to hundred (complete use for energy). The ‘base’ fig-
ures are marked by dots and assume that the main component of the multi-product crop is 
used for material, while other components of the plant are used for energy.4 For poplar, it 
is assumed that only the main component (i.e. white chips) can be used for material appli-
cations. Therefore, no results for the material utilisation of other components (bark, small 
twigs, etc.) are presented. For wheat and hemp, the utilisation of other plant components 
as material than the main component is considered, too. For these components other spe-
cific GHG emission reduction factors apply, see Table 2.5. As a result, a bend can be ob-
served in the curves of hemp and wheat in Figure 2.4. 
 
With regard to net annual GHG emission reductions per ha, a hundred percent use of the 
crop for energy purposes is more advantageous than using part of the crops for material 
applications. However, using the main component of multi-product crops for energy is 
less advantageous with regard to net GHG emission reduction than using the other com-
ponents for energy. These results are related to the differences between the specific GHG 
substitution factors of different material applications and energy purposes, compare Table 
2.5 and 2.6. 
 
If the whole crop is used for energy purposes, wheat has the highest net GHG emission re-
duction per ha and year (12 Mg CO2eq/(ha*yr)). However, poplar and hemp can reduce 
net GHG emissions per ha and year of biomass production, too. Typically, net GHG emis-
sion reductions per ha and year are lower in Poland. This is mainly due to the much lower 
crop yields. 

                                                 
4 The ‘base’ figures have been used also for calculation of net GHG emissions presented in figure 3. 
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Figure 2.3: Net GHG emission reduction per ha and year (positive values indicate emission 

reduction) versus specific GHG emission reduction of material use 
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Figure 2.4: Net GHG emission reduction per ha and year (positive values indicate emission 
reduction) versus the percentage of multi-product crop that is used for energy 
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4.2 Primary biomass fuel costs 

In Figure 2.5, primary biomass fuel costs in relation to the market prices of the main multi-
product crop component are presented. ‘Base’ assumptions, i.e. current average prices are 
marked by dots. Ranges that are covered correspond to price ranges in the last ten years, 
see Figure 2.2.  
 
Primary biomass fuel costs appear to be very sensitive to the price of materials, especially 
in the case of wheat and poplar where large amounts of the crop are used for material ap-
plications. Poplar and hemp in the Netherlands have the lowest primary biomass fuel 
costs, if used as multi-product crop. This can be explained by the high market prices of 
hemp bark fibre and the low cultivation costs of short rotation poplar. 
 
Including EU agricultural subsidies in the Netherlands in the calculation, most primary 
biomass fuel costs are higher in Poland than in the Netherlands. Thus, lower crop produc-
tion costs in Poland cannot compensate for the lower crop yields. However, for wheat this 
is vice versa and primary biomass fuel costs are lower in Poland than in the Netherlands. 
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Figure 2.5: Primary Biomass fuel costs versus material prices of main components of multi-
product crops 
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Figure 2.6: Comparison of primary biomass fuel costs in the Netherlands with and without 
agricultural subsidies to biomass fuel costs in Poland 
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Figure 2.7: Primary biomass fuel costs versus the percentage of multi-product crop that is 
used for energy 
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Most primary biomass fuel costs of multi-product crops can compete with the costs of 
fossil fuels, as shown in Figure 2.5. Only primary biomass fuel costs of wheat straw in the 
Netherlands and hemp straw in Poland are higher than respective prices of natural gas 
and coal. 
 
Primary biomass fuel costs in the Netherlands would be much higher without EU agri-
cultural subsidies, exceeding the figure for Poland in the case of wheat and poplar, see 
Figure 2.6. Especially for poplar, primary biomass fuel costs in the Netherlands are much 
higher without agricultural subsidies. Only the primary biomass fuel costs of hemp are 
still lower in the Netherlands than in Poland due to the relatively high production costs 
and low yields of hemp in Poland. 
 
Figure 2.7 presents primary biomass fuel costs for different percentages of the multi-prod-
uct crops used for energy purposes. Dots mark the ‘base’ assumptions on the percentage 
of a crop used for energy (see also the discussion of Figure 2.4). It is remarkable that the 
curves of the different crops in the two countries show qualitatively very different behav-
iours. For wheat in the Netherlands and hemp in Poland, primary biomass fuel costs are 
lowest if only agricultural residues are used for energy purposes. Main components, i.e. 
grain and bark fibre, are then used for material applications. However, in the case of 
wheat the utilisation of grain for energy instead of material (i.e. food) would increase pri-
mary biomass fuel costs only slightly. Primary biomass fuel costs of short rotation poplar 
in the Netherlands and Poland, of hemp in the Netherlands and of wheat in Poland can be 
decreased if larger parts of the crops are used for material applications.5 If hemp bark fi-
bres are used for energy instead of material (in the curves at the right hand side of the 
dots), primary biomass fuel costs increase strongly. 
 

4.3 Variation of crop production objective  

In case hemp is grown for seed production and poplar is produced in longer rotation of 
about 20 years, total yield and shares of plant components change, see Table 2.7. The influ-
ence of such a changed crop production scheme on the net GHG emission reductions per 
ha and year and the primary biomass fuel costs is presented in Table 2.8. 
 
Hemp for seed production has less net annual GHG emissions reduction per ha than hemp 
for bark fibre production. This is mainly because crop yields are lower. In addition the 

                                                 
5 Note that for poplar material use is limited to 75% of the plant, see discussion earlier. 
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specific GHG emission reduction of material substitution is lower for seeds than for fibre. 
If poplar is cultivated in longer rotations net GHG emission reductions are slightly lower 
compared to short rotation poplar. This is due to the fact that in this variant less poplar 
wood is used for energy, while energy use is advantageous compared to material use with 
regard to GHG emission reduction. 
 
Table 2.7: Biomass yields and distribution of plant parts of hemp for seed production and 
long rotation poplar 

Parameter Netherlands Poland 
 Average Range Reference Average Range Reference 
Hemp for seed     
Yield stem [Mg/(ha*yr)]  2.7 2.5-3 (Karus et al., 1996) 1.1 0.7-1.4 (CSO, 2003) a 

Bark fibres [% stem] b 10 10 (Karus et al., 1996) 10 10 (CSO, 2003) 

Yield seeds [Mg/(ha*yr)] 1.2 0.8-2 (Lewandowski, 2001; 
Karus, et al., 1996) 

0.5 0.3-1.0 (FAO, 2004) c 

Poplar long rotation (20 year)       
Variation yield [Mg/(ha*yr)] 6.7 d 5.3-7.2 e (Jansen, et al., 1996) 3.5 3.5-4.9 (Kozlowski et al., 2001; 

Jansen, et al., 1996) f 
Variation white chipsz  
[% whole plant] 

95 94-96 (Jansen, et al., 1996) 84 81-86 (Jansen, et al., 1996) 

a Stem yields are estimated from seed yields by assuming the same proportions between seeds and stems as for the 
Netherlands. 
b Distribution of plant components refers to Germany that is comparable to the Netherlands and Poland.  
c Also hempseeds were produced on a larger scale in Poland earlier in the last century. Seed yields then reached up to 1 
Mg/(ha*yr) (FAO, 2004). 
d If poplar is produced in longer rotations, yields diminish a.o. because less trees can be planted per ha and year. Yields 
refer to average growth classes with 4 m of spacing.   
e Here, the amount of white chips is the amount of work wood.  
f No yield tables for Poland were available. Therefore, it is assumed that the yields of longer rotations compared to the 
yields of shorter rotations decrease with the same proportion than in the Netherlands. 
 
Table 2.8: Net GHG emission reduction per ha and year and primary biomass fuel costs of 
hemp for seeds and long rotation poplar compared to the base case results, i.e. hemp for 
fibre and short rotation poplar 

Crop production objective Net GHG emission reduction 
 (Mg CO2eq /(ha*yr)) 

Primary biomass fuel costs  
(€/GJLHV) 

 NL PL NL PL 
Hemp for fibre (base case) 7.8 2.4 -1.7 9.7 
Hemp for seeds (variation) 2.6 -0.5 10.0 29.2 
Short rotation poplar (base case) 0.9 0.2 -4.1 1.2 
Long rotation poplar (variation) -0.9 -0.3 -36.9 -0.3 

 
Assuming a multi-product crop system approach, primary biomass fuel costs of long rota-
tion poplar are much lower than those of short rotation poplar in the Netherlands (see Ta-
ble 2.8). This is due to the high amount of white chips produced, which can be sold for a 
high market price. In Poland, the amount of white chips increases less with longer rotation 
times. Therefore, the reduction of primary biomass fuel costs by longer rotations of poplar 
is small. In the case of seed hemp, primary biomass fuel costs are higher than in the case of 
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fibre hemp. This is due to lower crop yield and lower market price of hemp seeds com-
pared to hemp fibres. 
 

4.4 Monte-Carlo analysis 

Probability distributions of the value of input parameters employed in this Monte-Carlo 
analysis are based on the data presented in Section 3. In general, triangular distributions 
are assumed. Average data (used in the preceding base calculations) are used as most 
likely value, while ranges are used to define the minimum and maximum value of the 
distribution.6 The only probability distributions of input variables that are not triangular 
are those of material market prices of plant components. These probability distributions 
are fitted to the historical data of the last 10 years.  
 
The sensitivity of the performance of multi-product crop system to different input pa-
rameters has been analysed as the contribution to variance of the result of the Monte-Carlo 
analysis. With regard to net annual GHG emission reductions per ha, the GHG emission 
reduction factor of energy use has the strongest influence on the results (up to 96% in the 
case of wheat production in the Netherlands), depending on the percentage of crops that is 
used for energy purposes, see Table 2.9. The second most important input parameters are 
the GHG emissions during crop production (up to 70% in the case of wheat production in 
Poland). The third most important factor is the specific GHG emission reduction of mate-
rial substitution of the main component (up to 65% in the case of wheat production in the 
Netherlands). Net annual GHG emission reductions per ha are significantly influenced by 
crop yields, too (up to 25% in the case of hemp production in Poland). In cases where the 
whole crop is used for materials, the specific GHG emission reduction factor of material 
use of secondary crop components becomes less important. 
 
From an analysis of the sensitivity of the primary biomass fuel costs to different input pa-
rameters (see Table 2.10), it is concluded that crop production costs have the largest influ-
ence (up to 98% contribution to variance). The influence increases with the percentage of 
the crop that is used for energy purposes. For poplar and wheat, the market price of the 
main material component, i.e. grain and white chips, is an important factor too (up to 85% 
in the case of poplar in Poland). However, for hemp the market price of the main material 
component, i.e. bark fibre, is less important due to the fact that the amount of bark fibre 
(about 25% of whole plant) is relatively small. Therefore, in this case the market price of  

                                                 
6 If the triangular distribution is not symmetric, the mean value of the distribution differs from the most likely value. 
Consequently, the mean results of the Monte-Carlo analysis differ from ‘base’ results. 



Multi-product crops – case study for Poland and the Netherlands  

46 

 

 

.000 

.012 

.024 

.036 

.047 

-20.00 -14.25 -8.50 -2.75 3.00

GHG emissions NL: wheat, multi-product

GHG emissions NL: wheat, energy crop

GHG emissions NL: wheat, pure material

GHG emissions PL: wheat, pure material

GHG emissions PL: wheat, multi-product

GHG emissions PL: wheat, energy crop

Net GHG emissions per ha and year (Mg CO2eq/(ha*yr)) - wheat 
Probability 

 
 

 

.000 

.021 

.041 

.062 

.082 

-20.00 -14.25 -8.50 -2.75 3.00

GHG emissions NL: hemp, multi-product

GHG emissions NL: hemp, energy crop

GHG emissions NL: hemp, pure material

GHG emissions PL: hemp, pure material

GHG emissions PL: hemp, multi-product

GHG emissions PL: hemp, energy crop

Net GHG emissions per ha and year (Mg CO2eq/(ha*yr)) - hemp 
Probability 

 
 

 

.000 

.017 

.034 

.051 

.068 

-20.00 -14.25 -8.50 -2.75 3.00

GHG emissions NL: poplar, multi-product

GHG emissions NL: poplar, energy crop

GHG emissions PL: poplar, multi-product

GHG emissions PL: poplar, energy crop

Net GHG emissions per ha and year (Mg CO2eq/(ha*yr)) - poplar 
Probability 

 
Figure 2.8: Probability distribution (as result of a Monte-Carlo analysis) of net GHG emis-

sion reduction per ha and year 
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Figure 2.9: Probability distribution (as result of a Monte-Carlo analysis) of primary biomass 
fuel costs 
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the secondary material component becomes very important if only 5% of the plant is used 
for energy. Other factors that influence the primary biomass fuel costs strongly are the 
crop yield and the share of the material component. Only for wheat, the latter factor is not 
important because the share of straw varies only little (from 32% to 36%). 
 
Table 2.9: Sensitivity of the net GHG emission reduction per ha and year to the input pa-
rameters as percent contribution to variance of the results from the Monte-Carlo analysis  
 Wheat NL Wheat PL Hemp NL Hemp PL Poplar NL Poplar PL 
Energy use of crop m mp e m mp e m mp e m mp e m mp e m mp e 
Crop yield 1 2 1 1 1 1 7 7 5 19 25 20 N/a 7 9 N/a 10 12 
Share of main component in crop 0 0 01 0 0 0 0 2 0 1 0 0 N/a 17 0 N/a 19 0 
GHG emissions crop production 30 10 21 70 20 6 2 25 1 44 4 2 N/a 5 0 N/a 5 0 
GHG substitution energy use 0 66 96 0 70 92 87 0 93 0 68 77 N/a 69 89 N/a 66 88 
GHG substitution material use main comp. 65 21 0 25 8 0 3 49 0 26 2 0 N/a 1 0 N/a 1 0 
GHG substitution material use other comp. 3 0 0 4 0 0 0 17 0 10 0 0 N/a N/a N/a N/a N/a N/a
m: material use (0% energy use); mp: multi-product use; e: energy use (100% energy use) 
 
Table 2.10: Sensitivity of the primary biomass fuel costs to the input parameters as percent 
contribution to variance of the results from the Monte-Carlo analysis 
 Wheat NL Wheat PL Hemp NL Hemp PL Poplar NL Poplar PL 
Energy use of crop m mp e m mp e m mp e m mp e m mp e m mp e 
Crop yield 6 6 7 1 1 1 7 11 13 33 10 40 N/a 8 2 N/a 5 3 
Share of main component in crop 0 0 0 0 0 0 3 10 0 1 0 0 N/a 9 0 N/a 1 1 
Crop production costs 62 64 90 96 97 98 38 75 85 48 59 59 N/a 62 87 N/a 30 10 
Market price main crop component 29 30 0 2 2 1 2 3 0 0 1 0 N/a 20 0 N/a 63 85 
Market price other crop component 2 0 0 0 0 1 50 0 0 17 0 0 N/a N/a N/a N/a N/a N/a
m: material use (5% energy use); mp: multi-product use; e: energy use (100% energy use) 
 
The results of the Monte-Carlo analysis show possible ranges and most likely values of net 
annual GHG emission reductions per ha and primary biomass fuel costs, see Figure 2.8 
and 2.9. Possible ranges of net annual GHG emission reductions per ha are the smallest for 
pure material use and the largest for use as energy crops. In absolute terms, the values 
may range from large net GHG emission reductions per ha and year (up to 19 kg CO2eq/ 
(ha*yr)) to small net GHG emissions per ha and year (about 2 kg CO2eq/(ha*yr)). 
 
The probability distributions of primary biomass fuel costs have very different shapes. In 
the case of multi-product and energy crop use, the curves have high and narrow extremes. 
Thus, primary biomass fuel costs in these cases are hardly influenced by uncertainties. On 
the other hand, if nearly the whole crop is used for material (i.e. 5% energy use), possible 
primary biomass fuel costs cover a very broad range. Therefore, in these cases actual bio-
mass fuel costs are difficult to predict. Even though the ranges for primary biomass fuel 
costs of multi- product crop use are comparatively small, they are quite large in absolute 
terms, e.g. for hemp they range from –10 to 10 €/GJ. 
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5 Discussion  

In this chapter, the performance of multi-product crop systems with regard to net annual 
GHG emission reductions per ha and primary biomass fuel costs has been analysed. A 
case study of multi-product crop systems in Poland and the Netherlands has been carried 
out to consider different intensities of agricultural systems. While in the Netherlands agri-
culture is quite intensive with high yields and inputs, Polish agriculture is more extensive. 
However, within Poland agricultural practices can differ remarkably and so can the re-
lated costs and energy uses.  
 
Moreover, the low crop production costs in Poland are mainly due to lower costs of labour 
and land. As Poland is an EU-member from May 2004 on, it is to be expected that these 
costs will increase in the future. On the other hand, biomass production costs in the Neth-
erlands are favoured by EU agricultural subsidies that aren’t granted in Poland. Plans are 
to align these subsidy schemes for the new Eastern European member of the European 
community. However, to forecast the amount and time scheme of these changes due to the 
Polish EU membership is beyond the scope of this study. 
 
No interaction between the degree of implementation of multi-product crop systems and 
the market has been considered. However, if multi-product crops would be implemented 
on a large scale, macro-economic effects emerge. Material markets are subject to change 
due to price elasticity. Therefore, prices of plant components and also materials that are 
likely to be substituted by multi-product crop materials (and the related GHG emissions) 
can change. Moreover, costs of land and the quality of land available for multi-product 
crop cultivation would change due to increased competition for land for different pur-
poses. To gain insight into the feasibility of large-scale multi-product crop systems, it is 
desirable to include these aspects into further research.  
 
With regard to material use of multi-product crops, only direct and indirect GHG emis-
sions due to the production of reference materials have been considered. However, some 
multi-product crop materials replace other plant materials, e.g. wheat grains replace soya 
and poplar chips substitute wood from conventional forestry. In these cases, no credits for 
land use have been considered, although it can be assumed that the land occupied for the 
production of these reference materials could otherwise be used for the production of 
other biomass materials. These other biomass materials, subsequently could contribute to 
GHG emission reduction. Considering these subsequent GHG emission reductions by 
land use, the specific GHG emission reduction of multi-product crop materials could be 
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larger than considered in this study. This effect has been discussed in chapter 3 of this 
thesis.  
 
Moreover, the contribution of multi-product crop materials to GHG emission reduction is 
potentially underestimated for another reason, too. In this study, only the production 
stage of multi-product crop materials is considered, but not the rest of their life cycle. 
Multi-product crop materials are assumed to be nearly CO2 neutral. However, if multi-
product crop materials are used for a long-term use carbon is stored. If these materials are 
moreover incinerated with energy recovery after use, carbon is released but the generated 
energy replaces fossil energy. 
 
 

6 Summary and conclusions 

Crop production costs in Poland are much lower than in the Netherlands. Consequently, if 
no agricultural subsidies are granted primary biomass fuel costs of wheat and poplar are 
significantly lower in Poland. For hemp, this is not the case because crop production costs 
in Poland are based on relatively expensive experimental plots. Including agricultural 
subsidies, primary biomass fuel costs of the multi-product crop system in the Netherlands 
are calculated at 7.5 €/GJ for wheat, -1.7 €/GJ for poplar and –4.1 for hemp. Primary bio-
mass fuel costs of multi-product crop systems in Poland are 0.1 €/GJ for wheat, 1.2 €/GJ 
for poplar and 9.8 €/GJ for hemp. On the other hand, GHG emission reductions per ha 
and year of multi-product crop systems are calculated to be lower in Poland than in the 
Netherlands. This due to the low crop yields in Poland. GHG emission reductions of 
multi-product systems in the Netherlands are 5.0 Mg CO2eq/(ha*yr) for wheat, 0.9 Mg 
CO2eq/(ha*yr) for poplar and 7.8 Mg CO2eq/(ha*yr) for hemp. For Poland, respective GHG 
emission reductions are 4.1 Mg CO2eq/(ha*yr) for wheat, 0.2 Mg CO2eq/(ha*yr) for poplar 
and 2.4 Mg CO2eq/(ha*yr) for hemp. Comparing multi-product crop systems in the Neth-
erlands and Poland, it should be noted that quality of data on Polish crop production sys-
tems was low. Many parameters (e.g. costs, yields and GHG emissions) had to be esti-
mated from comparable systems, see Section 3. 
 
In general, the economic attractiveness of multi-product crops depends strongly on the 
market price of crop components for material use. Apart from these material prices, pri-
mary biomass fuel costs are very sensitive to crop production costs, crop yields and the 
percentage of the crop employed for energy. At current material prices, using components 
of wheat, hemp and poplar for materials lowers primary biomass fuel costs. For hemp in 
the Netherlands, material use of all components (i.e. core, bark fibres and eventually 
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seeds) is economically favourable to energy use. For hemp in Poland, only material use of 
main components (i.e. bark fibres and eventually seeds) is economically favourable to en-
ergy use. Also for wheat, only material use of the main component (i.e. grain) lowers the 
primary biomass fuel costs. On the other hand, poplar has only one possible material 
component. 
 
Net annual GHG emission reductions per ha of multi-product crop systems depend 
strongly on the specific GHG emission reduction of multi-product crop material use. Fur-
thermore, net GHG emission reductions per ha are strongly influenced by the specific 
GHG emission reduction of energy use (i.e. by the reference energy system) and the per-
centage of the crop employed for energy. Besides, net annual GHG emission reductions 
per ha depend on GHG emissions during crop production and on crop yields. With the 
material substitutions assumed in this study, using components of hemp, wheat and pop-
lar for material applications, lowers net GHG emission reductions compared to energy 
use. Thus, energy use of these crops is favourable to multi-product crop systems. How-
ever, this fact may change with other material uses and reference materials and other ref-
erence energy systems.  
 
Finally, multi-product use of crops can significantly decrease primary biomass fuel costs 
compared to energy crops. However, this does not apply in general, but depends on crops 
and material uses. For the examples analysed in this chapter, GHG emissions per ha and 
year are not lower for multi-product use of crops than for singly energy use. The case 
might be different for other crops and material uses. Therefore, multi-product crops are 
not a priori an option to increase the performance of bioenergy systems. A detailed 
analysis of specific crops and material applications is necessary to evaluate the attractive-
ness of an individual multi-product crop system.  
 
Further research on the feasibility of large-scale multi-product crop systems is advisable. 
Especially related macro-economic effects on land and material markets should be inves-
tigated. Furthermore, a more detailed analysis of material substitution systems including 
land demand of reference materials and waste treatment of multi-product crop materials 
is desirable. This could estimate the contribution of multi-product crops to net GHG emis-
sion reduction estimated more accurately. 
 
 



 

 

 
 
 



 

 

CHAPTER 3: 
 

Cost and CO2-emission reduction of biomass cascading 
- Methodological aspects and case study of SRF poplar* 

 
 
 
 
 
 
 
 
 

Abstract  
This study presents and applies a coherent methodological framework to compare bio-
mass cascading chains, i.e. the subsequent use of biomass for materials, recycling and en-
ergy recovery, considering land use, CO2 emission reduction and economic performance. 
Example cascading chains of short rotation poplar wood are compared to each other on 
basis of literature data. Results for these chains vary strongly, namely, from CO2 mitiga-
tion benefits of 200 €/Mg CO2 to CO2 mitigation costs of 2200 €/Mg CO2, and from net 
CO2 emission reductions per hectare of biomass production of 28 Mg CO2/(ha*yr) to net 
CO2 emissions of 8 Mg CO2/(ha*yr). Using a present-value approach to determine CO2 
emissions and costs affects the performance of long-term cascading chains significantly, 
i.e. cost and CO2 emission reduction are decreased. In general, cascading has the potential 
to improve both CO2 emission reductions per ha and CO2 mitigation costs of biomass 
usage. However, this strongly depends on the biomass applications combined in the cas-
cading chain. Parameters that significantly influence the results are market prices and 
gross energy requirements of substituted materials and energy carriers, and the efficiency 
of biomass production. The method presented in this study is suitable to quantify land 
use, CO2 emission reduction and economic performance of biomass cascading systems, 
and highlights the possible impact of time on the attractiveness of specific cascading 
chains. 

                                                 
* To be published in Climatic Change; Co-author: A.P.C. Faaij.  
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1 Introduction 

According to many studies, the use of biomass for energy and material purposes may 
contribute significantly to the reduction of global carbon dioxide emissions if produced in 
a sustainable way (IPCC, 2001b; Turkenburg et al., 2000). Biomass can replace fossil fuels 
not only for the supply of heat, electricity and transportation fuel, but also as a feedstock 
for material production. Nevertheless, the use of biomass for material and energy applica-
tions can have two main disadvantages. Firstly, the costs involved are often higher than 
the costs of alternatives based on fossil fuel. Secondly, biomass production needs large 
quantities of often-scarce land resources if it is to contribute substantially to the world’s 
energy consumption. Accordingly, an efficient use of biomass with regard to costs and 
land use is desirable in order to reduce CO2 emissions. Such an efficient use of biomass can 
be realised by biomass cascading. In this context, cascading means that biomass is first 
used for a material application; next, it may be recycled for several further material appli-
cations; and finally, energy is recovered from the biomass. By means of cascading, refer-
ence materials and fossil fuels can be saved more than once during the lifetime of the bio-
mass.  
 
While cascading has been proposed for improving the GHG reduction efficiency of bio-
mass systems—see e.g. Fraanje (1997) and Goverse et al. (2001)—few integrated analyses 
of biomass material and energy systems analysing their efficiency with respect to CO2 
emissions reduction, costs and land use have been carried out. Several studies have 
investigated carbon balances and land use of biomass materials, in particular from long-
rotation forestry wood; see e.g. Schlamadinger et al. (1997) and Börjesson and Gustavsson 
(2000). In addition, several studies have analysed carbon balances of the utilisation of 
biomass for energy (Lettens et al., 2003; Ney and Schnoor, 2002). However, none of these 
studies compared the subsequent use of biomass for materials and energy with the use of 
biomass for either material or energy. Hence, the effects of biomass cascading on final CO2 
emission reduction and costs with regard to the area of land used for biomass production 
are not well understood from a bottom-up perspective.  
 
Methodological aspects play an important role in quantifying these effects. For example, 
the choice of a reference system to determine CO2 emission reductions of a biomass cas-
cading chain can be very important, as shown by life cycle analyses of bio-material sys-
tems (Patel et al., 2003; Finnveden and Ekvall, 1998). Another aspect is the evaluation of 
CO2 emission reductions at different moments in time. This becomes particularly im-
portant if long-life products are considered and CO2 emissions can be distributed over a 
time span up to some hundred years. While for biomass material and energy systems this 
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problem has not been studied extensively, several approaches have been developed to 
evaluate the sequestration of carbon in forests as function of time (IPCC, 1999; OECD and 
IEA, 2001; Marland et al., 2001). In conclusion, to enable a quantitative analysis of land 
use, CO2 emission reduction and costs of complex biomass cascading chains, a coherent 
methodological framework is needed but not available.  
 
A wide variety of biomass material applications and possible cascading chains exist, and it 
is unclear yet, which biomass chain is optimal with regard to costs, CO2 emission reduc-
tion and land demand. This is due to the large number of parameters (e.g. material pro-
duction process, crop yield, reference energy system) affecting the overall performance of 
biomass cascading chains. Preliminary analyses have shown that CO2 emission reduction 
per hectare of biomass production and the CO2 mitigation costs differ significantly for dif-
ferent biomass cascading systems (Dornburg and Faaij, 2001a). 
 
Therefore, the methodological framework defined in this study is used to investigate and 
compare different biomass cascading chains. In order to analyse the effect of combining 
different material and energy applications in a biomass chain, we demonstrate the meth-
odology with a single biomass crop. For that purpose, we select short rotation (SR) poplar 
wood. Key criteria for this selection are that the crop should be suitable for a broad variety 
of material applications, can be cultivated on different land qualities and has a relative 
high yield in Northern Europe, which is the geographical area considered in this study.  
 
Summarizing, the aim of this study is twofold: (1) to select and develop a coherent methodo-
logical framework for the comparison of different biomass cascading chains in terms of costs, land 
demand and CO2 emission reductions and (2) to identify key parameters and issues that influence 
the efficiency of biomass cascading chains. 
 
The remainder of this chapter is organised as follows: In Section 2, the methodological 
framework is defined, while special attention is paid to the inventory and evaluation of 
different approaches for such a framework. Important aspects of this framework are (1) 
the boundaries of the biomass cascading system and the respective reference system, (2) 
inclusion of land use, (3) dealing with the time dimension and (4) definition of reference 
applications. Section 3 gives an overview of the biomass chains of SR poplar wood that are 
selected for this study, and presents the reference applications for the material and energy 
carriers produced from biomass. In the second part of this section, the background of in-
put data for the calculation of costs, land demand and CO2 emission reductions of the 
biomass systems is discussed. Results of applying the methodology to the SR poplar 
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chains, together with sensitivity analyses are presented in Section 4. Finally, Section 5 dis-
cusses the results and draws general conclusions. 
 
 

2 Methodology 

2.1 System boundaries of biomass and reference system 
To determine the CO2 emission reduction that can be achieved by using biomass, a refer-
ence system needs to be defined (IPCC, 2001b). Usually it is assumed that materials and 
energy carriers from biomass substitute materials and energy carriers that fulfil the same 
functions; see e.g. van den Broek et al. (2001).  
 
If more than one function is fulfilled in the biomass system—in our case through the pro-
duction of several materials and energy carriers—two main approaches to define a refer-
ence system exist (CML, 2001). First, within a ‘mono-functional’ approach one ‘main func-
tion’ of the biomass system is compared to a reference function. Impacts related to this 
‘main function’ are determined by allocation. Second, within a ‘multi-functional’ ap-
proach, all functions of the biomass system are compared to functions of the reference 
system. As an example, combined heat and power production using biomass can be com-
pared to heat and power production from fossil fuels (‘multi-functional’). On the other 
hand, part of the impacts of combined heat and power production using biomass can be 
allocated to biomass power generation. Subsequently, these allocated impacts of power 
generation from biomass can be compared to power production using fossil fuels (‘mono-
functional’). A main objective of this study is to compare different biomass cascading 
chains that fulfil several functions. Therefore, a multi-functional approach is applied. 
 
Some studies that compare different biomass systems use a product-basket approach; see 
e.g. (van den Broek et al., 2001). This implies that the system boundaries of each biomass 
cascading system are extended in such a way that all systems fulfil the same functions. For 
example, to compare a biomass power plant (system A) to particleboard production and 
electricity recovery by incineration of the board at the end of its life cycle (system B), board 
production would be added to system A. However, when analysing a number of biomass 
cascading chains, each one producing a different suite of materials, the resulting product 
basket would become very complex. Therefore, in this study every single biomass cascading 
chain is compared to a single reference system. This enables a fair comparison between various 
biomass chains, which is what we want to demonstrate here. 
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Because a final waste-to-energy step of the biomass is included in the analysis for a fair 
comparison, the reference materials are assumed to be converted to energy after use too. 
The amount of energy carriers produced in both systems is evened out by assuming that 
surplus energy carriers in either the biomass or the reference system would be produced 
from an average mix of fossil fuels in the respective other system.1 
 
Transportation of biomass and materials, as well as collection of waste materials, is not 
considered in this study, because a detailed analysis of all transportation steps is beyond 
the scope of this study and in general, the impact of transport on overall energy balances 
tends to be minor (Biewinga and van der Bijl, 1996; Dornburg and Faaij, 2001b). Therefore, 
we simply assume that logistics in the biomass and the reference cascading chain are com-
parable. 
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Figure 3.1: Schematic representation of biomass cascading system with according reference 

system 
 
Figure 3.1 gives an overview of the biomass reference system as investigated here. Within 
the rest of this study, the biomass system refers to cascading chains of SR poplar. Note that 
biomass may be used for material production in the reference systems as well, because in 

                                                 
1 Thus, we assume that biomass energy would most likely replace fossil energy. 
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some cases products from SR poplar substitute wood products from conventional forestry. 
The implications of reference products from conventional forestry for the inclusion of land 
demand into the analysis are discussed in Section 2.2. 
 
2.2 Land use 
Land use, i.e. the area of land occupied by biomass production, is a crucial parameter in 
the analysis and comparison of biomass systems (Schlamadinger et al., 1997). While the 
inclusion of land use in comparative analyses of biomass energy and material systems is 
not common practice yet, this issue has been gaining importance in recent discussions; see 
e.g. Green (2000) and chapter 4 of this thesis. Approaches to include land use in the ana-
lysis of biomass systems vary. In a study of van den Broek et al. (2001), the area of land 
used is a function in the biomass system. Other functions in this biomass system are food 
and energy carriers produced. Consequently, in the biomass and the reference system, the 
same area of land is used and the same amounts of food and energy are produced. Other 
authors limit the use of land to the biomass system. CO2 emissions and other environ-
mental impacts are then calculated per ha of land used in the biomass system, see e.g. 
Gärtner et al. (2002).  
 
Roughly, the geographical context considered in this study is Northwest-Europe (i.e. 
North-France, The Netherlands, Belgium and Germany). These countries have quite com-
parable conditions for biomass production and, moreover, comparable material markets. It 
is assumed that short rotation poplar is cultivated on medium quality agricultural land. 
Thus, in this study 1 ha of land use in the biomass system refers to the occupation of 1 ha of 
medium quality agricultural land in NW-Europe for one year. 
 
At any rate, the production of biomass in the biomass system requires land. Moreover, for 
the production of reference materials, land may be used too. This is clearly the case if SR 
poplar products in the biomass system substitute wood products from conventional for-
estry in the reference system. On the other hand, if short rotation poplar products substi-
tute only fossil fuel based or mineral materials, no land is needed in the reference system. 
In this study, both situations are considered. 
 
If land is used to produce wood products from conventional forestry in the reference sys-
tem, it has to be accounted for. The area to produce wood products is typically larger than 
the area to produce short rotation poplar products with equivalent functions. This is due 
to lower yields in conventional long-rotation forestry (Kaltschmitt and Reinhardt, 1997). 
Therefore, defining land use in the biomass system as the land use for biomass production 
minus the land use for conventional wood production may lead to negative net land uses. 
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As a negative net land use is not a useful unit for comparison, another method is applied 
to account for the land use in the reference system.  
 
The land use of conventional forestry can be converted to CO2 emission reductions and cost reduc-
tions, which are the main objectives of biomass systems in this study. In order to do so, the 
amount of energy crops that could be produced on this forestry land if it would not be 
used for wood production, is calculated. If these energy crops replace fossil fuels, CO2 
emissions are reduced. (CO2 emission reductions are the CO2 emissions due to the use of 
fossil fuels minus the CO2 emission due to the production of energy crops.) Similar to the 
reduction of CO2 emissions, these energy crops can also reduce costs, i.e. the costs of fossil 
fuel use minus the costs of energy crop production. By using this approach, specific CO2 
emission reduction and cost reduction per area of reference land demand can be deter-
mined.2  
 
However, yields of energy crops on forestry land are in most cases lower than yields of 
energy crops on agricultural land. Therefore, the yields of energy crops on forestry land 
are corrected by a dimensionless quality factor. For example, with a quality factor of 0.5, 
yields of energy crops expected on conventional forestry land are half of those expected on 
medium quality agricultural land. 
 

2.3 Time dimension 

(Avoided) CO2 emissions over time 
The use of biomass, when derived from well-managed plantations, is considered to be 
close to having no net impacts on the carbon in the atmosphere, because all carbon se-
questered during plant growth is released during energy conversion and vice versa. How-
ever, if cascading systems of biomass are considered, the release of sequestered carbon can 
take place significantly later in time than the moment biomass is harvested. Depending on 
the applications in the cascading chains this period can vary from several weeks (e.g. pa-
per) to a century or more (e.g. construction wood). Furthermore, CO2 is emitted at differ-
ent moments in time in the biomass as well as in the reference system. 
 
                                                 
2 Another obvious possibility to convert the use of conventional forestry land in the reference system to CO2 emission 
reductions exists. Here, one would assume that alternatively the forest would not be harvested and consequently, carbon 
would be sequestered in the standing trees. This carbon sequestration could be expressed as carbon emission reduction. 
However, the hypothetical conversion of sequestered carbon to permanent carbon emission reduction is a disputed topic 
and several approaches exist; compare OECD and IEA (2001). Furthermore, sequestered carbon is never fully equivalent 
to avoided fossil fuel based carbon emissions. In order to circumvent this issue, we assume that in case the wood is not 
used for products, energy crop production instead of carbon sequestration takes place on the forestry land. 



Cascading – case study of SR poplar   

60 

Fossil 
feedstock 

Reference 
system 

Fossil 
feedstock 

Waste-to-
energy + 
Reference 
power plant 

Reference
material 1 Reference

material 2 

Waste-to-
energy 

Bio-
material 2 

Fossil 
feedstock 

Waste-to-
energy + 
Reference 
power plant 

Bio-
material 1 

Reference 
power 
plant 

Biomass 
system 

harvested 
biomass  

energy use 
processing  

energy use processing  
+ energy use  
 reference power plant 

release biomass C + 
energy use reference 
power plant 

Time to    t1     t2 
GHG 
emissions 
biomass 
system 

 Carbon stream to or from atmosphere Mass flow within the material system 

Same function, i.e. amount of electricity 
or material use function

t0 :   production first material 
t1:   lifetime material 1 
t2:   lifetime material 2 

Time t0   t1  t2

energy use  
processing  

release fossil feedstock 
material 1 +  
energy use reference 
power plants 

release fossil feedstock 
material 2 + 
 energy use reference 
power plants 

GHG 
emissions 
reference 
system 

 
 

Figure 3.2: Carbon streams in time for a biomass cascading system with two material 
application steps 

 
Figure 3.2 illustrates schematically CO2 emissions for a cascading chain with two different 
material production steps and a waste-to-energy conversion step. The analysis starts with 
the input of carbon sequestered in the biomass at time to, when the first material in the 
cascading chain is produced, i.e. the biomass is harvested. After the lifetime of this first 
material, at time t1, CO2 emissions occur due to recycling and the production of the second 
material. At time t2, after the lifetime of the second material, the biomass is converted to 
energy and the sequestered carbon is released. At the same moments in time reference 
materials and energy carriers are produced. 
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It is obvious that the later CO2 is emitted to the atmosphere, the later the greenhouse effect 
due to this emission takes place. To account for CO2 emissions at different moments in 
time, an indicator predicting climate change due to a certain emission at a certain moment 
would be desirable. However, this climate change depends on many external factors such 
as the concentration of greenhouse gases in the atmosphere and, thus, cannot be deter-
mined. (IPCC, 2001a) Alternatively, carbon emissions in time could be evaluated by an 
economic approach. Marland et al. (1997) evaluated CO2 emissions by a carbon discount 
rate representing the potential economic damage of a certain emission. However, this 
damage also depends on many external and unpredictable factors.  
 
Van den Broek et al. (2001) discussed that physical units that represent monetary values 
can be converted to present values. They applied this concept to the yields of a eucalyptus 
plantation. The concept may also be used for CO2 emissions, since these are tradable and, 
thus, represent a monetary value, which may vary in time.  
 
In this study, lacking a better instrument, we evaluate CO2 emissions at different moments 
in time by assuming that these CO2 emissions represent a constant monetary value that can be 
converted to a present value taking into account an interest rate. Besides CO2 emissions, all 
other cost items are converted into present values, too. The interest rate assumed is a crucial 
parameter. Here, a low discount rate representing annual capital costs in public projects is 
assumed, because mitigating carbon emissions is considered a public responsibility.3 To 
highlight the impact of time on the evaluation of CO2 emission reductions in biomass cas-
cading chains, the performance of CO2 emission reduction is also analysed without pre-
sent-value approach.  
 
Technology developments 
Because some biomass material applications last for quite a long time, it should be noted 
that during such a time period technological developments occur. Consequently, the eco-
nomics and energy balances of processes to produce material and energy carriers out of 
both biomass and reference raw materials are affected. In such a way technological devel-
opments influence the performance of long-term cascading chains. However, data on ex-
pected developments of all relevant technologies are not readily available and the analysis 
of mechanisms behind these developments is beyond the scope of this study. Neverthe-
less, the potential impact of possible developments of some technologies is evaluated in the sen-
sitivity analysis. 

                                                 
3 For a discussion on the choice of interest rate in long-term problems as climate change; see (Portney and Weyant, 1999). 
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2.4 Definition of functional units 

The biomass and the reference system are compared by means of equivalent functions, 
where functions are services that are embodied in material objects. (CML, 2001) The func-
tion of a certain material can be defined in several ways, because materials can have vari-
ous (desirable) properties, such as the structural and indoor climate functions of a con-
struction element. Typically, wood products have different secondary functions and char-
acteristics than products from fossil fuels or minerals. In general, however, a main func-
tion can be identified, e.g. the structural function in construction. Only this main function of 
an application is considered in this study. The functional unit is the function fulfilled by the 
biomass material produced from one hectare and one year of SR poplar production. Based on this 
functional unit, the kind and amount of reference material can be determined. For a more 
detailed discussion of the reference materials, see Section 3. 

 

2.5 Calculation method 

Starting from one hectare and one year of biomass production, costs and CO2 emissions of 
the biomass cascading chain in comparison to a reference system are determined. The fol-
lowing three key parameters are calculated for a comparison of biomass cascading chains: 
- Annual CO2 emission reduction per area of biomass production [kg CO2/(ha*yr)]  
- Net annual costs per hectare of biomass production [€/(ha*yr)] 
- CO2 mitigation costs [€/kg CO2] 

 
CO2 emission reduction 
The CO2 emission reduction of a biomass cascading chain is the difference between the 
emissions in the reference system and those in the biomass system. These CO2 emissions 
comprise emissions associated with biomass production, reference land use, material pro-
duction, and the production of energy carriers. CO2 emissions during biomass production 
result from the direct energy inputs and the indirect energy inputs of materials (e.g. ma-
chines, fertilisers). Moreover, we include N2O emissions from fertiliser application using 
its CO2 equivalent value. Other greenhouse gas emissions (such as CH4 emissions from de-
cay of roots) play only a small role in overall greenhouse gas emissions of biomass pro-
duction systems (IPCC, 2001b) and are not taken into account.  
 
Net annual costs 
Analogous to the CO2 emission reduction, the net annual costs (or benefits) of the biomass 
cascading chain are the difference between the annual costs in the biomass and the refer-
ence system. These cost items are biomass production costs and the costs of material and 
energy production. In general, no taxes or subsidies are taken into account. Net costs of 
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biomass applications (i.e. materials and energy carriers) are defined as the production 
costs of the biomass application minus the market price of the reference application. How-
ever, using market prices introduces uncertainty into the analysis due to possible fluctua-
tions of such prices. This uncertainty is addressed by using ranges of market prices that 
are derived from relevant statistics.  
 
 

3 Cascading chains of short rotation poplar 

3.1 Applications 

For a case study, biomass cascading chains of short rotation poplar have been selected on 
the basis of a review of possible applications and recycling options, which can be found in 
Appendix 1. For the selection of applications the following criteria were applied:  
- The suitability of SR poplar wood for the investigated application 
- A potentially large market volume of the material 
- The possibility of cascading  
- The likeliness of high CO2 emission reduction and low CO2 mitigation costs 
- Inclusion of at least one application in key industrial sectors that are suitable for poplar 

wood (construction, packaging, pulp & paper, chemicals and energy) 
 
Finally, eight application of SR poplar wood are considered in this analysis, i.e. particle 
lumber (LU), medium density fibre board (MDF), transportation pallets (PA), chemical 
pulp (PUL), ethylene (ET), methanol (ME), viscose (VI) and electricity (EL), and for each of 
these applications also a reference application is defined:  
- MDF board generally substitutes other wood products. Main substitute is structural 

plywood from softwood that is the reference material in this study. Functional unit for 
comparison is the volume of board material. 

- Particle lumber substitutes concrete. Respective amounts needed in equivalent houses 
with concrete or wooden frames substitute each other in the analysis. 

- Pallets are not commonly produced from alternative materials, e.g. from HDPE or 
corrugated fibreboard, and, therefore, wooden pallets from softwood are assumed as a 
reference material. 

- Chemical pulp from short rotation poplar replaces chemical pulp made from other fibre 
sources, i.e. softwood. 

- Ethylene from SR poplar wood substitutes ethylene from fossil sources, i.e. naphtha, 
gas oils, liquefied petroleum gas and ethane. Because in Western Europe about 73% of 
ethylene production was based on naphtha in 1997, ethylene production via steam 
cracking of naphtha is regarded as the reference process (CEFIC, 2000). 
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- Viscose replaces mainly synthetic staple fibres. The most important staple fibres in 
terms of production volume are polyester (PES) fibres (CIRFS, 2002). Viscose can be 
used for most technical applications for which PES can be used. As a consequence, 
PES fibre is assumed as reference material for viscose. Functional unit for the 
comparison of PES and viscose fibres is the volume of fibres. 

- Electricity from biomass is assumed to substitute the average Western European 
electricity mix in the reference system.  

- Methanol replaces gasoline, which serves as a reference material. Functional units for 
the comparison are lower heating values.  

 
Selected applications and reference applications for further analysis are summarised in 
Table 3.1. 
 
Table 3.1: Applications of SR poplar wood and reference applications included in this 
study 
Abbreviation SR poplar application Reference material Substitution 
LU Particle lumber Concrete Fossil, mineral 
MDF MDF board Plywood softwood Wood 
PA Pallets Pallets softwood Wood 
PUL Chemical pulp Chemical pulp from softwood Wood 
ET Ethylene Ethylene from naphtha Fossil 
ME Methanol Gasoline Fossil 
VI Viscose PES fibre Fossil 
EL Electricity, IG/CC Electricity mix, Western Europe Fossil 
 

3.2 Cascading chains 

In this section, cascading chains of SR poplar are selected for a case study. Here, a ‘cas-
cading chain’ is the production of one of the selected applications from SR poplar, zero or 
more recycling steps to subsequently produce other material applications of SR poplar, 
and finally an energy recovery step. Most chains comprise two or four applications, in-
cluding energy recovery. 
 
In line with the feasibility of recycling (see Appendix 1), a number of possible cascading 
chains result. Assuming that a waste-to-energy recovery step of poplar material always 
takes place, 12 representative chains presented in Table 3.2 are selected for further analysis 
from all 28 theoretically possible chains. Many of the theoretically possible cascading 
chains only differ with regard to the last waste-to-energy recovery step, i.e. either metha-
nol or electricity production. Because both direct production of methanol and of electricity 
are included, it can be concluded whether a final conversion to methanol or electricity is 
more favourable without studying all these different cascading chains. Therefore, all se-
lected cascading chains comprise electricity production as last cascading step. Moreover, 
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of all possible cascading chains with four successive applications, chains that only differ 
with regard to one application are represented by a single chain. In only one case, i.e. PA-
LU-LU-EL and PA-LU-MDF-EL, it is analysed what difference of results the change of one 
step causes. 
 
Table 3.2: Cascading chains of short rotation poplar regarded in this study 

Abbreviation  Raw 
material 

 Primary 
material 

 Secondary 
material 

 Tertiary 
material 

 Energy 

           

EL  SR poplar ⇒       Elec. IG/CC 
           

ME  SR poplar ⇒       Methanol 
           

LU-EL  SR poplar ⇒ Lumber     ⇒ Elec. IG/CC 
           

MDF-EL  SR poplar ⇒ MDF     ⇒ Elec. IG/CC 
           

PA-EL  SR poplar ⇒ Pallets     ⇒ Elec. IG/CC 
           

PUL-EL  SR poplar ⇒ Pulp     ⇒ Elec. IG/CC 
           

ET-EL  SR poplar ⇒ Ethylene     ⇒ Elec. IG/CC 
           

VI-EL  SR poplar ⇒ Viscose     ⇒ Elec. IG/CC 
           

LU-LU-ET-EL  SR poplar ⇒ Lumber ⇒ Lumber ⇒ Ethylene ⇒ Elec. IG/CC 
           

PA-LU-LU- EL  SR poplar ⇒ Pallets ⇒ Lumber ⇒ Lumber ⇒ Elec. IG/CC 
           

PA-LU- MDF-EL  SR poplar ⇒ Pallets ⇒ Lumber ⇒ MDF ⇒ Elec. IG/CC 
           

PA-MDF-ET-EL  SR poplar ⇒ Pallets ⇒ MDF ⇒ Ethylene ⇒ Elec. IG/CC 
           

 

3.3 Input data 

Detailed input data for the analysis of the selected SR poplar cascading chains are pre-
sented in Appendix 2. Mainly, data have been derived from comparative studies of mate-
rial production efficiencies and agricultural and forestry studies on biomass and wood 
production. If necessary, these data are adapted through our own calculations.  
 
Data on the SR poplar applications and their reference materials are presented in Table 
A3.1. The substitution between these materials is deduced from the functional units de-
scribed above and lifetimes of materials are based on lifetimes of the main applications 
Wood inputs for the production of materials implicitly determine the land use and the 
impact for agricultural and forestry production of the materials.  
 
On the basis of (environmental) studies on several material production processes, energy 
inputs for material production are defined. Energy inputs related to the cultivation of 
wood are not included here, but are accounted for separately; see below. The energy re-
quirements of material production are converted to CO2 emissions using carbon emission 
factors that are derived from average European energy mixes. 
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Energy inputs of material production consist of direct and indirect energy uses. Direct en-
ergy uses are electricity, steam and other primary energy carries used in the production 
process. (The utilisation of wood residues and by-products from various production steps 
is accounted for either as energy input of the process or by allocation, see Appendix 2.) 
Indirect energy use is the energy use for raw material production, i.e. feedstock and proc-
ess energy for the production of these raw materials and their subsequent raw materials.  
 
Production costs of biomass materials are also taken from studies on material production 
processes, while market prices of reference materials are derived from mainly economic 
studies. As market prices are subject to changes over time, ranges reflecting those changes 
in recent years and average prices are given.  
 
Data on costs and efficiency of electricity generation by IG/CC (either from SR poplar 
wood directly or from used materials) are presented in Table A3.2. Data on wood produc-
tion within the biomass chain (SR poplar) and the reference system (softwood) are pre-
sented in Table A3.3.  
 
Yields, costs and energy inputs of wood production vary depending on production 
methods and location. Data used in this study refer to NW Europe, i.e. in this case to Ger-
many and the Netherlands. Conventional forestry production of spruce is the reference for 
softwood production. For the production of SR poplar average values of a four-year rota-
tion cycle are used. Information in literature differs in whether yields and production costs 
decrease or increase with longer rotation times of 10 to 15 years (REU and FAL, 1996; 
Teeuwissen, 1999)4 Therefore, the production data of SR poplar of a four-year rotation 
cycle is assumed in the case of pallet production too, even though a longer rotation time is 
necessary for that application.  
 
To convert land use of softwood production into CO2 emission and cost reductions, it is 
assumed that otherwise energy crops, i.e. SR poplar would be produced on that land. Po-
tential yields of energy crops are likely to be considerably lower on former forestry land, 
compared to agricultural land; this is expressed by the quality factor of forestry land. Nev-
ertheless, this factor depends on circumstances like soil composition, climate, location, etc. 
and can have a broad range; see also Section 5.2. 5   

                                                 
4 Teeuwissen (1999) compared data from several sources for different rotation times. 
5 Also during conversion of forestry land to short rotation coppice, a change of soil carbon takes place. However, no 
studies estimating soil carbon changes in temperate climate of conversion of forestry plantations to short rotation 
forestry have been carried out. Hansen (1993) starts from the conversion of cropland to SRF and estimates an increase if 
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4 Results 

Using the input data described in Appendix 2, a bottom-up analysis leading to CO2 emis-
sion reduction and cost estimates of single cascading chains has been carried out. Results 
of this analysis are annual CO2 emission reductions per hectare, CO2 mitigation costs, net 
annual costs per hectare and the respective present values for each cascading chain6. The 
results for all base assumptions are discussed in Section 4.1. In Section 4.2, a sensitivity 
analyses is presented. 
 

4.1 Base case results 

In Figure 3.3, the annual CO2 emission reduction per hectare for the selected chains (see Table 
3.2) is presented. (Recall, that the CO2 emission reduction is based on the comparison of all 
applications in the SR poplar chain to a reference application. Compare Table 3.1 for 
reference applications and abbreviations.) Two chains that include the production of 
particle lumber show net CO2 emissions, but most cascading chains of short rotation 
poplar lead to net CO2 emission reductions. In total, the results range from net emissions 
of 8 Mg CO2/ (ha*yr) to net reductions of 28 Mg CO2/(ha*yr). 
 
Because of relatively low energy requirements of the respective reference materials, the 
production of particle lumber, ethylene, methanol and electricity have the lowest CO2 
emission reduction potentials. With the given assumptions on the reference energy sys-
tems and on the production processes from biomass, electricity production has a higher 
CO2 emission reduction per ha and year than methanol production. Therefore, electricity 
production is the best waste-to-energy conversion step investigated. It is remarkable that 
the applications that substitute for products from softwood, i.e. MDF board, pallets and 
pulp, have a higher CO2 reduction potential than those substituting for non-renewable 
materials. This is valid under the assumptions made for the utilisation of forestry land for 
energy cropping.  
 
To add an additional reuse step to a cascading chain can lead to both higher and lower 
annual CO2 emission reductions per ha. This depends on the additional application. For 
example, including particle lumber production in an existing cascading chain (e.g. PA-EL) 

                                                                                                                                                                  
10-25 Mg C/ha over a period of 10 to 15 year, while Guo and Gifford (2000) state a change of 18% of soil carbon between 
cropland and plantations. Assuming an average soil carbon content of temperate forests of 105.5 Mg C/ha (Paustian et. 
al., 1998) and a duration of 100 years of the land use change to short rotation forestry, the emission of CO2 from soil can 
be estimated to be about 0.5 Mg CO2/(ha*yr). 
6 Results are expressed in relation to Mg CO2. 1 Mg CO2 is equivalent to 12/44 Mg C. 
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lowers the CO2 emission reduction per ha per year, while including MDF production in-
creases it. 
 
As discussed in Section 2, the annual CO2 emission reduction per ha and year is presented 
(1) without discounting CO2 emission in time and (2) with a present-value approach of 
these emissions (assuming an interest rate of 5%). Applying a present-value approach to 
CO2 emissions lowers the CO2 emission reductions for a given cascading chain. This ap-
plies especially to chains that have a long lifetime, i.e. chains including particle lumber 
production. The maximal difference between the non-discounted CO2 emission reduction 
and the present value of CO2 emission reduction is about 12 Mg CO2/(ha*yr) for the chain 
of PA-LU-MDF-EL. Applying present values also changes the order of best applications 
with regard to CO2 emission reductions, i.e. ET-EL becomes better with present value ap-
proach than LU-EL. 
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Figure 3.3: Net annual CO2 emission reduction per ha (+) or net annual CO2 emissions (-) of 
the different cascading chains with and without applying a present-value approach  

 
In Figure 3.4, CO2 mitigation costs are shown. (For cascading chains with net CO2 emis-
sions, no value for mitigation costs is presented.) While some cascading chains lead to net 
benefits, CO2 mitigation by means of other chains is found to be very expensive. CO2 miti-
gation costs of the different chains vary between net benefits of 200 €/Mg CO2 and net 
costs of 2200 €/Mg CO2. 
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Market price ranges of reference materials result in large uncertainties in these figures, as 
indicated by the error bars.  These uncertainties can change the ranking of the different 
chains. For example, electricity production can become more expensive with regard to 
mitigation costs than pallet production with electricity recovery.  
 
In the base case, the production of MDF board, transportation pallets and pulp, and most 
chains including a larger number of re-use steps, i.e. PA-LU-LU-EL, PA-LU-MDF-EL and 
PA-MDF-ET-EL, have the lowest CO2 mitigation costs. In absolute terms, MDF board pro-
duction replacing plywood scores best. Hence, also with regard to CO2 mitigation costs, 
poplar wood applications substituting softwood products perform well. This depends, of 
course, on the potential yields of energy crops on the conventional forestry land; see Sec-
tion 4.2. Electricity production is more favourable than methanol production as waste-to-
energy step with respect to CO2 mitigation costs. Compared to undiscounted mitigation 
costs, the present value approach does not change the results significantly. This is because 
both monetary values and CO2 emission reductions are discounted and the effects partly 
offset each other. 
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Figure 3.4: CO2 mitigation costs (+) or benefits (-) of the different cascading chains with 
and without applying a present-value approach to costs, incomes and CO2 emission 

reduction 
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Finally, the net annual costs or benefits per ha of the biomass cascading chains are shown in 
Figure 3.5. In total, they range from benefits of 3000 €/(ha*yr) to costs of 2900 €/(ha*yr) for 
the different cascading chains. For comparison, net margins of farmers in Ireland and the 
Netherlands are about 400 €/(ha*yr) and 1300 €/(ha*yr), respectively (van den Broek et al., 
2002).  
 
Also with regard to costs or benefits per ha and year, market prices of reference materials 
result in large uncertainties. Comparing the present value of costs and benefits to the un-
discounted costs and benefits, the preferred order of cascading chains changes, i.e. PA-LU-
MDF-EL becomes less attractive than ME, PA-EL, PUL-EL, ET-EL and EL in the present 
value approach. Highest incomes per ha and year (with and without present value) are 
achieved by MDF board production, followed by the cascading chain of PA-MDF-ET-EL. 
Highest costs per ha and year emerge from viscose production. 
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Figure 3.5: Net annual costs (+) or benefits (-) of the different cascading chains per ha with 
and without applying a present-value approach to costs and benefits 

 

4.2 Sensitivity analysis  

In this section, sensitivity to the main parameters is investigated. These main parameters 
are poplar yield, carbon emission factor of electricity, land price, rent and the quality fac-
tor for the conversion of forestry to agricultural land. Apart from that, the influence of 
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technology developments is analysed. The sensitivity analysis focuses on present values of 
annual CO2 emission reductions per ha and on present values of CO2 mitigation costs.  
 
Table 3.3 shows ranges of the main parameters that are varied. Concerning long-term tech-
nology improvements, many technologies of material production are well developed and 
no significant cost or efficiency improvements are foreseen. However, the production of 
methanol, ethylene and electricity from biomass with IG/CC technology are in a quite 
early stage of development. Therefore, potential developments of these technologies 
within a time frame of about 20-30 years are incorporated in the sensitivity analysis and 
input data are summarised in Table 3.4. 
 
Table 3.3: Ranges of parameters for sensitivity analysis 

Parameter Base Min Max 
Poplar yielda [Mg/(ha*yr)] 8.6 6.4 (74%) 19.3 (224%) 
Land pricesb [€/ha] 220 128 (58%) 338 (154%) 
Carbon factor electricityc [kg CO2 /GJe] 109 0 (0%) 270.3 (248%) 
Interest rated [%] 5 3 (60%) 18 (360%) 
Quality factor land [haagriculture/haforestry]e 0.66 0.2 (30%) 1 (152%) 

a Depending on location factors (Lewandowski, 2001). 
b Low and high average prices in NW-European countries (Eurostat, 2000). 
c 100% renewable/nuclear power plants or 100% coal power plants (ηe = 45 %). 
d Inflation rate compared to commercial amortisation rates. 
e The lower limit is representative for conventional forest yields. 
 
Table 3.4: Long term technological developments considered in the sensitivity analysis 

Parameter Base Min Max 
Ethylene production a [kgbio-mat /kgwood] 0.076 - 0.089 (117%) 
Ethylene production costsa [€2002 /Mgbio-mat] 1400 1062 (73%) - 
Methanol production b [kgbio-mat /kgwood] 0.447 - 0.525 (117%) 
Methanol production costsb [€2002 /Mgbio-mat] 227 171 (75%) - 
Electric efficiency IG/CCc [%] 43.5 - 53 (122%) 
Production costs electricity [€2002/GJe] 10.4 4.5 (42%) - 

a Improvements of methanol production process, see below. 
b Fuel production only 430 MWth-input plant as modelled in Hamelinck and Faaij (2002). 
c Advanced IG/CC plant of 215 MWe (Faaij et al., 1998). 
 
Figure 3.6 presents the sensitivity of present values of the annual CO2 emission reduction per ha 
to changes of the main parameters and to long-term technological developments. Overall, 
the variation of the parameters does not change the ranking of the cascading chains with 
respect to CO2 emission reductions.  
 
The maximum SR poplar yield considered in the sensitivity analysis leads to the highest 
possible CO2 emission reduction per ha and year. SR poplar yields have the largest influ-
ence on applications substituting wooden reference materials, i.e. MDF boards, pallets and 
pulp. This is due to the fact, that poplar yields also influence CO2 emissions that are cal-
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culated on basis of energy crop production on land used in the reference system; see Sec-
tion 2. However, the sensitivity analysis shows that MDF boards, pallets and pulp are still 
better than ethylene and particle lumber production, and are comparable to methanol and 
electricity production if a low potential yield of energy crops on former forestry land is 
assumed. These low yields are about equivalent to wood yields in conventional forestry.  
 
The influence of the carbon emission factor of electricity on the CO2 emission reduction 
varies with the amount of electricity used during material production. Because electricity 
is used and produced in both the biomass and reference system, lowering the carbon fac-
tor of electricity can lead to either an increased or a decreased CO2 emission reduction 
depending on the chain. In the chains LU-EL, VI-EL and LU-LU-ET-EL the annual CO2 
emission reduction per ha decreases if the intensity of carbon per unit of electricity in-
creases. Finally, long-term technology developments lead to a slight increase of annual 
CO2 emission reductions per ha.  
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Figure 3.6: Sensitivity analysis with regard to annual CO2 emission reduction per ha based 
on a present value approach 
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CO2 mitigation costs (€/Mg CO2 ) with variation of poplar yield
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Figure 3.7: Sensitivity analysis of CO2 mitigation costs to the variation of different 
parameters assuming a present-value approach 
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In Figure 3.7, the sensitivities of present values of CO2 mitigation costs are presented. Several 
parameters show a strong effect on CO2 mitigation costs. By far the highest CO2 mitigation 
costs result from ethylene production assuming a low yield of poplar. This is due to the 
fact that only a small amount of ethylene is produced per unit of biomass. Consequently, 
biomass production costs per unit of ethylene produced are very high, if poplar yields are 
low. On the other hand, a potential low yield of energy crops on forestry land, i.e. a low 
quality factor of forestry land, increases CO2 mitigation costs of applications substitution 
wood products only slightly.  In many cases, CO2 mitigation costs could not be defined for 
the variations of the carbon emission factor of electricity, because net CO2 emissions result 
for the respective cascading chain and the respective value of the carbon emission factor. 
 
If technology improvements are assumed, CO2 mitigation costs decrease slightly for elec-
tricity and methanol production. For the production of ethylene, CO2 mitigation costs 
decrease strongly, so that ethylene production becomes more attractive with regard to CO2 
mitigation costs than viscose production on the long term. This can be explained by the 
fact that the technology performance of ethylene production is assumed to improve sig-
nificantly in the long term. These fluctuations in CO2 mitigation costs are directly linked to 
the data used for the technologies and more thorough analysis is desired on this point.  
Finally, the variation of the interest rate (from 3 to 18%) had only a minor influence on the 
results and is, therefore, not presented in Figures 3.6 and 3.7. 
 
 

5 Discussion and conclusions 

In this study, we developed a methodology to evaluate biomass cascading chains with re-
gard to CO2 emission reduction, land use and costs. In a case study, a wide variety of cas-
cading chains of short rotation poplar have been compared in order to identify key pa-
rameters that influence the performance of biomass cascading chains and to quantify costs, 
land use and CO2 emissions of the cascading chains.  
 
Key methodological aspects of this study were the definition of system boundaries, the in-
clusion of (indirect) land use and the inclusion of a time dimension. The method of inclu-
sion of land use allows comparing different utilisation strategies of biomass produced 
from one hectare of land. Other environmental impacts—apart from CO2 emissions—that 
can be important in biomass production and material systems were beyond the scope of 
this study. Nevertheless, for a complete evaluation of different biomass cascading chains, a 
complete LCA approach would be appropriate. 
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5.1 Potential benefits of cascading 

In general, cascading of biomass has the potential to improve annual CO2 emission reduc-
tions per ha and to reduce CO2 mitigation costs. This is the case if every biomass applica-
tion in the cascading chain is advantageous compared to the reference application, because 
the advantages add up when several materials are produced in sequence from a biomass 
resource. Parameters that strongly influence the CO2 mitigation costs and/or annual CO2 
emission reduction per ha of biomass production are market prices of materials, gross 
energy requirements of reference materials, performance of material production, charac-
teristics of reference energy systems and yields of biomass cultivation. 
 
Whether adding an additional application to a cascading chain increases or decreases net 
CO2 emissions per ha of biomass production depends on the net CO2 emissions of the re-
spective application. These net CO2 emissions depend on themselves on the carbon inten-
sity of the reference system and may change in the future. A short cascading chain with 
high CO2 emission reduction per hectare of the single application, e.g. pallet and electricity 
production, can be favourable compared to long cascading chains.  
 
Some poplar applications result in economic benefits of CO2 mitigation, while others result 
in costs. Therefore, the effect of prolonging cascading chains by additional applications on 
the CO2 mitigation costs can also be both positive and negative. 
 
Fraanje (1997) concludes from a qualitative study of cascading pinewood, that more 
cascading increases the efficiency of resource use in general. On the contrary, the results of 
this study show that, depending on the depreciation of CO2 emission reductions in time 
and the kind of biomass applications, a shorter cascading chain can be more favourable in 
terms of CO2 emission reduction per hectare and CO2 mitigation costs than a long cascad-
ing chain.  
 

5.2 Quantitative results of the case study 

The performance of the different cascading chains considered in this study varies  
strongly. CO2 mitigation costs range from benefits of 200 €/Mg CO2 (MDF-EL) to costs of 
2200 €/Mg CO2 (LU-EL). Net CO2 emissions per unit of land used for biomass production 
varies from reductions of 28 Mg CO2/(ha*yr) (PA-MDF-ET-EL) to net emissions of  
8 Mg CO2/(ha*yr) (LU-LU-ET-EL).  
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Substituting wood products from conventional forestry by short rotation poplar materials, 
i.e. MDF board, pallets and pulp, is very attractive from a cost and CO2 emission reduction 
point of view. MDF board, pallet and pulp production in combination with electricity 
production and the cascading chains of PA-LU-MDF-EL and PA-LU-LU-EL result in both 
net annual benefits and net annual CO2 emission reductions per hectare (assuming that 
market prices of reference products are offset against production costs of poplar materi-
als). Some cascading chains have net benefits in terms of CO2 mitigation costs. On the 
other end of the spectrum are cascading chains (e.g. VI-EL and LU-LU-ET-EL) that result 
in CO2 mitigation costs of more than 100 €/Mg CO2 and that are not likely to be applied in 
the near future, according to IPCC (2001b). 
 
The utilisation of SR poplar for materials before conversion to energy is mostly favourable 
compared to pure energy utilisation with regard to annual CO2 emission reduction per ha 
of biomass production. Only for ethylene production this is not the case. On the other 
hand, with respect to CO2 mitigation costs, pure energy utilisation can be favourable com-
pared to cascading of SR poplar, depending on the applications. 
 
Main uncertainties affecting the results are related to data on market prices of reference 
materials and production costs of SR poplar materials. First, market prices can vary sig-
nificantly over time and between regions. Effects of these variations are among others 
large ranges of possible CO2 mitigation costs and a change in ranking between the cas-
cading chains; see Section 4.1. Second, production costs of biomass materials are often not 
publicly available. Consequently, these costs had to be estimated. As a result, CO2 miti-
gation costs as calculated in this study are not exact, but represent an order of magnitude. 
Also, data on biomass production and the reference energy system influence the results 
strongly, as shown in the sensitivity analysis. The value of these parameters is very site-
specific and varies between countries and regarding biomass production even between 
different locations within a single country.  
 

5.3 Bottom-up analysis 

In this analysis, CO2 emissions and costs are calculated bottom-up. That means that the 
results are valid for a small-scale application of a cascading chain. If one of these cascading 
strategies, however, would be implemented on a large scale, then the resulting CO2 miti-
gation costs would be different. Several mechanisms play a role in such large-scale imple-
mentations, i.e. economies of scale and dynamic markets. On the one hand, production 
costs decrease with larger scales and on the other hand, market prices of biomass materials 
decrease, while at the same time market prices of agricultural land increase. 
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Furthermore, we assumed for the materials that substitute wood products from conven-
tional forestry that the alternative use for conventional forestry land would be short rota-
tion forestry. While this gives a bottom-up estimate of the CO2 emission reduction poten-
tial of a cascading chain, transaction costs of such a land use change would occur during 
implementation.7 In summary, this study defines CO2 mitigation costs on a bottom-up 
level assuming ‘ideal’ substitution without transaction costs. A next step would be to cal-
culate the costs of large-scale implementation of cascading chains that have been identified 
as promising in our study. 

 

5.4 Methodological framework 

The method presented in this study is suitable to quantify the CO2 emission reductions, 
costs and land use of biomass cascading systems, while such quantification has not been 
carried out before. As demonstrated, using a present value approach to evaluate costs and 
CO2 emission reduction of different strategies over time highlights the possible impact of 
time on the attractiveness of specific cascading chains. This impact can be significant. For 
example, present values of CO2 emission reduction differ up to 12 Mg CO2/(ha*yr) from 
the undiscounted results. However, present values are not directly related to the impact of 
a unit of carbon dioxide emitted at a certain time on global warming. Nor are present 
values directly related to the rather uncertain developments of future market prices of CO2 
emissions. Thus, a widely accepted methodology to evaluate time aspects in CO2 reduc-
tion by biomass material use still has to emerge from scientific as well as political discus-
sion.  
 

5.5 Further research 

To gain further insight in the CO2 emission reduction potentials of biomass cascading sev-
eral aspects deserve further research: 
- Possible effects of technological learning for long term cascading chains, in particular 

for material production systems 
- Alternative crops and applications other than the applications of short rotation poplar 

regarded 
- More complex cascading chains, including material utilisation of rest products from 

production processes and including logistics for the different cascading chains 

                                                 
7 Apart from the transaction costs, there are other aspects (e.g. ecological) that need to be considered in order to evaluate 
possible land use changes from conventional forestry to short rotation forestry. 
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- Material and land prices, including elasticity on the market in order to determine CO2 

mitigation costs if biomass materials and non-food crops are introduced on a larger 
scale 

- Costs and effects of land use changes from conventional forestry to short rotation 
forestry 
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APPENDIX 1: Application of short rotation poplar 

A 1.1 Overview and selection  

Short rotation poplar 
Short rotation (SR) poplar is typically cultivated with rotation times of 3-4 years (Dix et al., 
1993), while rotation times of up to 20 years are possible. Main characteristics of poplar 
wood from short rotations of 3-4 years are a relatively low wood density, relatively low 
strength properties, low lignin content, and relatively short fibres (Balatinecz et al., 2001). 
Typical medium yields in Germany range from 7-9 oven-dry Mg/(ha*yr) (Lewandowski, 
2001). 

 
Bulk materials 
Bulk materials that can be substituted by short rotation poplar products are mainly round 
wood, paper & board, cement and plastics. These materials together represent two thirds 
of total current bulk material production (Phylipsen et al., 2002; UN/ECE and FAO, 2001). 
The total production of wood products in the EU amounted to 84 thousand Mg in 19991. 
Particleboard, fibreboard and engineered wood products together have a market share of 
44 % of all wood products. These products can be produced from short rotation poplar 
and are expected to gain a larger market share in the future (UN/ECE and FAO, 2001). 

 
Construction applications  
Sawn wood is mainly used as construction material. However, short rotation poplar wood 
is not suitable for most sawn wood applications due to its relatively low strength charac-
teristics (Balatinecz et al., 2001).  
 
Fibreboard consists of a small amount of bonding resins and pressed wood fibres gained in 
pulping processes. Main categories of fibreboard (in order of decreasing density) are hard-
board, MDF (medium density fibreboard) and insulation board. In principle, these materi-
als can be produced from SR poplar wood (Stolp et al., 1996). MDF is the most important 
fibreboard on the market, even though it is a relatively new product. Worldwide produc-
tion capacity in 2001 was about 30*106 m3/year (UN/ECE and FAO, 2002). Main uses of 
MDF are furniture panels and non load-bearing construction applications. Because of its 
market importance and the good suitability of juvenile poplar as a raw material for its 
production (see Roffael et al., 1992; Dix et al., 1993) MDF is included in this study.  
 

                                                 
1 i.e. 161*106 m3; converted by means of average densities of different wood products 
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The term particleboard comprises a broad variety of materials composed of wood particles 
and bonding agents that serve different purposes—e.g. material for furniture and interior 
walls—while particle lumber is employed for load-bearing construction applications. SR 
poplar wood is suitable for all these particle-based applications, even though because of 
swelling characteristics and reaction wood content2, other wood species are added (see 
Balatinecz et al., 2001; Stolp et al., 1996; Samson et al., 1999). Particle lumber is selected for 
further study, because (1) particleboard including particle lumber is the most important 
wood product besides sawn wood and (2) particle lumber, as opposed to particleboard, 
can substitute concrete, which is a relative energy-intensive product (van Heijningen et al., 
1992).  
 
Plywood is a panel product made from wood veneers, i.e. thin wood sheets. It has either 
structural or decorative applications. However, as juvenile poplar tends to discolour 
(Balatinecz et al., 2001) and has low strength characteristics, it is not very suitable for this 
purpose. Consequently, plywood is not considered in this study.  
 
Engineered wood products are load-carrying elements that are glued from veneer or smaller 
timber pieces. Their structural qualities are equal or superior to those of sawn wood. 
However, due to low strength characteristics, SR poplar is not very suitable for these ap-
plications. Thus, engineered wood products are not considered in this study. 
 
Packaging 
Wood is mainly used for transport packaging applications, i.e. crates and pallets, while 
few products are primary packed in wood products. Most wooden transport packages are 
pallets for either single or multiple uses. About 5 * 106 Mg wood, mainly from poplar, 
spruce and pine, were used for pallet production in Europe in 1994 (Hekkert et al., 2000). 
Because of this large production volume, pallets are selected as packaging application for 
this study. However, because wood from a very short rotation is not suitable for pallet 
production, a rotation time of 10 years would be more appropriate for this application. 
(Implications of this longer rotation time on poplar production are discussed in Section 
3.2)  

 
Pulp and paper  
A broad variety of paper and board products can be produced from pulp. Main pulping 
processes are mechanical, semi-chemical and chemical. Generally, SR poplar wood is suit-

                                                 
2 Wood with different properties that develops as a reaction to a tree being tipped from vertical. 
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able for all pulping processes. Of all chemical pulping processes, sulphate pulping is the 
most suitable process for poplar wood. Poplar pulps are often mixed with softwood pulps 
before papermaking, because poplar white chips have both advantages (e.g. lower lignin-
content) and disadvantages (e.g. shorter fibres) compared to softwood (Balatinecz et al., 
2001). In 1996, European pulp production for paper was 12.8*109 m3 mechanical, 21.5*109 

m3 chemical and 1.5*109 m3 semi-chemical (UN, 2002). Because of the high market volumes 
and the good suitability of juvenile poplar wood, chemical sulphate pulping is regarded in 
this study.  
 
Chemicals  
Most chemical products with a large production volume are so-called intermediates. In 
terms of production volume ethylene is the largest organic petrochemical intermediate. In 
Europe 17*109 m3 were produced in 1997 (UN, 2002). Ethylene can be produced from SR 
poplar wood via ethanol fermentation, via methanol production from synthesis gas and a 
methanol-to-olefin (MTO) conversion, or via flash pyrolysis (Patel, 2000). None of these 
processes are currently commercially developed and applied. However, considerable 
efforts are undertaken to develop the technology to produce ethanol from wood via fer-
mentation, while dehydration of ethanol to ethylene has been applied on an industrial 
scale for a long time. Moreover, the production of methanol from wood is quite well de-
veloped and experience with the MTO process on a demonstration scale is available (Patel, 
2000). Flash pyrolysis has only been tested on a pilot scale.  
 
Other main organic intermediates in terms of production volume are propylene and ben-
zene. About 10*109 m3 of propylene and 4*109 m3 of benzene were produced in 1997 in 
Europe (UN, 2002). These chemicals can be produced by thermo-chemical conversion of 
wood, e.g. by pyrolysis (Klass, 1998), but this is not commercially developed (DCO, 1999). 
 
Because of the high market volume and the better technological development stage than 
that of the production of other chemical main intermediates from biomass, ethylene pro-
duction is selected for this case study, even though this process is not applied commer-
cially. The MTO route is analysed, because (1) flash pyrolysis at the current state of the art 
is not a realistic option and (2) gasification allows using waste wood—which offers cas-
cading possibilities—while fermentation does not. However, if wood fermentation follows 
the predicted developments, the fermentation route may become very attractive in terms 
of costs and efficiency (Lynd et al., 1996; Nossin et al., 2002).  
 
Chemicals that, unlike the intermediates discussed above, are derived from existing 
chemical structures in wood can be produced from SR poplar as well. Most important in 
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terms of production volume are chemicals derived from cellulose, of which production is well 
commercialised since many decades. The largest product category within this group is fi-
bre with 6.0 *105 Mg production volume in Western Europe in 1999 (CIRFS, 2002), mainly 
viscose (i.e. cellulose fibre).3 To include one of these more traditional chemical products 
from wood, viscose is selected for the analysis, too.  
 
Energy 
The main energy carriers that can be produced from wood are heat, electricity and 
transportation fuels. The attractiveness of producing heat is very dependent on local cir-
cumstances, i.e. heat demand, existing heat sources, etc. Therefore, this option is not re-
garded in this study.  
 
Electricity can be generated using a broad range of conversion technologies like combus-
tion, gasification and pyrolysis. Integrated gasification combined cycle systems (IG/CC) 
are expected to reach high electric conversion efficiencies and to become commercially 
available at relatively low costs (Faaij et al., 1998). Currently, this technology is in a 
demonstration stage. Because of the potential attractiveness, IG/CC is considered as 
energy conversion technology in this study.  
 
Main transportation fuels that can be produced from wood are ethanol, methanol, hydrogen 
and Fischer-Tropsch gasoline. However, the production of ethanol from wood is still in a 
pilot stage and requires relatively clean source material. Fischer-Tropsch gasoline, metha-
nol and hydrogen can be produced from synthesis gas from wood gasification and allow 
for the utilisation of waste materials. Methanol production has higher efficiencies and 
lower costs than the production of Fischer-Tropsch gasoline, while the use of hydrogen 
requires a special infrastructure (Faaij et al., 2000; Hamelinck and Faaij, 2002). Therefore, 
methanol is regarded in this study, although none of these gasification-based routes is ap-
plied commercially at present.  
 

A 1.2 Recycling  

Every one of the above selected wood products requires certain raw material properties. 
Consequently, not every application can be produced from any waste material. In this 
section, for every selected application of SR poplar wood, raw material requirements and 
possible cascading steps are described. For particleboard production, particles with a size 

                                                 
3 Production of viscose is decreasing, while the production of synthetic yarns is growing. 
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of 5-15 cm are required. Even though some producers are critical about the use of waste 
wood, waste wood with little contamination, e.g. old board materials, is actually utilised 
for particleboard production (Boogardt, 2000). It is assumed that these specifications are 
valid for particle lumber production, too. Therefore, waste materials from which slightly 
contaminated waste wood with required size specifications can be derived, are assumed to 
be suitable for particle lumber production, i.e. pallets and particle lumber in this case.  
 
The raw material for the production of MDF boards is wood fibres produced from particles 
with a size of 5-15 cm. Non-wood components in the raw material can influence the bind-
ing between resin and wood fibres, hence, wood without contamination of sand, preser-
vatives, varnish etc. is required. Possibly, waste wood can be refined for MDF production 
(Boogardt, 2000). Therefore, it is assumed that waste pallets as well as particle lumber can 
be utilised for MDF board production.  
 
The production of pallets requires large pieces of sawn wood that cannot be derived from 
waste materials of applications regarded in this study. 
 
Pulp is mainly produced from wood chips or waste paper. Because only non-contaminated 
fresh wood is a suitable raw material for pulp production, the use of waste wood from 
other applications is not considered (Boogardt, 2000). The production of pulp from waste 
paper is also not taken into account, because the material from SR poplar and the reference 
material are assumed to be identical, namely, chemical pulp. If we would assume that 
pulp from poplar is processed into paper and then recycled, it would be consistent to as-
sume that the pulp produced from softwood is used in a similar way. Both the poplar and 
the reference systems would then gain the same benefits with regard to CO2 reduction and 
costs from the recycling steps. Consequently, including pulp production from waste paper 
would not change the result of the cascading chains investigated in this study.  
 
For viscose production, the raw material is chemical pulp (Patel, 1994). As chemical pulp 
cannot be produced from waste wood, it is assumed that viscose cannot be produced from 
waste materials either. 
 
The production of ethylene starts with the production of methanol; see Section 3.1. Thus, 
ethylene can be produced from the same waste materials as methanol. Methanol and elec-
tricity from IG/CC are derived from synthesis gas from gasification. Waste products from 
the applications regarded in this study are suitable raw materials for these processes.  
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Appendix 2: Input data 

Table A 3.1: Input data on SR poplar and reference applications. (In cases where the bio-
mass material and the reference material are identical, differences between these materials 
can be zero. Respective input data are marked as ‘N/a’) 

 LU: 
 

Particle 
lumber 

Reference 
LU:  

Concrete 

MDF: 
 

MDF 
board 

Reference 
MDF: 

Plywood 

PA: 
 

Pallets 

Reference 
PA: 

Softwood 
pallets 

PUL: 
 

Pulp 

Substitution factors and wood inputs       
Substitution [kg]a 0.45b 1 1.40 1 1 1 1 
Lifetime [years] 75b 75 10c 10 1f 1 1e 
Wood input [kgwood/kg]i - - - 2.2j - 2.7 k - 
SR poplar input [kgwood/kg]i 1.0 j - 1.4m - 1.5h - 2.0 
Energy inputs and CO2 emissions of material production      
Electricity input [MJ/kg] 0.34 - 0.63q 0.4 N/a N/a N/a 
Steam input [MJ/kg] 1.95 - 0q 3.45q N/a N/a N/a 
Primary energy input [MJ/kg]t - - 0.84 - N/a N/a N/a 
Energy raw materials [MJ/kg]u 7.2 1.41 5.2 1.6 N/a N/a N/a 
CO2 emission [kg CO2 /kg] 0.75w 0.51x 0.51y 0.16z N/a N/a N/a 
Lower heating value for energy recovery       
Lower heating value [MJ/kg] 16.1 0 15.0af 13.5 N/a N/a N/a 
Production costs and market prices       
Production costs [€2002 /kg]ah 0.31j - 0.11ai - N/a N/a N/a 
Average market price [€2002 /kg] - 0.11 - 0.93 N/a N/a N/a 
Range of market price [€2002 /kg] - 0.06-

0.16am 
- 0.89-

1.12an 
N/a N/a N/a 

 Reference 
PUL: 

Softwood 
pulp 

ET: 
 

Ethy-
lene 

Reference 
ET: 

Ethylene  

ME: 
 

Methanol 

Reference 
ME: 

Gasoline 

VI: 
 

Vis-
cose 

Reference 
VI: 

PES fibre 

Substitution factors and wood inputs       
Substitution [kg]a 1 1 1 2.15 1 1.10 1 
Lifetime [years] 1 2f 2 0g 0 5h 5 
Wood input [kgwood/kg]i 2.7k - - - - - - 
SR poplar input [kgwood/kg]i - 14.3 n - 2.2o - 2.9p - 
Energy inputs and CO2 emissions of material production     
Electricity input [MJ/kg] N/a 0r 0.12 - - 8.63 2.3 
Steam input [MJ/kg] N/a 0r - 0.36s - - 12.0 0 
Primary energy input [MJ/kg]t N/a 1.16r 53.4 - 43.3 3.06 5 
Energy raw materials [MJ/kg]u N/a - - - - - 78.6 
CO2 emission [kg CO2 /kg] N/a 0.09m 3.89aa 0ab 0.68ac 2.31ad 5.80ae 
Lower heating value [MJ/kg] N/a N/a N/a 43.3 19.9 36.5 17.4ag 
Production costs and market prices       
Production costs [€2002 /kg]ah N/a 1.40aj - 0.23ak - 1.04al - 
Average market price [€2002 /kg] N/a - 1.20 - 0.38 - 0.23 
Range of market price [€2002 /kg] N/a - 0.56-

1.38ao 
- 0.33-

0.46ap 
- 0.09-

0.33aq 
a The amount of biomass in kg that is needed to replace 1 kg of reference material.   
b Goverse et al. (2001).        
c Estimation for applications such as furniture, door panels etc.        
d Estimation. Average use of a returnable pallet is 20 trips. (Hekkert et al., 2000)        
e Estimation; paper from chemical pulp is often used for packaging.       
f Estimation; plastic products.        
g Use as transportation fuel.  
h Estimation for applications such as clothing.       
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i Wood inputs are stated in kg of wood fresh matter. This is equivalent to 7% moisture content for SR poplar wood and 
50% moisture content for softwood.       
 j Efficiency of sawn wood production.  
k Haygreen and Bowyer (1996).       
l Balatinecz et al. (2001).        
m Own calculation based on hardboard production figures of Richter et al. (1995).        
n Joosten (2001). The amount of ethylene produced per kg of wood is quite low, because during the catalytic conversion 
of methanol to ethylene large amount of by-products are produced. These by-products are mainly propylene and a C4 
fraction (butenes, butadiene, BTX).         
o Equivalent to net efficiency of methanol of 55% (HHV) (Faaij et al., 2000). Analyses by Katofsky (1993) and Williams et 
al. (1995) concluded a net HHV efficiency of 54 to 58%. If methanol is produced from waste resources, higher costs and a 
lower efficiency are to be expected due to additional gas cleaning. However, these losses have not been quantified yet 
and could, therefore, not be included in the analysis.        
p Data from NMMO (dissolution in N-methylmorpholine N-methyl oxides) process (Eibl et al., 1996).        
q Part of the energy demand is supplied by wood residues.        
r Data include allocation of energy inputs to different outputs on basis of their energy contents, see footnote n.        
s Steam output due to combustion of by-products.        
t These are primary energy inputs of fuels, e.g. gasoline, that are not converted to electricity or steam or are embodied in 
the raw materials.        
u These are the gross energy requirement (GER) in MJ primary energy per kg of main material that are embodied in the 
raw materials of the application. Gross energy requirements are feedstock and process energy for the production of these 
raw materials and their subsequent raw material. (GER of short rotation poplar wood and softwood are not included, 
but are calculated separately.)        
v CO2 emissions are calculated from the energy inputs given above in this table, i.e. electricity, steam, primary energy 
and gross energy requirements of raw materials. Carbon emission factors used for these conversions are: electricity - 109 
kg CO2 /GJ (average OECD European electricity mix in 1999 (IEA, 2002a)); steam – 95 kg CO2 /GJ (average energy mix of 
heat production (IEA, 2002a)); primary – 73.3 kg CO2 /GJ (factor of crude oil, which is in between the factor of natural 
gas 56 kg CO2 /GJ, and coal 95 kg CO2 /GJ).        
w CO2 emission due to process energy use (181 kg CO2/Mg referring to particleboard (Frühwald et al., 1997) and gross 
energy requirement of average glue consumption. However, weight percentage of glue per Mg can vary between 6-12%. 
(equivalent to 353 - 707 kg CO2/Mg) (Haygreen and Bowyer, 1996) .       
x Amount of cement (Portland), gravel, sand and iron replaced by the substitution of piles (Goverse et al., 2001) 
combined with GER values (Heijningen et al., 1992).        
y Inclusive gross energy requirements of a resin content of 6,5% (Haygreen and Bowyer, 1996) and credits from black 
liquor utilisation for heat and electricity production in a traditional recovery boiler (Hekkert and Worrell, 1998).        
z Forintek (1993). This value includes gross energy requirements of 2% resin content (Hekkert and Worrell, 1998). Heat 
production from wood rests from the production process is accounted for.         
aa Fuels that result as by-product are accounted for as process energy. The remaining emissions are allocated to the 
different products of the process, i.e. ethylene, propylene, C4, BTX, by means of energy content (Joosten, 2001).        
ab It is assumed that energy needs for the production of methanol are supplied from the biomass raw material.        
ac IEA (2002c).        
ad Data from NMMO (dissolution in N-methylmorpholine N-methyl oxides) process (Eibl et al., 1996). It includes the 
utilisation of the by-product lignin as fuel (Heijningen et al., 1992). In comparison, traditional viscose production emits 
about 2376 kg CO2 /Mg (Patel, 1994).       
ae Gross energy requirement of PET (Heijningen et al., 1992) and the energy use for spinning (Patel, 1994). However, 
estimates of gross energy requirements of PET vary from 59.4 (Patel, 1999) to 78.6 GJ/Mg (Heijningen et al., 1992)  and 
88.5 GJ/Mg (APME, 1999).        
af Refers to hardboard.         
ag Wiley (1985).        
ah Production costs are only given for SR poplar materials and do not include the costs of SR poplar production. 
Production costs are compared to the market prices of reference materials.        
ai Calculated from wood input prices and MDF board export prices in Europe (FAO, 2004).       
aj MTO process costs (Joosten, 2001) and methanol production costs (Hamelinck and Faaij, 2002).        
ak Production costs, excluding biomass costs, are 10-13 US$2001/GJ (Katofsky, 1993).      
al Own calculation from investment cost of 16.000 DM1993/(Mg*yr) (Patel, 1994), a lifetime of 25 years and an interest rate 
of 5%.        
am Average price for pre-cast concrete in the Netherlands between 1994 and 2000, while prices varied about 20% (CBS, 
2002). In 1994 the Dutch price was in the middle range of European prices, which is given as range (Eurostat, 1997).      
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an European export prices decreased between 1990 and 1998 and then recovered slightly in 1999 and 2000 (FAO, 2004). 
Assumed is the market price of 2000, while the full range of the last 10 years is indicated (using an average density of 500 
kg/m3 for conversion).        
ao Total market price of all cracker products varied between 1100 and 1400 €/Mgethylene from 1997 until begin 2001 
(CEFIC, 2002). Price of 2001 is assumed.        
ap Equivalent to 0.28 €/l. European gasoline prices excl. taxes were 0.243 to 0.313 €/l in spring 2002 and 0.26 to 0.32 
US$2000/l between 1998 and 2000 (IEA, 2002b).    
aq Average EU price for man-made fibres in 2000 (Eurostat, 2000; CIRFS, 2002). No (historical) price data for PET fibres 
were available. Ranges are estimated by prices of non-spun PET, i.e. 93-103 €/Mg in 1998 and 1999 (CBS, 2002), and 
production costs of polyester yarns, i.e. 330 €/Mg (own calculation by investment costs and crude oil prices (Solantausta 
et al., 1997; Eurostat, 2000)). 
 
Table A 3.2: Input data related to electricity production in an IG/CC 
 Unit Value 

Electric efficiencya % 43.5 

Production costb €2002/GJe 10.4b 

Market price €2002/GJe 8.33, range: 5.55-16.67 
CO2 emission reductionc kg CO2 /GJe 109 
a Based on large state-of-the-art IG/CC plant (about 150 MWe)  (Faaij et al., 1998).    
b Own calculation from 1.97 million €/MWe investment costs (Faaij et al., 1998) - a lifetime of 25 years, an interest rate of 
5% rent and a load factor of 80%. According to Solantausta et al. (1997) and DOE (1997), investment cost for even smaller 
state-of-the-art plants of 62 and 75 MWe  are about the same.       
c Average OECD European electricity mix in 1999 (IEA, 2002a). 
 
Table A 3.3: Input data related to wood production of SR poplar and softwood 
Parameter Unit SR poplar Softwood 
Yield Mgwet/ha*yr 8.6 (MC 7%) a 2.6 (MC 50%) b 
CO2 emission kg CO2/(ha*yr) 1570 c 296 d 

Production costs €2002/(ha*yr) 441 e 343 f 
Quality factor land haagriculture/haforestry N/a 0.66 g 

a Lewandowski (2001). 
b Moisture content (Hekkert and Worrell, 1998) and yield (Kaltschmitt and Reinhardt, 1997). 
c Includes equivalents of N2O emission from fertiliser use (Biewinga and van der Bijl, 1996). 
d Kaltschmitt and Reinhardt (1997). 
e Production cost data (Stolp et al., 1996). Costs include arable land rents. In 1998 arable land rents in France, the 
Netherlands, Belgium and Germany were between 128 and 338 €/ha, a non-weighted average of 220 €/ha is assumed 
here (Eurostat, 2000). 
f Estimated on basis of average round wood prices in Europe of 48 €2002/m3 (FAO, 2004) and including a land rent that is 
derived from average rents and the quality factor comparing forestry land to arable land. 
g Personal communication, I. Lewandowski (2002). Assumptions are (1) that poplar is cultivated, because short rotation 
coppice is most suitable for former forestry land and (2) that no extreme (with regard to water availability, slopes, etc.) 
forest areas are used. If forest areas would be converted to agricultural land, establishment costs and energy uses occur 
for stump clearing and soil amelioration, which can be significant. However, as these are one-off costs that do not 
represent the situation of a permanent land use chance, they are not taken into account. 
 



 

 

CHAPTER 4: 
 

Comparing the land requirements, energy savings, and 
greenhouse gas emissions reduction of bio-based polymers and 

bioenergy - An analysis and system extension of life-cycle 
assessment studies* 

 
 
 
 
 

Abstract  
This study compares energy savings and greenhouse gas (GHG) emission reductions of 
bio-based polymers with those of bioenergy on a per-unit of agricultural land-use basis by 
extending existing life-cycle assessment (LCA) studies. In view of policy goals to increase 
the energy supply from biomass and current efforts to produce bio-based polymers in 
bulk, the amount of available land for the production of non-food crops could become a 
limitation. Hence, given the prominence of energy and greenhouse issues in current envi-
ronmental policy, it is desirable to include land demand in the comparison of different bio-
mass options. Over the past few years, numerous LCA studies have been prepared for dif-
ferent types of bio-based polymers, but only a few of these studies address the aspect of 
land use. This comparison shows that referring energy savings and GHG emission reduc-
tion of bio-based polymers to a unit of agricultural land, instead of to a unit of polymer 
produced, leads to a different ranking of options. If land use is chosen as the basis of com-
parison, natural fibre composites and thermoplastic starch score better than bioenergy 
production from energy crops, whereas poly(lactides) score comparably well and poly 
(hydroxyalkaonates) score worse. Additionally, including the use of agricultural residues 
for energy purposes improves the environmental performance of bio-based polymers sig-
nificantly. Moreover, it is very likely that higher production efficiencies will be achieved 
for bio-based polymers in the medium term. Bio-based polymers thus offer interesting 
opportunities to reduce the utilisation of non-renewable energy and to contribute to GHG 
emission mitigation in view of potentially scarce land resources. 

                                                 
* Published in: Journal of Industrial Ecology, 2003, 7 (3-4), 109-132; Co-authors: I. Lewandowski and M. Patel. 
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1 Introduction 

Polymers, lubricants, surfactants, and solvents account for the largest share of synthetic or-
ganic material production in contemporary economies. Today they are almost exclusively 
produced from fossil feedstock (with the exception of surfactants); however, they could, in 
principle, also be produced from renewable feedstock. This chapter focuses on polymers, 
which represent about half of the total production of synthetic organic materials (exclud-
ing bitumen) (Patel et al., 1999). A wider use of bio-based polymers could thus become an 
important way to increase the use of renewable resources. Bio-based polymers are defined 
here as polymers that are fully or partially produced from renewable raw material. In the 
1980s and 1990s, bio-based polymers began playing an increasingly important role in sev-
eral applications. The environmental (and economic) performance of many bio-based 
polymers is likely to improve in the future as a result of technological progress and 
economies of scale; see e.g. Nossin et al. (2002) and Vink et al. (2003). The fact that environ-
mental considerations have been, and will continue to be, an important motivation to de-
velop and introduce bio-based polymers calls for a thorough comparative analysis of their 
environmental performance. 
 
To this end, numerous life-cycle assessments (LCAs) have been prepared in the last few 
years for different types of bio-based polymers (Patel et al., 2003). Only a few LCA studies 
published in the scientific literature on bio-based polymers address the question of land 
use, however; most studies do not take it into consideration at all. In the first group of 
studies, the environmental impacts are mostly compared using the amount of bio-based 
polymer as a functional unit, for example, 1 kg of polymer. Some studies report the 
amount of land used but do not use it as a basis for comparison of different polymers.1 
 
The inclusion of demand for land in such studies is desirable because considerable efforts 
are currently being made to produce bio-based polymers in bulk. In the longer term, this 
could result in a substantial demand for agricultural land. In view of land requirements 
for food production and policy goals to increase energy supply from biomass, the amount 
of available land for the production of nonfood crops is likely to become scarcer and more 
expensive. For example, Hoogwijk et al. (2003) estimated that depending on food de-
mands, in 2050 about 0.4 to 3.2 Gha of agricultural and degraded land will be available for 
biomass production for energy and materials on a global scale, whereas the bio-materials 
                                                 
1 Van den Broek et al. (2001) compared environmental impacts of three different land-use strategies, that is, organic 
agriculture, set-aside land, and bioenergy production. In their approach, system extension is used to provide the same 
amount of food and electricity and to use the same amount of land in all systems. With respect to acidification, energy 
carrier depletion, and climate change, the strategies producing bioenergy score best. 
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production in 2050 will demand about 0.4 to 0.7 Gha. Therefore, it will become increas-
ingly important to maximize environmental benefits from the use of land, and this re-
quires indicators of the impacts of biomass utilisation that reflect land use.  
 
Given the prominence of energy and greenhouse issues in current environmental policy 
and because of the limited data that are available from LCA studies, this chapter only 
analyses nonrenewable energy use and greenhouse gas (GHG) emissions in relation to 
land use. We do, however, recognize that other environmental impacts, issues of sustain-
able agriculture, and economical feasibility are also important criteria for ranking options. 
For the sake of simplicity, “nonrenewable energy use” is also referred to as “energy use” 
in this chapter. 
 
The fact that biomass can be used both for the manufacture of materials (here: polymers) 
and for the production of energy commodities raises the question which of the two op-
tions is more advantageous in terms of energy use and GHG emissions. The LCA pre-
pared by Corbière-Nicollier et al. (2001) indicates that the production of polymers based 
on starch, kenaf, and china reed offer greater opportunities for energy saving and GHG 
mitigation than the production of bioenergy. In contrast, Kurdikar et al. (2001) argued, in 
the case of genetically modified corn stover, that the use of stover wastes as an energy 
source contributes more to GHG emission reduction than the production of PHA. 
 
During agricultural production, large amounts of agricultural residues arise; for example, 
in the case of corn about 50% of the total dry matter is residue (known as “stover”). The 
utilisation of agricultural residues is usually not accounted for in LCA studies for bio-
based polymers. This approach is often justified because agricultural residues are typically 
used for low-value applications within agriculture (e.g. animal food or soil improvement), 
however, more and more agricultural residues are now used for energy purposes (e.g. 
straw combustion for district heating, as is done on a large scale in Denmark). Given this 
trend, it is of interest to study to what extent the utilisation of agricultural residues for 
bioenergy generation could improve the environmental performance of bio-based poly-
mers. 
 
Whenever a process has more than one output, allocation issues may become important in 
LCA studies. Examples of such by-products in the case of bio-based polymers are proteins, 
glucose syrup, and vegetable oil. Allocation of impacts to the polymer versus the by-prod-
ucts can have significant effects on the calculated energy savings and GHG emission re-
duction for the bio-based polymer. Allocation is of particular interest for bio-based poly-
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mers because the byproduct streams can be relatively large and different approaches are 
chosen in various LCA studies. 
 
In this chapter, we analyze LCA studies of various bio-based polymers and calculate for 
each study the respective energy savings and GHG emission reductions per hectare of 
land used for biomass production, thereby assuming the substitution of bio-based for 
petrochemical polymers. These benefits are then compared to the benefits of energy pro-
duction from dedicated energy crops, hereafter referred to as “bioenergy.” In other words, 
we use the term “bioenergy” only for the exclusive production of heat, electricity, or other 
mechanical power from agricultural crops. Moreover, this chapter assesses energy savings 
and GHG emission reductions per hectare resulting from the utilisation of agricultural 
residues for energy production. This also represents a form of bioenergy use but is to be 
exclusively referred to in the following as “residue use” or “residue utilisation” in order to 
avoid confusion with “bioenergy.” The effect of the choice of different allocation methods 
and selected parameters on the results is analyzed in a sensitivity analysis. 
 
 

2 LCA studies of bio-based polymers 

In this assessment, we analyzed 11 LCA studies of bio-based polymers (Dinkel et al., 1996; 
Würdinger et al., 2002; Estermann et al., 2000; Vink et al., 2003; Gärtner et al., 2002; Gern-
gross and Slater, 2000; Heyde, 1998; Diener and Siehler, 1999; Wötzel et al., 1999; Pervaiz 
and Sain, 2003; Corbière-Nicollier et al., 2001). These cover thermoplastic starch (TPS), 
poly(hydroxyalkaonates) (PHAs), poly(lactides) (PLAs), and natural fibre reinforced com-
posites. The studies compare bio-based polymers to petrochemical polymers either as raw 
material or as product. The comparison at the raw material level refers to one mass unit of 
primary plastics (i.e., granules, pellets), whereas the comparison at the product level refers 
to end products, such as moulded components for automobiles or blown films for packag-
ing. The publications differ considerably in the amount of published background data and 
the degree of detail regarding explanations about methodology and results. A detailed de-
scription of the studies can be found in Patel et al. (2003). 
 
Regarding system boundaries, some studies only analyze the process chain from cradle to 
factory gate, whereas other studies take a cradle-to-grave approach, thereby covering dif-
ferent types of waste treatment (e.g. incineration with or without energy recovery, recy-
cling, composting, etc.). An important note is that the use phase has been excluded in all of 
the studies taken into account in this chapter. In this study, we decided to compare all bio-
based polymers equally on a cradle-to-grave basis, including incineration without energy 
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recovery in the waste management stage. This choice has been made in view of the fact 
that direct landfilling of untreated waste containing organic carbon will be prohibited in 
many industrialized countries, especially in Europe, in the near future (EC, 1999). Recy-
cling, reuse, and other waste management options such as digestion and composting (the 
latter two are only relevant for biodegradable polymers) are still rarely used, and this has 
not appreciably changed in the last few years. As a consequence, in Europe waste incin-
eration is likely to become the standard waste treatment technology that is applicable to all 
the bio-based and petrochemical polymers considered. The reasons for neglecting energy 
recovery are that not all facilities recoup and export energy and that energy recovery 
yields are in general still poor. Average energy conversion efficiencies of incineration 
plants in Europe have been estimated at about 12% heat and 12% electricity on a lower 
heating value (LHV) basis of the waste input (Phylipsen et al., 2002). 
 

2.1 Non-renewable energy savings and GHG emission reduction 

Non-renewable energy savings and GHG emission reduction per kilogram of bio-based 
polymers as presented in the LCA studies, and if necessary recalculated to a cradle-to-
grave basis, including incineration without energy recovery, are shown in Table 4.1. This 
table allows us to compare the ranking of the different bio-based polymers with regard to 
energy savings and GHG reduction per kilogram of polymer to the ranking with regard to 
benefits per hectare of cultivated biomass. The type and amount of the substituted petro-
chemical polymers have generally been taken as given in the original studies. To ensure a 
consistent comparison of the LCA, data for petrochemical polymers, that is, low-density 
polyethylene (LDPE), high-density polyethylene (HDPE), and expanded polystyrene 
(EPS), were all taken from a single source, that is, the Association of Plastics 
Manufacturers in Europe (APME, 1999). These data sets, commissioned by the association 
and elaborated by the Boustead consultancy, are to our knowledge the most extensive and 
authoritative sources for LCA data on petrochemical polymers. Data for the conventional 
counterparts of natural fibres used in composites, that is, fibreglass and acrylonitrile 
butadiene styrene (ABS), were taken as given in the original LCA studies because no other 
authoritative data sets were available. 
 

2.2 Inclusion of land demand and agricultural residues 

As Table 4.2 shows, most studies did not take into account land demand in their assess-
ment of environmental impacts. Furthermore, four studies did not indicate a reference 
crop yield per hectare on which the assessment is based. In the studies, different ap-
proaches are used to account for land demand. Gärtner et al. (2002) included land demand  



 

 

Table 4.1: Summary of LCA study results: Energy savings and CO2 emission reduction on a cradle-to-grave basis in-
cluding polymer incineration without energy recovery per kg of bio-based polymer (negative values represent energy 
savings and GHG emission reduction by bio-based polymers relative to their petrochemical counterpart) 

Bio-based versus petrochemical polymer Bio-based polymer Petrochemical polymer 
Type of polymers Non-

renewable 
energy use 
[MJ/f.u.] 

GHG emissions 
[kg CO2eq/f.u.]

Functio-
nal unit 

(f.u.) 

Product Reference Non-
renewable 
energy use 
[MJ/f.u.] 

GHG emissions
[kg CO2eq/f.u.]

Substituted 
amount per 

f.u. 

Reference 

TPS 
 

Vs. LDPE -55.2 -3.90 1 kg Pellets Dinkel et al., 1996 25.4 1.14 1 kg APME, 1999 

TPS 
 

Vs. LDPE -24.5 -1.99 1 kg Film Dinkel et al., 1996 25.4 1.14 (150µm) 
0.62 kg 

APME, 1999 

TPSa 

  
Vs. EPS -8.8 0.28 1 kg Loose fills Würdinger et al., 

2002 
18.9 1.10 (0.08 m3) 

0.33 kg 
APME, 1999 

TPSb 

  
Vs. EPS -1.3 -0.76 1 kg Loose fills Estermann et al., 

2000 
36.5 0.37 (0.1 m3) 

0.45 kg 
APME, 1999 

PLA 
 

Vs. LDPE -23.6 -1.20 1 kg Pellets Vink et al., 2003c 57 3.84 1 kg APME, 1999 

PLA 
 

Vs. PE N/a N/a N/a Pellets Gärtner et al., 
2002d 

N/a N/a N/a N/a 

PHA 
 

Vs. HDPE 1.1 N/a 1 kg Pellets Gerngross and 
Slater, 2000e 

81.0 N/a 1 kg APME, 1999 

PHA 
 

Vs. HDPE -13.8 N/a 1 kg Pellets Heyde, 1998 66.1 N/a 1 kg APME, 1999 

Natural 
fibre/PPf 

Vs. 
Fibreglass 

-45.1 N/a 1 kg Fibresg Diener and 
Siehler, 1999 

9.6 N/a 1 kg Diener and 
Siehler, 1999 

Natural. 
Fibre/EPS 

Vs. ABS -72 -1.0 1 kg Automotive 
parts 

Wötzel et al., 
1999 

89 5.1 1.37 kg Wötzel et al., 1999

Natural. 
fibre/PP 

Vs. Fibreglass 
/PP 

   -48.5 -2.8 1 kg Composite Pervaiz and Sain, 
2003 

47.9 2.8 1 kg Corbière-Nicollier, 
et al. 2001 

Natural 
fibre/ PP 

Vs. 
Fibreglass 
/PP 

-53.7 N/a 1 kg Transport 
pallet 

Corbière-Nicollier, 
et al. 2001 

61.3 N/a 1.27 kg Corbière-Nicollier, 
et al. 2001 

a Including 13% polyvinyl alcohol. 
b Including 15% polyvinyl alcohol. 
c No reference polymer is specified in the original source (Vink et al., 2003). For the preparation of this table the petrochemical reference has therefore been 
assumed to be PE as in Gärtner et al. (2002). (For TPS applications, LDPE use has been assumed.) 
d In this study, only aggregated values per ha of biomass cultivation are presented.  
e In this study substitution of PET and PS is considered possible, too.  
f PP: polypropylene. 
g Fibres are utilized to reinforce PP. However, the functional unit of the study is the amount of natural fibre. 



 

 

Table 4.2: Inclusion of land demand and key data on agricultural production in the LCA studies considered 
Study Type of 

polymer 
Inclusion land demand Crop Countrya Crop yield  

[Mg/(ha*yr)]b 
Crop input a 

[kg crop 
/kg polymer] 

Dinkel et al., 1996 TPS Energy and GHG savings  
calculated per ha 

Potato, 
 corn 

CH Potato: 37.5 (fm)c,  
corn: 12.5 (dm)d 

Potato: 2.23 + 
corn: 0.385 

Würdinger et al., 2002 TPS Impact category: natural area use Corn DE Corn: 6.45 (dm) 0.786 
Estermann et al., 2000 TPS No Corn FR Corn: 8.2 (dm) 0.971 

Vink et al., 2003 PLA No Corn US Corn: 9.06 (dm) 1.74 

Gärtner et al., 2002 PLA Impacts calculated per ha Corn DE N/a N/a 
Gerngross and Slater, 2000 PHA No Corn US Corn: 7.7 (dm) 5.06 
Heyde, 1998 PHA No Sugar beet DE N/a N/a 
Diener and Siehler, 1999 Flax/PP No Flax DE N/a N/a 
Wötzel et al., 1999 Hemp/EPS No Hemp DE N/a 0.49 
Pervaiz and Sain, 2003 Hemp/PP No Hemp CA Hemp: 2  (dm) 0.65 
Corbière-Nicollier et al., 2001 Miscanthus/PP Energy savings calculated per ha Miscanthus CH Miscanthus: 17-20 (dm) 0.75 
a International internet country codes.  
b Yields and amounts of plants needed refer to the typically used crop part, that is, potato - tubers, corn - grain, sugar beet – beet, hemp – fibres and 
miscanthus – above ground biomass. 
c Fresh matter (fm). 
d Dry matter (dm), refers to plant as harvested with a moisture content of about 12%. 
 
Table 4.3: Summary of assumptions about utilisation of agricultural residues and by-products in the LCA studies con-
sidered 
Study Crop Residue Accounted for residue? By-products at Accounted for by-products? 
Dinkel et al., 1996 Potato, corn Foliage, stover No Starch production Impacts allocated to energy content
Würdinger et al., 2002 Corn Stover Reduced fertiliser need Starch, semolina production Impacts allocated to economic value
Estermann et al., 2000 Corn Stover No Starch production Impacts allocated to energy content
Vink et al., 2003 Corn Stover a No, but inputs allocated to 

stover and grain 
No details given Unknown 

Gärtner et al., 2002 Corn Stover No Starch production Substitution of sunflower products
Gerngross and Slater, 2000 Corn Stover No Glucose production Impacts allocated, no details given 
Heyde, 1998 Sugar beet Leaves Unknown Unknown Unknown 
Diener and Siehler, 1999 Flax Stalks Unknown Unknown Unknown 
Wötzel et al., 1999 Hemp None No Fibre preparation Unknown 
Pervaiz and Sain, 2003 Hemp None No Fibre preparation No 
Corbière-Nicollier et al., 2001 Miscanthus None No Fibre preparation (grinding) Penalty for energy use of disposal 

a Stem, husks, leaves, etc. 
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in their analysis by calculating environmental impacts per hectare of biomass cultivation. 
Corbière-Nicollier et al. (2001) and Dinkel et al. (1996) reported the environmental impacts 
per kilogram of bio-based polymers and the energy savings per hectare. Moreover, Dinkel 
et al. (1996) also calculated the GHG emission reductions per hectare. Würdinger et al. 
(2002) applied the concept of “natural area demand,” where land is categorized into dif-
ferent classes of natural quality. 
 
Table 4.3 summarizes whether and how agricultural residues and by-products from the 
material production process were accounted for in the analysis. Although many studies 
accounted for by-products from crop processing and polymer production, only Würdinger 
et al. (2002) and Vink et al. (2003) also considered the use of agricultural residues. 
 
Only Gärtner et al. (2002) assumed that the by-products substitute for equivalent products 
originating from other production processes (i.e., products from sunflowers); the other 
authors distributed the environmental impacts among the products (“allocation” in the 
strict sense). Concerning agricultural residues, only Würdinger et al. (2002) and Vink et al. 
(2003) accounted for their potential value. Würdinger et al. (2002) assumed that corn 
stover, which is usually left on the field, substitutes for artificial fertiliser. Vink et al. (2003) 
allocated a small part of the biomass production impacts to the residues but did not spec-
ify the basis of this allocation. 
 
 

3 Methodology 

Because the different studies deal in very different ways with land use and agricultural 
residues, we related energy savings and GHG emissions to land demand in a consistent 
way and, moreover, extended the system boundary to include the use of agricultural resi-
dues for energy production. To address land use, the area of medium-quality agricultural 
land occupied for biomass production is used as a functional unit. Different biopolymers 
can then be compared with regard to their environmental performance per unit of (possi-
bly scarce) agricultural land. Other important functions of land, for example, erosion pre 
vention and habitat, are outside the scope of this study. Schemes for the systems studied 
are presented in Figure 4.1 and are explained below in more detail. 

 

3.1 Energy savings and GHG emission reduction without utilisation of residues 

To determine energy savings of bio-based polymers without residue use, the non-renew-
able energy use for the production of a bio-based polymer (left box in Figure 4.1, top) is 
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compared to the non-renewable energy use for the production of a (functionally equiva-
lent) petrochemical polymer (right box in Figure 4.1, top). Energy use within the system 
includes direct energy inputs for crop production, crop processing and polymer produc-
tion (process energy and feedstock energy), and indirect energy inputs that are energy in-
puts for the supply of materials needed for production, for example, machines and fertilis-
ers. These energy requirements lead to GHG emissions. Moreover, non-CO2 GHG process 
emissions (N2O and CH4) that mainly result from agricultural crop production are also 
taken into account. Data on these energy uses and GHG emissions were taken from the 
LCA studies reviewed (Table 4.1). 

 

1 ha of land Energy use 
(direct+indirect)

m ton of fossil 
feedstock

Energy use 
(direct+indirect)

crop 
production

crop product

GHG 
emissions

polymer 
production

polymer 
production

GHG 
emissions

x1 kg bio-based polymer x2 kg petrochemical polymer
to fullfill function A to fullfill function A

1 ha of land Energy use 
(direct+indirect)

m ton of fossil 
feedstock

Energy use 
(direct+indirect)

crop 
production

crop product residue

GHG 
emissions

polymer 
production

energy 
production

polymer 
production

energy 
production

GHG 
emissions

Energy savings and CO2 emission reduction of bio-based polymer production per ha                            
without utilisation of agricultural residues for bioenergy

Energy savings and CO2 emission reduction of bio-based polymer production per ha                            
including the utilisation of agricultural residues for bio-energy

x1 kg bio-based polymer 
to fullfill function A

y GJ heat and         
z GJ electricity

x2 kg petro-chemical polymer 
to fullfill function A

y GJ heat and        
z GJ electricity

 

Figure 4.1: Systems studied to determine energy savings and CO2 emission reduction of 
bio-based polymer production per hectare of agricultural land. 

 
The amount of bio-based polymer (x1) that can be produced from 1 ha of biomass cultiva-
tion substitutes for an amount of petrochemical polymer (x2) that can fulfill the same 
function (e.g. a certain amount of pellets, volume of loose fill, or an automotive compo-
nent). The quantities x1 and x2 can be the same, but this is not necessarily the case. For ex-
ample, less favourable material properties for a given thermoplastic bio-based polymer 
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may result in the need for more material (mass) than its petrochemical counterpart in or-
der to fulfill the same function. This may occur for starch polymers in certain applications. 
On the other hand, natural fibre composites are typically lighter than the substituted mate-
rial, that is, fibreglass composites. 
 
The results of environmental impacts caused by the production of bio-based polymers as 
found in the 11 LCA studies can be expressed per unit of land demand (in hectares). This 
approach has been applied earlier by Gärtner et al. (2002), Corbière-Nicollier et al. (2001) 
and Dinkel et al. (1996). To correct for regional differences in agricultural productivity, we 
recalculated the key results of the LCA studies using a uniform crop yield drawn from the 
agricultural literature. This value is computed as the average of the “medium yield” 
shown in Table 4.4 (hereafter referred to as “medium yield”). We thereby assume that the 
LCA studies refer to good-practice agricultural production methods on land of average 
fertility, as no exceptional cases have been mentioned. In practice, however, yields per 
hectare can vary significantly depending on local conditions, for example, climate and soil 
quality. The influence of this yield variation on the energy savings and GHG emission re-
duction per hectare of land is analyzed in a sensitivity analysis. 
 
Even if total land requirements were compared, the land use in the petroleum-based refer-
ence systems would be negligible. Therefore, land requirements are taken into account 
only for the bio-based polymers (Figure 4.1). If a bio-based polymer is compared to 
another bio-based polymer or bioenergy, however, the land demand for each of these bio-
based products is 1 ha. Alternative use of the land in question as set aside or for food 
production is not considered here.  
 

3.2 Energy savings and GHG emission reduction by utilisation of residues 

If the agricultural residues are used for energy production, then this energy is assumed to 
substitute heat and power from an average energy mix in Europe (see Figure 4.1, bottom). 
The GHG emission reduction is determined on the same basis. 
 
In practice, agricultural residues often remain on the field. When studying the effect of 
residue removal on energy use and GHG emissions, three aspects need to be taken into 
account: (1) the withdrawal of nutrients from the field, (2) the energy requirements and 
the emissions related to the collection of the residues on the field and their transportation 
to the energy conversion installation, and (3) the conversion of residues to secondary en-
ergy that substitutes for fossil energy. 
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The amount of agricultural residue can be calculated on the basis of the yield of the crop 
utilized for bio-based polymer production and the harvest index, that is, the proportion of 
different crop components, as found in the agricultural literature (see Table 4.4). The 
amount of nutrients removed when residues are recovered is determined by assuming 
typical residue nutrient content in terms of nitrogen (N), phosphorous (P), potassium (K), 
and calcium (Ca). Next, we assume that synthetic fertilisers must be used to replace the 
withdrawn nutrients and that the environmental impacts of fertiliser production must be 
accounted for in the analysis. Energy use and related GHG emissions during harvest and 
transportation of the agricultural residues are based on the necessary machinery use and 
average transport distances. Furthermore, for every agricultural residue a representative 
commercial conversion technology has been defined: Relatively dry agricultural residues 
(10% to 50% moisture content) are assumed to be combusted in small sized combined heat 
and power (CHP) plants. Wet agricultural residues (50% to 90% moisture content) are 
digested on a small scale, and the biogas is converted to heat and power by a gas engine. 
The heat and electricity produced from agricultural residues is assumed to replace heat 
and electricity from an average European energy mix (see Table 4.8) because most LCA 
studies considered were prepared for Europe. 
 

3.3 Comparison with bioenergy 

Finally, the replacement of fossil fuels by either bio-based polymers or bioenergy is com-
pared on the basis of land area units. This is done by comparing energy savings and GHG 
emission reduction of bioenergy production from dedicated energy crops to the results 
from bio-based polymers. For bioenergy, a selection of ethanol, CHP, and power produc-
tion processes has been considered. Energy savings and GHG emission reduction of 
bioenergy relative to respective reference energy commodities (i.e., gasoline, heat, and 
power) were taken from the published literature.  
 
In detail, for ethanol production from corn and short-rotation woody crops (SRWCs), pro-
duction efficiencies were taken from an energy balance for the United States and Europe, 
respectively (Shapouri et al., 2002; Faaij et al., 2000). The amount of ethanol produced per 
hectare is converted to energy savings and GHG emission reduction by the substitution of 
gasoline on an LHV basis. For ethanol from sugar beet and CHP from perennial grasses, 
energy savings and GHG emission reduction per hectare are derived from a German LCA, 
where the energy carriers were compared to an average energy mix (Kaltschmitt and 
Reinhardt, 1997). For power production in a biomass-integrated gasification system with 
combined cycle fuelled by SRWCs, power generation efficiencies are derived from (Faaij et 
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al. 1998). The power produced is converted to energy savings and GHG emission reduc-
tions by substitution of the average European electricity mix. 
 
 

4 Agricultural production and energy use of agricultural residues 

This section presents all complementary data that we used for our calculations of the envi-
ronmental impacts per area of land used and the use of agricultural residue for energy 
production (as described in Figure 4.1). 
 
The different yield classes (low, medium, high) as shown in Table 4.4 refer to Germany, 
being representative of the temperate climate in central Europe.2 The medium-level yield 
has been used in our calculations. 
 
Table 4.4: Yield classes of crops and agricultural residues (Hydro Agri Dülmen, 1993; 
Scheer-Triebel et al., 2000; Lewandowski et al., 2000; Karus et al., 1996; Corbière-Nicollier 
et al., 2001) 

Cropa Medium yield 
[Mg/(ha*yr)] 

Low yield 
[Mg/(ha*yr)] 

High yield 
[Mg/(ha*yr)] 

Residue Proportion  
[Crop : Residue] 

Potato (tubers, fm) 35 – 50 25 - 35 50 – 60 Foliage (fm) 5:4 
Corn (grain, dm) 6.5 - 8 5 – 6.5 8 - 9.5 Stover (dm) 1:1.3 
Sugar beet (beet, fm) 50 - 70 40 – 50 70 - 80 Leaves (fm) 4:3 
Flax (fibres, dm) 1.4 - 1.6 1 – 1.4 1.6 – 2 Straw (dm) 1:4 
Hemp (fibres dm)b 1.5 - 2.25 1.25 - 1.5 2.25 - 2.5 Straw (dm) 1:4 
Miscanthus (dm) 12 - 20 6 – 12 20 - 30 Grinding res. (dm) 1:0.3 

a  fm =  fresh matter, dm =  dry matter 
b For hemp, yield classes were determined from average yields (Karus et al., 1996) assuming same proportions as for flax.  
 
In general, we assumed that 100% of the agricultural residues can be removed; however, 
the final effect of residue removal on soil fertility is a complicated issue and is the subject 
of intense debate at the moment (see discussion). Table 4.5 presents the nutrient and en-
ergy content of residues. Because fibre plants, that is, flax, hemp, and Miscanthus3, are usu-
ally harvested as a whole crop and no residues are left on the field, no credits for avoided 
fertiliser use have been introduced for these plants. The energy contents given in Table 4.5 
are stated as an LHV if the residues are combusted directly and an LHV of biogas produc-
tion if the residues are digested. 

                                                 
2 These yields are also possible in parts of the United States and Canada with a very broad range of climatic conditions 
and consequently widely varying crop yields. The studies concerning bio-based polymer production in the United States 
and Canada (Vink et al., 2001; Gerngross and Slater, 2000; Pervaiz and Sain, 2003) do not specify yields for agricultural 
production, however. For comparability reasons, the same yield data have been used to calculate environmental impacts 
per hectare of land demand in this chapter. 
3 Miscanthus is a tall perennial grass that is widely being investigated as a bioenergy crop. 
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Table 4.5: Characteristics of agricultural residues: Average nutrient and energy content 
(Hydro Agri Dülmen, 1993; LWK 2002; Kuhn, 1995; Kaltschmitt and Reinhardt, 1997; 
Kaltschmitt and Hartmann, 2001) 

Residue Nutrient content [kg/Mg residue (fm)] Water content [%] Energy content 
 Na P K Ca   
Potato foliage 2.4 0.44–0.87 4.1-5.8 19.9 75  15.8 GJLHV-biogas/Mgdm 

Corn stover 4.2 2.18–3.06 12.4–20.7 3.6–5.0 14  15.7 GJLHV /Mgdm 
Sugar beet leaves 1.7 0.35–0.48 3.3-5.8 5.0–10.0 84  12.9 GJLHV-biogas/Mgdm 

Flax straw N/a N/a N/a N/a N/a 16.9 GJLHV/Mgdm 

Hemp straw N/a N/a N/a N/a N/a 15.6 GJLHV/Mgdm 
Miscanthus straw N/a N/a N/a N/a N/a 16.9 GJLHV/Mgdm 

a Amount of nitrogen that is available for plant growth and can replace fertiliser if agricultural residues are left on the 
field, this is about 60% of the total content.  
 
The energy use and GHG emissions due to the removal of agricultural residues are sum-
marized in Table 4.6. Energy use and GHG emissions due to synthetic fertiliser were de-
rived from research by Kaltschmitt and Reinhardt (1997) and were combined with the nu-
trient contents in Table 4.5. Residues of hemp, Miscanthus, and flax are usually removed 
from the field. Therefore, no extra energy use or emissions were included for their re-
moval. 
 
To calculate impacts related to the collection of residues, machine hours and fuel use for a 
large field of approximately 40 ha were taken from the research of Kaltschmitt and 
Reinhardt (1997). We have assumed that the collection of corn straw is comparable to the 
collection of wheat straw. Machine hours for clearing and collecting sugar beet leaves 
were derived from research by PAV (2000). No data were available for the harvesting of 
potato foliage because it is a very uncommon operation. As potato foliage is relatively wet 
and has to be cleared and collected from the field like sugar beet leaves, the same process 
has been assumed.4 
 
Energy use and GHG emissions related to transportation have been derived from the fuel 
use of trucks per megagram and kilometre with an empty return. Data were taken from re-
search by Kaltschmitt and Reinhardt (1997). Sugar beet leaves and potato foliage were as-
sumed to be utilized in a small-scale digestion facility converting the biogas (mainly CH4) 
to heat and power in a small-scale gas engine. Hence, truck capacity and transportation 
distances are assumed to be small, that is, 7.5 Mg and 15 km. Corn straw is assumed to be 
utilized for CHP generation in a medium scale combustion facility (ca. 20 MW thermal 

                                                 
4 Potato foliage can be cleared mechanically, chemically, or thermally. Thermally, foliage is burned on the field and is 
consequently not available for utilisation. Chemically treated foliage is quite dry, but contaminated with herbicides. 
Therefore, a mechanical clearance is assumed here. 
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input on an LHV basis). Given the necessity of transport from several farms, the results for 
corn stover in Table 4.6 are based on a medium truck capacity of 23 tonnes and an average 
transportation distance of 50 km. Finally, residues of flax, hemp, and Miscanthus occur in 
large quantities at fibre processing plants. Thus, the truck capacity for transport of these 
residues is the largest possible, that is, 40 tonnes. We assumed that the CHP plant for utili-
sation is located relatively nearby (15 km). 
 
Table 4.6: Non-renewable energy use and GHG emissions due to the removal of 1 Mg of 
agricultural residue (Kaltschmitt and Reinhardt, 1997; own assumptions)  

 Non-ren. energy use [MJ/Mg residue] GHG emissions [kg CO2eq /Mg residue] 
 Fertilisera Harvestb Transportc Total Fertilisera Harvestb Transportc Total 
Potato foliage 168.0 58.5 65.4 292 25.8 4.3 4.9 35 
Corn stover 345.3 61.1 112.2 519 39.7 4.5 8.3 53 
Sugar beet leaves 122.8 58.5 65.4 247 16.6 4.3 4.9 26 
Flax straw N/a N/a 16.1 16 N/a N/a 1.2 1 
Hemp straw N/a N/a 16.1 16 N/a N/a 1.2 1 
Miscanthus straw N/a N/a 16.1 16 N/a N/a 1.2 1 

a Penalty to account for the removal of nutrients together with the residue. 
b Collection of the residue on the field. 
c Transportation from the field to a decentralized energy conversion facility. 
 
Table 4.7 shows the average efficiencies of the energy conversion plants that were as-
sumed for the utilisation of agricultural residues. Table 4.8 presents average European 
Union data (for 1998) for conventional power production. For the production of heat, the 
replacement of small central heating systems (50% oil and 50% gas) was assumed. For 
comparison, the respective values for the United States are 2.62 GJ/GJe and 205 kg CO2 

equivalent/GJe. At the other extreme, in Switzerland only about 1.31 GJ/GJe and 11 kg CO2 

equivalent/GJe are substituted due the country’s high share of hydroelectric and nuclear 
power (UBA, 2003). Characteristics of bioenergy production are presented in Table 4.9. 
Note that some of these processes use only part of the crops and thus do not include resi-
due utilisation, whereas other processes use the whole crop. 
 
Table 4.7: Energy conversion efficiencies for the utilisation of agricultural residues (Rösch 
and Wintzer, 1997; Kaltschmitt and Reinhardt, 1997) 
Conversion technology Residues Net efficiency, power [%] Net efficiency, heat [%] 
Digestion Potato, sugar beet 25 (biogas LHV) 55a (biogas LHV) 
Combustion Corn, hemp, flax, miscanthus 18 (biomass LHV) 64 (biomass LHV) 

a Own estimate: total efficiency of gas engine 80%. 
 
Table 4.8: Conventional heat and power production assumed to be substituted by energy 
from agricultural residues (based on UBA, 2003) 

Non-renewable energy use, 
power [GJ/GJe] 

Non-renewable energy use, 
heat [GJ/GJth] 

GHG emission factor, 
power [kgCO2eq./ GJe] 

GHG emission factor, 
heat [kgCO2eq./ GJth] 

2.48 1.36 126 87 
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Table 4.9: Characteristics of processes of bioenergy production compared to bio-based 
polymer production 

Bioenergy Crop Crop yield 
[Mg/(ha*yr)] 

Technology Conversion efficiency 

Ethanola Corn (grain) 7.3 (dm) Fermentation 86% of max. ethanolh 

Ethanolb Sugar beet (beet) 56.2 (fm) Fermentation 86% of max. ethanol 
Ethanolc SRWC (whole plant)e 10.0 (dm) Pretreatment + ferment. 46% ethanol 4%power 
CHPb Grass (whole plant)f 16.7 (dm) Combustion + steam cycle 18% heat, 64% power 
Powerd SRWC (whole plant)g 10.0 (dm) BIG/CC 43% power 

a (Shapouri et al., 2002). This is a cradle-to-gate energy balance for U.S. ethanol production plants. Values per ha are 
estimated with the average yields used in this study. 
b (Kaltschmitt and Reinhardt, 1997). Data are taken from this complete bioenergy LCA.  
c (Faaij et al., 2000). Net energy yields of crops and energy conversion rates are converted by our own calculation with 
the energy factors from Table 8 and a substitution factor of 74.1 kg CO2/GJ ethanol derived from gasoline.  
d (Faaij et al., 1998), calculation see comment c. 
e SRWC = short rotation woody crop, fast growing trees, for example, poplar, willow, with a rotation time of usually 3-4 
years. 
f Fast growing perennial grasses, for example, miscanthus, switchgrass. 
g BIG/CC = Biomass integrated gasification with combined cycle. 
h Maximum ethanol yield is the complete conversion to ethanol; value corresponds to an assumed starch content of 64%.  
 
 

5 Results 

Figure 4.2 shows the annual energy savings and GHG emission reductions per hectare for 
bio-based materials (polymers and composites) relative to their petrochemical and mineral 
counterparts. The results both with and without the utilisation of agricultural residues are 
presented. The figure also shows the net benefits of using bioenergy instead of conven-
tional (mainly fossil) energy commodities.  
 

5.1 Energy savings and GHG emission reduction per hectare 

Non-renewable energy savings of the different bio-based polymers on a per-hectare basis 
have a broad range from about 1,100 to -2 GJ/(ha yr), with the highest value achieved by 
Miscanthus transportation pallets. On the other hand, PHA and TPS loose fills offer com-
paratively low non-renewable energy savings of less than 30 GJ/(ha yr). 
 
The outstanding performance of the Miscanthus composite can be explained by the very 
high yield of Miscanthus and the large part of the harvested biomass (ca. 70%) that is 
usable for composite production. By contrast, in the case of hemp and flax, only about 25% 
of the harvested biomass (i.e. the fibres) is utilised in composite production. 
 
For PLA, two studies (a and b) are considered. Energy savings per hectare that result from 
these studies differ considerably. In the case of the first study (Vink et al., 2003), based on 
the current production technology of Cargill Dow, the energy savings per hectare have 
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Figure 4.2: Non-renewable energy use and GHG emissions of bio-based polymers relative to their fossil counterparts, cradle to 
grave including incineration without energy recovery. The results are presented per hectare of biomass cultivation with 

medium crop yields as achieved in central Europe. Negative values represent energy savings or GHG emission reductions 
compared to use of fossil-fuel-based alternatives. 
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been calculated as explained in the methodology. In the case of the second study (Gärtner 
et al., 2002), only aggregated energy savings per hectare were published, with very little 
additional information. Therefore, it is not possible to explain whether the differences 
relative to Vink et al. (2003) are as a result of methodological or empirical discrepancies, 
for example, lower crop yields. 
 
As the differences between the grey and black bars in Figure 4.2 show, the utilisation of 
agricultural residues increases the non-renewable energy savings per hectare consi-
derably. Additional benefits are in the range of up to 190 GJ/(ha yr). For the production of 
PLA and PHA, these benefits are even larger than the benefits of polymer production. 
 
In Table 4.10, the bio-based polymers are ranked on the basis of energy savings per hectare 
and on the basis of energy savings per kilogram of bio-based polymer, both with and 
without residue use for energy production. The table shows that the rankings computed 
on these bases differ significantly. This is due to two factors: (1) the polymer yield (kilo-
gram polymer per kilogram of biomass input) differs for the different kinds of bio-based 
polymers (Table 4.1), and (2) the polymers are produced from crops with very different 
yields (Table 4.4).  
 
Miscanthus transportation pallets, which already have quite high savings per kilogram, 
score even better than hemp/EPS composites and TPS with regard to energy savings per 
hectare both with and without energy use of residues. Also, all TPS materials improve 
their relative position when ranked by savings per hectare. PHA from sugar beet (Heyde, 
1998) scores less well on a per hectare basis compared to a per-kilogram basis. 
 
Table 4.10: Comparison of ranking of energy savings of bio-based polymers on basis of 
area of biomass production and kilogram of bio-based polymera  
Bio-based polymerb Ranking with residue use Ranking without residue use 
 Based on GJ/(ha*yr) Based on GJ/kg Based on GJ/(ha*yr) Based on GJ/kg 
1: TPS pellets 2 5 2 2 
2: TPS film 4 9 4 6 
3: TPS fills-a 8 10 8 9 
4: TPS fills-b 9 11 10 10 
5: PLA-a 7 7 7 7 
7: PHA-a 10 1 11 11 
8: PHA-b 11 4 9 8 
9: flax + PP 5 6 5 5 
10: hemp + EPS 3 2 3 1 
11: hemp + PP-a 6 3 6 4 
12: miscanthus + PP 1 8 1 3 

a See Table 4.1 for energy savings per kg of bio-based polymers without residue use. 
b Legend of references, see Figure 4.2. 
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The difference in results between the area-based versus the mass-based approach is par-
ticularly large if agricultural residues are used for the production of heat/electricity (Table 
4.10). This drastically improves the reported environmental performance if expressed 
relative to one mass unit of bio-based polymer. This can be observed, for example, in the 
PHA production from corn case (see line 7 of Table 4.10). The amount of corn needed to 
produce 1 kg of PHA is relatively high. Consequently, the amount of agricultural residue 
and the amount of energy that can be produced from it are quite high as well. At the other 
extreme, for Miscanthus-reinforced polypropylene (PP), only small amounts of Miscanthus 
are needed, and hence only small amounts of residues are generated. That is, relative to 
other biopolymers, less fuel is created per kilogram of bio-based polymer. Therefore, Mis-
canthus-reinforced PP scores relatively poorly relative to other biopolymers when com-
pared on a per-kilogram basis with the utilisation of residues for energy included. Thus, a 
mass-based metric may lead to misinterpretation in the case of systems with large energy 
use of residues.  
 
The levels of GHG emission reduction from the bio-based polymers relative to their petro-
chemical counterparts also change significantly when computed on a per-hectare basis. 
Values range from about -37 to 3 Mg CO2 equivalent/(ha yr) without including the 
utilisation of residues for energy. Fewer results are available for GHG emission than for 
renewable energy use. The highest GHG emission reductions per hectare are achieved by 
TPS pellets and TPS films. The utilisation of residues reduces carbon emissions further to 
around 47 Mg CO2 equivalent/(ha yr). The small number of materials for which GHG 
emission data are available makes a comparison of rankings between the surface-based 
and the mass-based approach less significant. As a consequence, the results are not dis-
cussed here. 
 

5.2 Comparison of bio-based polymers and bioenergy only 

The benefits, that is, energy savings and GHG emission reductions, per hectare from exclu-
sive bioenergy production based on dedicated energy crops and the subsequent substitu-
tion for fossil fuels are shown on the right-hand side of Figure 4.2. Non-renewable energy 
savings per hectare of biomass cultivation can be up to a factor of 6 higher for the produc-
tion of bio-based polymers (Miscanthus composites) than for the production of bioenergy. 
This is because most bio-based polymers replace petrochemical polymers that are more 
energy intensive than fossil energy generation. Not all bio-based polymers achieve higher 
benefits per hectare than bioenergy, however. Including residue utilisation, both records 
for PHA and PLA as calculated by (Gärtner et al. 2002) still have lower energy savings per 
hectare than bioenergy. Contrary to this, according to (Vink et al., 2003), PLA without resi-
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due utilisation is comparable to bioenergy production. Similarly, whereas TPS loose fills 
score better than bioenergy if the residues are utilized, they score worse without residue 
use. 
 
Comparing bioenergy and bio-based polymers on the basis of GHG emission reduction 
per hectare produces different results than the comparison based on energy savings. This 
is probably because of the use of different carbon emission factors for energy consump-
tion, that is, different emission factors for primary energy, electricity, and heat (units of kg 
CO2 eq/GJ) in the various studies of bio-based polymers. Including residue utilisation, all 
bio-based polymers, except for TPS loose fills (Würdinger et al., 2002), result in GHG emis-
sions reductions comparable to bioenergy applications. Without agricultural residue utili-
sation, PLA, hemp-EPS, and all TPS loose fills have lower GHG emission reductions than 
bioenergy production. No GHG emission data are available for PHA.5 
 
For ethanol, Figure 4.2 shows a wide range of values both for (non-renewable) energy and 
(fossil) GHG emissions (see numbers 13 to 15). The benefits of corn-based ethanol in the 
United States (based on Shapouri et al. (2002)) are very low compared to all the other 
bioenergy production routes. This finding corresponds to a net energy value of 21,000 
Btu/gal. Furthermore, Shapouri et al. (2002) compared nine other studies of ethanol pro-
duction in which net energy values ranged from-34, 000 to 30,000 Btu/gal.  Based on re-
ported data, ethanol from sugar beet (data refer to western Europe) is clearly better than 
corn-based ethanol. In the longer term, even larger benefits might become available by 
making use not only of the starch yield from corn (Figure 4.2, number 13) but also of the 
ligno-cellulosic crop parts, that is, the corn stover. In the United States, current major re-
search and development (R&D) projects are focusing on this option; for example Dale 
(2002). Energy efficiencies of ethanol production from stover are about 49% with an addi-
tional co-production of 5% electricity (Atherton et al. 2002). If methods of using ligno-cel-
lulosic plant components are successfully developed, fast-growing SRWCs could also be 
used as a feedstock for ethanol production. Yields of SRWCs and corn stover are compa-
rable, amounting to about 10 Mg/(ha yr). For the advanced production of ethanol from 
SRWCs, Faaij et al. (2000) estimated energy yields of about 53% ethanol and 8% electricity. 
This would allow savings on the order of about 130 GJ/(ha yr) and 9 kg CO2 equiva-
lent/(ha yr). Comparing these values to the energy savings and GHG emission reductions 

                                                 
5 Kurdikar et al., (2001) investigated the production of PHA from genetically modified corn. The agricultural residue, that 
is, stover, is used for PHA extraction, and the process waste is converted to energy. This results in an emission reduction 
of about 5.4 Mg CO2 equivalent/(ha yr), which is comparable to the lower results for TPS loose fills but lower than 
bioenergy production. 
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of bio-based polymers as presented in Figure 4.2, it can be concluded that the production 
of most polymers from biomass is more advantageous than advanced bio-ethanol 
production with pretreatment, that is, conversion of lignocelluloses to fermentable sugars 
from SRWCs or corn stover. 
 
In general, energy savings of bioenergy production are limited by crop yields. For a high-
yield crop such as Miscanthus, average yields in central Europe are about 270 GJ/(ha yr). In 
an ideal situation, biomass can substitute for fossil fuel on a 1:1 basis6, which leads to en-
ergy savings of about 270 GJ/(ha yr). The energy savings related to bio-based polymers 
can exceed this value as the results for TPS, hemp-EPS, and Miscanthus-PP composites in 
Figure 4.2 show. This is due to the fact that the energy requirements (i.e., feedstock and 
process energy) for petrochemical polymers can be much higher than for the 
corresponding bio-based polymers. 
 
 

6 Sensitivity analysis 

Measures of biopolymer performance such as energy savings and GHG emission reduc-
tion per hectare of biomass cultivation are highly sensitive to crop yield. Crop yields vary 
depending on local conditions and agricultural practices. Whereas medium crop yields 
were used for the calculations discussed above, sensitivity analyses using high and low 
crop yields are now presented.7 Accounting for the possible range of yields due to differ-
ent agricultural conditions in Western Europe changes the overall result by a factor of 2, as 
shown in Table 4.11. This range of results exceeds by far the maximal benefits from agri-
cultural residue utilisation. Even with low crop yields, however, Miscanthus pallets and 
TPS pellets are still much better in terms of energy savings than bioenergy production, 
whereas the performance of other TPS products, PLA, and hemp/flax composites is com-
parable to that of bioenergy production when low crop yields are assumed. 
 
Another uncertain factor is the amount of agricultural residues that can be removed from 
the field. The mechanisms determining the final effect of residue removal on soil fertility 
are very complex and are currently the subject of debate (Sheehan et al., 2002). For the re-
sults in Figure 4.2, we assumed that 100% of the agricultural residues can be removed 
without any long-term adverse effects on soil fertility, provided that the lost nutrients are 
                                                 
6 Even slightly higher substitution rates are possible if biomass is used as solid fuel in a more efficient energy conversion 
process than the reference. 
7 In this analysis, only the crop yields are varied to account for site difference, but no variations due to site-specific crop 
production methods are taken into account. 
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replaced by artificial fertiliser. Kurdikar et al. (2001), however, argued that only 60% of 
corn stover can be removed or soil quality decreases. Reduction in the fraction of residue 
recovered results in a proportionate reduction in the added benefits of residue recovery 
relative to the non-recovery cases as shown in Figure 4.2. 
 
Table 4.11: Sensitivity analysis of benefits of biopolymers per hectare including utilisation 
of agricultural residues with different crop yields per hectarea 

 Non-renewable energy use (GJ/ha*yr) GHG emissions (Mg CO2 eq /(ha*yr) 
 Base case b With low  

crop yieldc 
With high crop 

yieldc 
Base case b With low  

crop yieldc 
With high  
crop yieldc 

1: TPS pellets -711 -452 -966 -51 -32 -69 
2: TPS film -420 -267 -571 -33 -21 -45 
3: TPS fills-a -273 -188 -357 -12 -9 -16 
4: TPS fills-b -200 -138 -262 -21 -14 -27 
5: PLA-a -288 -199 -378 -20 -14 -26 
7: PHA-a -188 -130 -247 N/a N/a N/a 
8: PHA-b -134 -89 -179 N/a N/a N/a 
9: Flax + PP -342 -228 -455 N/a N/a N/a 
10: Hemp + EPS -458 -286 -573 -17 -11 -21 
11: Hemp + PP-a -313 -196 -392 -22 -13 -27 
13: Miscanthus + PP -1253 -470 -2350 N/a N/a N/a 
a References for the information in this table can found in Figure 4.2. 
b Including the use of agricultural residues, results as presented in Figure 4.2. 
c Low and high crop yields are the extremes of yield classes given in Table 4.4. 
 
Apart from data uncertainties, methodological choices made when preparing an LCA 
study also need to be considered. In the case of multi-product processes, the allocation of 
impacts to a certain product and its by-products can have significant effects on the envi-
ronmental performance calculated. As mentioned earlier, the allocation can be based on 
mass flows, energy contents, monetary values, or other indicators. Although not all of the 
LCA studies specify exactly the procedure applied, it is still obvious that different alloca-
tion methods have been used (Table 4.4). 
 
Lack of information on the exact allocation procedure did not allow us to recalculate the 
results using a common approach (this proved not to be a limiting factor for the conclu-
sions, as is discussed below). Therefore, the original results as calculated in the respective 
studies were used. Moreover, for the sake of simplicity and comparability, we allocated all 
land use to the bio-based polymers. It is interesting, however, to consider the consequence 
of applying a more detailed allocation procedure that allocates parts of the land used for 
biomass cultivation to the various by-products. In this case, the benefits per hectare would 
be even greater than those reported in Figure 4.2. Hence, our simpler approach can be re-
garded as conservative, tending to underestimate the true benefits. 
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This is shown in Table 4.12, which presents the results if the total area of land is allocated 
to the different by-products according to the allocation methods that were used in the re-
spective study. These methods are either (1) no allocation (i.e., all impacts are assigned to 
the bio-based polymer being the main product), (2) allocation on the basis of energy con-
tents, or (3) allocation based on economic values of products and by-products (Table 4.3). 
Table 4.12 contains only those bio-based polymers for which the allocation method used in 
the original study is known. The allocation key used for TPS pellets and films by Dinkel et 
al. (1996) assigns the least impacts of starch production to the bio-based polymer. If the 
same allocation procedure is applied to the area of land used, the energy savings and 
GHG emission reduction per hectare increase by about 70% for TPS pellets and TPS films 
(rows 1 and 2 of Table 4.12). For TPS loose fill, the sensitivity to the allocation of hectare of 
biomass cultivation to by-products is lower (0% to 25%). 
 
Moreover, the kind of allocation method used to assign life-cycle flows to by-products also 
plays a role. Table 4.13 shows the energy savings and GHG emission reduction for TPS 
pellets with different allocation methods. The results can differ by about a factor of 2. The 
by-products associated with other bio-based materials were not sufficiently well known to 
perform a similar sensitivity analysis for those materials. 
 
Table 4.12: Sensitivity analysis of benefits of biopolymers per hectare with and without 
allocation of area of biomass cultivation to by-products within the production process 
 Energy savings (GJ/ha*yr) GHG emission reduction (Mg CO2 eq /(ha*yr) 
 Base case 

without agricultural residues 
use, no allocation of ha 

Results 
 including allocation 
of ha to by-products 

Base case  
without agricultural residues 

use, no allocation of ha 

Results  
including allocation of 

ha to by-products 
1: TPS pellets -523 -888 -37 -63 
2: TPS film -232 -392 -19 -32 
3: TPS fills-a -81 -100 3 3 
4: TPS fills-b -10 -10 -6 -6 

a References for the information in this table can found in Figure 4.2. 
 
Table 4.13: Energy savings and GHG emission reduction of TPS (Dinkel et al. 1996) relative 
to its petrochemical counterpart with different allocation methods (applied to energy use, 
GHG emission and area of biomass cultivation)  

 Energy savings (GJ/ha*yr) GHG emission reduction (Mg CO2 eq /(ha*yr) 
 No 

allocation 
Energy 
content 

Economic 
value 

Mass No 
allocation 

Energy 
content 

Economic 
value 

Mass 

1: TPS pellets -460 -888 -580 -944 -34 -63 -42 -67 
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7 Discussion 

7.1 Methodological differences between the LCA studies 

This chapter discusses the results of various LCA studies of bio-based polymers with one 
surface unit of land (1 ha) as the basis of comparison. The LCA studies used for the analy-
sis presented here vary considerably both in scope and detail. Although the LCAs of 
Würdinger et al. (2002) and Dinkel et al. (1996) are very detailed, other studies are less ex-
plicit about methodology and data used. Moreover, the studies differ with regard to the 
methodologies used and also contain several data uncertainties.  
 
In this chapter, we standardized several assumptions. First, to ensure a uniform basis for 
comparison, we used one single data source for LCA data on petrochemical polymers 
(APME, 1999), although the data used in the studies differ considerably.8 
 
Second, we assumed common crop yields that represent medium values for western and 
central Europe. Yields can vary considerably, even within the same geographic region, and 
sensitivity analyses show that the influence of variation in yield on the savings per hectare 
is very significant. In the case of the United States, the average crop yields can differ con-
siderably from those in central Europe, but average corn yields in the United States, that 
is, 7.6 Mg/(ha yr) (Shapouri et al., 2002), are more or less comparable to the medium 
yields in central Europe that we assumed, that is, 7.3 Mg/(ha yr). Many European studies 
assume a crop yield slightly above or below the medium yields we assumed here, 
however. The advantage of assuming uniform crop yields as done in this chapter is that 
the different bio-based polymers can be compared among one another with regard to 
efficient land use.9 
 
Third, we chose to compare only one method of waste management within the cradle-to-
grave system boundaries, that is, waste incineration without energy recovery. Some of the 
LCA studies also include a variety of waste management technologies. Although it can be 
very useful to evaluate bio-based polymers in a specific waste management regime appro-
priate for a specific polymer or a specific region, it is more appropriate to assume uniform 
waste treatment for this initial comparison. A further investigation of the influence of 
waste management technologies and especially of those predetermined for biodegradable 
polymers, that is, composting and digestion, is desirable, however.  
                                                 
8 For a comparative overview of life-cycle energy and CO2 data for chemical products across various sources, see research 
by Patel et al. (2003), and for a discussion of the influence of inventory data sets on LCA results, see the work by 
Peereboom et al. (1998). 
9 This is justified because we suppose that all of the studies assume comparable agricultural production methods. 
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On the other hand, it was not possible to make a correction for all methodological differ-
ences found in the LCA studies. Because the fuel mix for power generation is country spe-
cific, the studies assume different carbon emission factors for electricity, which has not 
been corrected. Another important aspect in this context is that different allocation meth-
ods have been applied in the LCA studies. This can have a substantial impact on the re-
sults (Table 4.13). Moreover, it was not possible to allocate land demand to the by-
products, and therefore the benefits per hectare of land tend to be underestimated (Table 
4.12). The lack of data made it impossible to apply one uniform allocation method. The 
results presented in this study provide a first conservative estimate of the performance of 
bio-based polymers on a per-hectare basis. Further research in this context is necessary. 
 
Patel et al. (2003) carried out an analysis of 20 studies on bio-based polymers containing 
most of the studies considered in this chapter. In spite of different approaches, end prod-
ucts, allocation methods, and system boundaries of the LCA studies reviewed, the results 
of this meta-analysis show a uniform picture for different bio-based polymers. We are 
therefore confident that the energy savings and GHG emission reduction per hectare cal-
culated from the original study results per kilogram of bio-based polymers provide a reli-
able overall picture. 
 

7.2 Removal of agricultural residues 

A few more aspects have to be considered when interpreting the results. First, the data 
used to calculate the penalties for residue removal are uncertain. This is because several 
assumptions had to be made, that is, machine use for harvest, amount of nitrogen in the 
residues that is available to plants, and the transportation distances to the energy conver-
sion facility. Total penalties do not play an important role on the overall energy balance, 
however, as they are less than 3% of the energy savings per hectare due to agricultural 
residue utilisation.  
 
Much more important, and controversial, are the amounts of residues that can be removed 
without significant losses in soil fertility. As the base case, we assumed 100% removal. 
This reflects agricultural practice for certain crops; for example, fibre crops are typically 
harvested as whole plants (excluding roots) and sugar beet leaves are sometimes used as 
fodder. Kurdikar et al. (2002) assumed in their study on bio-based polymers from geneti-
cally modified corn in the United States, however, that only 60% of the residues can be 
harvested. On the other hand, Sheehan et al. (2002) argued that soil carbon would only 
slightly decrease (less than 3 metric tonnes of carbon equivalent per hectare [MTCe/ha] in 
100 years) if corn stover were completely removed. Without stover removal, soil carbon 
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would increase (about 30 MTCe/ha in 100 years) and the soil would be rebuilt. According 
to (Linden et al., 2000), it depends on local climate and soil conditions whether corn stover 
removal decreases or increases corn yields; however, if residues are well incorporated into 
the soil, and fertiliser application is adjusted, leaving residues on the field would generally 
have positive effects on soil fertility. We consider the removal of all residues to be a good 
base-case assumption to indicate maximal benefits from agricultural residue utilisation. 
Nevertheless, it should be noted that this removal is not possible in all cases, not only for 
soil fertility reasons but probably also because of the extra costs incurred for collection and 
logistics. As shown in the sensitivity analysis, this can considerably decrease the savings 
per hectare of agricultural land use. Therefore, a more detailed study of the local agri-
cultural circumstances and the implications of residue removal today and in the long term 
is necessary in order to determine the possible benefits of residue utilisation in specific 
settings. 
 

7.3 Technological development 

A successful development of pretreatment technology, where pretreatment refers to con-
version of lignocelluloses to fermentable sugars, would not only offer new opportunities 
for bio-ethanol production but also for bio-based polymers. For example, Cargill Dow in-
tends to use pretreated lingo-cellulose for PLA production in the future. This is expected 
to clearly improve the environmental performance (Vink et al., 2003); however, the overall 
environmental performance of pretreatment may depend on whether and how genetically 
modified organisms are used. 
 
Moreover, it should be emphasized that the material properties, and hence the possible 
applications of the bio-based polymers covered in this chapter, are not comparable. Be-
cause of their sensitivity to moisture and other disadvantageous material properties, 
starch polymers have a more limited range of applications than PHA and PLA. This gen-
erally limits starch polymers to niche applications. Regarding natural fibre composites, the 
studies considered cover products that are in different stages of development. Although 
the use of hemp and flax composites has been successfully adopted by the automotive 
sector, the technical feasibility of Miscanthus transportation pallets has not yet been proven.  
 

7.4 Secondary savings 

Finally, it needs to be pointed out that the use phase has been excluded from this analysis. 
Depending on the application area, however, so-called “secondary savings,” that is, sav-
ings during the use phase, can be very important. These are especially important for natu-
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ral fibre composites used for transportation applications, as they are typically lighter than 
their glass-fibre-reinforced counterparts. For example, secondary savings associated with 
the Miscanthus pallets can be about 90% of the energy required of their production if a 
transport distance of 5,000 km is assumed (Corbière-Nicollier et al., 2001). Thus, the inclu-
sion of secondary savings could increase the energy savings and GHG emission reduction 
per hectare of natural fibre composites considerably. 
 
 

8 Conclusions 

In this chapter, non-renewable energy savings and GHG emissions reductions per kilo-
gram of bio-based polymers (relative to the petrochemical polymers that they replace) are 
compared to the same savings computed on the basis of the area of land used for biomass 
production. These benefits are based on state-of-the-art production data. Comparing bio-
polymers on the basis of energy savings and GHG emission reduction per hectare of bio-
mass cultivation changes their ranking relative to a ranking referring to 1 kg of bio-based 
polymer. Miscanthus composites and TPS pellets rank higher, whereas PHA, PLA, hemp 
composites, and flax composites are comparatively less good. For the polymers studied, 
most changes in the ranking are moderate, although some changes are quite large. 
 
The utilisation of agricultural residues can increase the benefits per hectare of biomass 
cultivation significantly (by about 190 GJ/(ha yr) and 15 Mg CO2 equivalent/(ha yr)) but 
does not change the ranking of biomass polymers. Depending on local circumstances (soil, 
climate, etc.) that influence soil carbon contents and economic considerations, however, it 
might not be possible to remove 100% of residues, and the benefits of residue utilisation 
would thus be lowered by the percentage of residues that remain in the field. Further re-
search is required regarding the amount of residue that can be removed under a sustain-
able regime. 
 
Referring energy savings and GHG emission reduction of bio-based polymers to a unit of 
agricultural land used, instead of to a unit of polymer produced, can lead to a different 
ranking of options (Table 4.10). Therefore, referring these benefits to a unit of land area 
provides additional insights into the performance of bio-based polymers. Moreover, it can 
help to optimize the use of agricultural land if it is scarce and expensive. A consistent 
allocation method is needed to more accurately compare bio-based polymers and should 
be used in future research. 
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If compared on a hectare basis and without residue utilisation, most bio-based polymers 
score better in terms of energy savings and GHG emission reduction than bioenergy pro-
duction from energy crops. This is clearly the case for natural fibre composites and TPS 
pellets and films. Energy savings and CO2 emission reduction for PLA on a per-hectare ba-
sis are in the range of the benefits for bioenergy production and are worse than bioenergy 
applications only in the case of PHA. If compared on a per-hectare basis with residue utili-
sation, even the benefits of PHA production are in the range of the benefits of bioenergy 
production. Bio-based polymers such as PLA are in an early stage of commercial develop-
ment, however, and PHA is just about to reach the stage for bulk polymer applications. On 
the other hand, many bioenergy technologies have already reached commercial status.  
 
Therefore, in the medium to long term, technological progress will therefore most likely 
lead to higher efficiency gains for bio-based polymers than for bioenergy production, and 
as a consequence, this would also result in higher energy savings and GHG emission re-
ductions. This has mainly to do with technological progress, the long process chain for 
bio-based polymers (compared to bioenergy), and developments in waste management. 
We therefore conclude that the production and use of bio-based polymers offer very inter-
esting opportunities to reduce the utilisation of non-renewable energy and to contribute to 
GHG mitigation. Furthermore, the amount of land that can be used for the production of 
non-food crops is limited and might not be sufficient to supply the total energy demand 
(Turkenburg et al., 2000). Energy in the form of fuels, electricity, and heat can also be sup-
plied by renewable sources other than biomass, although chemical feedstock cannot. For 
this reason, the production of bio-based polymers seems a good strategy to reduce the 
overall use of non-renewable energy, provided that it can compete on economic terms.  
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CHAPTER 5: 
 

Economics and GHG emission reduction of a PLA bio-refinery 
system – Combining bottom-up analysis with price elasticity 

effects* 
 
 
 
 

Abstract 

This chapter analyses energy savings, GHG emission reductions and costs of bio-refinery 
systems for poly lactic acid (PLA) production. The systems include multi-functional use of 
biomass resources, i.e. use of agricultural residues for energy consumption, use of by-
products, and application of recycling and waste-to-energy recovery. We evaluate the per-
formance of these systems per kg of bio-based polymer produced and per hectare of 
biomass production. The evaluation is done using data of Poland, assuming that biomass 
and PLA production is embedded in a European energy and material market. First, the 
performance of different bio-refinery systems is investigated by means of a bottom-up 
chain analysis. Second, an analysis is applied that derives market prices of products and 
land depending on the own-price elasticity of demand. Thus, costs of the bio-refinery sys-
tems depending on the demand of land and material are determined. It is found that all 
PLA bio-refinery systems considered lead to net savings of non-renewable energy con-
sumption of 70 to 220 GJ/(ha*yr) and net GHG emission reductions of 3 to 17 MgCO2eq/ 
(ha*yr). Most PLA bio-refinery systems considered in this study lead to net costs of the 
overall system of up to 4600 €/(ha*yr). PLA production from short rotation wood leads to 
net benefits of about 1100 €/(ha*yr) if a high amount of a high value product, i.e. fibres, is 
produced. Multi-functionality is necessary to ensure the viability of PLA bio-refinery sys-
tems from biomass with regard to energy savings and GHG emission reduction. However, 
with regard to costs, the multi-functional use of biomass does not contribute much to 
overall incomes. Own-price elasticity of the demand for materials influences the overall 
costs of the bio-refinery system strongly. The own-price elasticity of land demand markets 
could become important if bio-refineries or biomass production in general are introduced 
on a large scale. 

                                                 
* Co-authors: A.P.C. Faaij, M. Patel and W.C. Turkenburg.  
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1 Introduction 

Biomass is suitable for many material and energy applications, e.g. construction materials, 
chemicals, liquid fuels or electricity. One of the reasons to investigate the potential use of 
biomass for such applications is the reduction of greenhouse gas (GHG) emissions—espe-
cially CO2—that goes along with the replacement of fossil fuels by biomass, provided that 
the biomass is produced in a sustainable way. In this context, the potential savings of non-
renewable fuels, the resulting GHG emission reductions and the associated costs are key 
indicators to evaluate the effectiveness of biomass use. This proves to be a complex issue 
in which many aspects play an important role, e.g. the choice between energy and materi-
als application, the reference systems that are replaced by biomass systems and the time-
frame of the analysis; see chapter 3 of this thesis. In addition, if biomass is to be used in 
large volumes to contribute significantly to GHG emission reduction, it needs to be cul-
tivated requiring relatively large areas of agricultural land. Consequently, the amount of 
agricultural land used for biomass production is a decisive parameter as well.  
 
Given the importance of low costs and high efficiency of land use and GHG emission re-
duction, optimising the performance of biomass systems is vital for successful deployment 
at large scale. Many options to improve the performance of biomass systems deal with 
parts of the system, for example, the development of more efficient energy crop produc-
tion systems or increasing the energetic efficiency of conversion technologies. However, 
multi-functional use of biomass resources can be applied to optimise biomass systems too, 
e.g. by multi-product use and cascading. Multi-product use is defined using different parts 
of biomass resources for different applications. These applications can cover a broad range 
of materials and a broad range of energy carriers. Cascading is defined as using biomass 
resources sequentially for several material applications ending typically with an energy 
conversion step to fuels, heat and/or electricity.  
 
A particular type of multi-functional biomass system, namely, the so-called ‘bio-refinery’, 
has recently received much attention in literature. This term is derived from petroleum re-
fineries that maximise the economic benefits by obtaining a diverse mix of products from 
the feedstock. The concept of ‘bio-refinery’ is not well defined though and it can comprise 
various processes such as production of fodder from a crop (Annetts and Audsley, 2003) 
or pyrolysis of biomass (Scott et al., 1997). In literature, bio-refinery is e.g. defined as the 
production of various products with innovative technology (Benjamin and Weenen, 2000) 
or the production of fuels and chemicals (Elliot, 2004) from biomass resources. In general, 
bio-refineries are considered to produce a range of products, see e.g. DTO (1997), Elliot 
(2004), NRC (1999), Wyman (2003) and  Benjamin and Weenen (2000). Many definitions 
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explicitly include the production of chemicals or fuels in analogy to the petrochemical re-
finery (e.g. Scott et al., 1997; Elliot, 2004; Wyman, 2003).  
 
Bio-refineries as referred to in this study combine two aspects of multi-functional biomass 
systems. The first aspect is the use of parts of a whole crop to produce different products 
and the second aspect is cascading, if products of the bio-refinery are recycled (usually by 
so-called down-cycling) and their wastes are finally converted to energy carriers.  
 
It has been indicated in earlier studies that multi-product use and cascading may improve 
the efficiency of biomass utilisation with regard to GHG emission reductions, energy sav-
ings and costs (chapter 2 and 3 of this thesis). Wyman (2003) has carried out an economic 
analysis of a bio-refinery producing fuels and chemicals from sugar, identifying possible 
benefits of multi-product use. These studies are focused on parts of bio-refinery systems, 
i.e. multi-product use or cascading. If the parts involved would be incorporated in a more 
complex bio-refinery system, as outlined above, the overall performance may change 
compared to the simple sum of performances. For example, material recycling might on 
the one hand reduce process energy demand of material production. On the other hand, 
this reduced process energy demand might lead to excess heat produced from biomass 
residues that cannot be used if there is no additional heat demand in the vicinity of the fa-
cility. If biomass materials are recycled, one might assume that respective reference mate-
rials will also be recycled, leading to different benefits of the biomass system compared to 
a “cradle-to-factory-gate” analysis of multi-product use. So far, however, little attention 
has been paid in scientific literature to quantifying the performance benefits of more com-
plex bio-refinery systems.  
 
The economics of a bio-refinery system depend on the above-mentioned factors, but also 
on its scale. This is partly due to the well-studied mechanisms of economies of scale of 
conversion processes and equipment use (see e.g. Faaij et al., 1998), and the logistics of 
biomass supply (see e.g. Aden et al., 2002; Hamelinck et al., 2003). Another mechanism in-
fluencing the economic performance is that the size of the market and the amount of 
products and inputs (in particular land) in the bio-refinery system determine the market 
prices of in- and outputs. These changes of market prices can influence the economic effi-
ciency of biomass systems significantly (Wyman, 2003; Green, 2000; chapter 2 of this the-
sis). There has been considerable interest in the interactions between biomass utilisation 
and market mechanisms. Equilibrium models have been used to investigate the demand 
and supply of various products as a function of market prices. For example, Walsh (2000) 
modelled demand and supply of biomass fibres in the USA as function of biomass mate-
rial prices. Azar and Berndes (1999) estimated market prices of food as a function of car-
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bon emissions penalties and subsequent demands for biomass and agricultural land. 
Gielen et al. (2003) estimated the global demand of biomass for energy, food and materials 
depending on GHG emission mitigation policies. However, this type of studies does not 
analyse market prices in relation to the supply, i.e. scale of a biomass material system and 
thus, do not quantify the effect material and land markets can have on the costs of certain 
biomass system as determined by technological bottom-up analysis. Studies addressing 
this subject could not be identified in scientific literature. 
 
In conclusion, multi-functional bio-refinery systems may help to increase the performance 
of biomass systems, but potential benefits have been poorly studied, quantitatively. Con-
sequently, the following research question is essential:  
 
What are potential quantitative benefits of multi-functional bio-refinery systems with regard to 
GHG emission reductions, savings of non-renewable energy consumption and costs in relation to 
production scale and market volumes?  
 
Two factors play a key role in this question:  
1. The set-up and composition of the bio-refinery system, e.g. by-product use, recycling 

rates, etc. 
2. The structure of the markets in which the bio-refinery system is embedded, i.e. the 

market for final products, for by-products and for agricultural land. 
 
To answer the research question taking into account these key factors, we carried out a 
case study. Subject of the case study is a bio-refinery producing a bio-based polymer, i.e. 
poly lactic acid (PLA). A previous study has shown that bio-based polymer production 
has an interesting potential for energy savings and GHG emission reductions with regard 
to agricultural land use (Chapter 3 of this thesis). Out of the group of bio-based polymers 
that are suitable for bulk applications, PLA is selected, because it is currently the only 
commercially produced polymer apart from thermoplastic starch, which is less suitable for 
a number of bulk applications. Currently, PLA is mainly used for packaging applications. 
The global production capacity is about of 0.2 million tonnes per year (Crank et al., 2004) 
compared to 19 million tonnes per year of polyethylene (PE) (UN, 2002). As PLA could 
partly replace PE and other large volume petrochemical polymers like polyethylene 
teraphthalate (PET), it has the potential to contribute significantly to savings of non-re-
newable energy consumption and to GHG emission reduction.  
 
In our case study, a whole crop is defined as input for the production system. Conse-
quently, all parts of the crop are used for the production of PLA, by-products, i.e. fodder 
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products, or energy in the form of electricity and heat. This is how the feature of multi-
product crops is accounted for in the system. In addition, after their use, parts of the PLA 
products are recycled and parts are digested or incinerated with energy recovery. Thus, 
cascading is part of our PLA bio-refinery system. 
 
In the first place, the performance of the bio-refinery system in terms of GHG emission re-
duction, non-renewable energy saving and costs are calculated by means of a bottom-up 
analysis. These parameters are presented both per kg of bio-based polymer produced and 
per ha and year of agricultural land needed for biomass production. Several configura-
tions of the bio-refinery system (e.g. kind of crop production system, recycling rates, kind 
of products) are investigated, such that the influence of the structure of the bio-refinery 
system on the performance can be analysed. In the second place, market prices of products 
and land depending on the scale of the bio-refinery are determined by own-price elas-
ticity. By this, the overall economic performance of the bio-refinery system in relation to 
elastic markets of products and land can be determined.  
 
Geographically the case study is situated in Poland. Currently, PLA production takes 
place mainly in the U.S. while several initiatives for PLA production exist in Asia. This 
raises the question whether such a system may also have potential in Europe. One argu-
ment is that the Eastern European states1 that accessed the European Union in May 2004 
are particularly interesting for new biomass systems, because of relative low biomass pro-
duction costs, relatively highly available land surfaces and an agricultural system with 
low productivity being in transition (FAO, 2003; Skarzynska and Augustynska-Grzymek, 
2001b). 
 
This chapter is structured as follows: Section 2 describes the methodology for the chain 
analysis of the bio-refinery system and the methodology to analyse the elasticity of mar-
kets in which the bio-refinery system is embedded. The following section describes the 
case of a PLA production bio-refinery system including input data for the analysis. Section 
4 presents the results of the analysis: the performance of the PLA production system, de-
pending on the system configurations, and the GHG mitigation costs in relation to the 
scale of the PLA production system with and without market influences. Section 5 and 6 
contain discussion and conclusions.  
 

                                                 
1 The Czech Republic, Estonia, Hungary, Latvia, Lithuania, Poland, the Slovak Republic, and Slovenia joined the 
European Union on 1st May 2004. 
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2 Methodology 

The analysis of the bio-refinery system is carried out in two distinct steps as presented in 
Figure 5.1. In the first place, GHG emission reductions, savings of non-renewable energy 
consumption and overall costs of the bio-refinery system are calculated. These calculations 
are performed for different configurations of the PLA bio-refinery system as described in 
Sections 3 and 4. Subsequently the performance of these configurations is compared and 
moreover, GHG mitigation costs are analysed in relation to scale by chain analyses in-
cluding economies of scale. In the second place, GHG mitigation costs in relation to scale 
are determined, taking into account variable market prices for land and products. These 
market prices are derived from market analysis using demand elasticity. Thus, the influ-
ence of the market on the results of the chain analysis can be singled out. Following, the 
methodologies of the chain and market analyses applied in this study are described in 
detail. 
 

amount of agricultural land needed
amount of products and by-products produced

Bio-refinery system: Land and commidity markets: 

CHAIN 
ANALYSIS

mass flows           
production costs

market prices of land and products

savings of non-renewable consumptions
MARKET 
ANALYSIS

GHG emission reductions
land use costs of biorefinery

costs with elastic markets

 

Figure 5.1: Approach to investigate bio-refinery systems – a combination of a bottom-up 
analysis and an analysis of elastic markets 

 

2.1 Chain analysis 

In the chain analysis, the performance of a bio-refinery system is investigated. Or rather, 
savings of non-renewable energy consumption, GHG emission reductions and costs are 
calculated. These parameters are related to either the amount of main product that is pro-
duced, i.e. in our case study the amount of bio-based polymer, or to the area of land used 
for biomass production. 
 
In order to determine savings of non-renewable energy consumption and GHG emission 
reductions of the bio-refinery system, a reference system for comparison needs to be de-
fined. Figure 5.2 shows schematically the bio-refinery system and the reference system 
belonging to it. Basis of the comparison is that all outputs of the bio-refinery system sub-
stitute equivalent products from the reference system. These outputs of the bio-refinery 
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system are the main product and by-products (both are usually materials), electricity from 
biomass residues2, and electricity that is recovered by waste treatment of the main prod-
uct. As for the main products in the bio-refinery system, the main product in the reference 
system is incinerated with electricity recovery after its end of life. However, by-products 
in our case study are fodder products, which cannot substitute any fossil reference prod-
ucts, but substitute other conventional fodder products. Consequently, biomass and land 
are inputs for these fodder products in the reference system. A more detailed description 
of products and substitution reference products in the case is given in the following chap-
ter on the PLA bio-refinery system regarded. 
 

 

by-products

land
biomass              

auxiliary materials Bio-refinery main product y GJ electricity

non-renewable fuels

x GJ electricity

BIO-REFINERY SYSTEM

land    
biomass              

auxiliary materials products

non-renewable fuels
 (substituted by by-products of 

bio-refinery system)  
Conventional production

auxiliary materials     
non-renewable energy  products z GJ electricity

 (substituted by main product 
of bio-refinery system) 

auxiliary materials     
non-renewable energy    (x+y-z) GJ electricity

REFERENCE SYSTEM

 

Figure 5.2: Schematic overview of a bio-refinery system and its reference system 
 
To calculate savings of non-renewable energy consumption of the bio-refinery, the energy 
uses of all parts of the bio-refinery system, e.g. biomass production, main product produc-
tion, waste treatment etc., are added up and subtracted from the sum of energy uses in the 
reference system. Overall GHG emission reductions obtained by the bio-refinery system 
are calculated like the savings of non-renewable energy consumption. In general, GHG 
emissions of auxiliary material, reference material and energy carrier production are cal-
culated from life cycle analysis data. These data take into account direct and indirect emis-
sions of greenhouse gases summarised as CO2 equivalents in terms of global warming 
potential. For the production of biomass, direct and indirect GHG emissions of inputs, e.g. 
machine use, fertilisers, seeds, etc., are considered. Also, N2O emissions from the applica-
tion of N-fertiliser are taken into, while CH4 emission from agricultural production are 
small and therefore, neglected.  

                                                 
2 Heat that is produced from residues is assumed to be used within the bio-refinery, but is not considered as an output 
that used outside the facility. 
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In contrast to savings of non-renewable energy consumption and GHG emissions reduc-
tions, costs are not calculated by means of substitution products. Instead, revenues of 
products, by-products and bioenergy produced are based on their respective market val-
ues. Finally, land demand of the bio-refinery system is the area of agricultural land used 
for the production of its biomass inputs. In the reference system, this agricultural land is 
not used for crop production. From this land use for biomass production, the agricultural 
land use in the reference system (for the production of products that are substituted by by-
products from the bio-refinery) is subtracted.  
 
To calculate the performance characteristics of bio-refinery systems in comparison to the 
reference system, input data from statistics and scientific literature are used. For every 
process in the system, e.g. PLA production from grain or waste incineration, inputs and 
outputs, e.g. land, fuel, steam, electricity, auxiliary materials and products are defined. 
These in- and outputs are then converted to primary energy consumptions and GHG 
emissions by conversion factors from life cycle analysis studies, e.g. primary energy con-
sumptions per kg of artificial fertiliser or GHG emissions per GJ electricity used. Cost data 
refer to the whole process, e.g. euro per kg PLA produced from grain or euro per kg waste 
treated. A detailed description of input data is presented in Section 3. 
 
The geographical scope of our case study covers Poland and, thus, biomass and PLA pro-
duction takes place there. Consequently, data on biomass production and agricultural land 
refers specifically to Poland. However, in our study other input data (such as energy 
mixes, production of reference products or material markets) refer to the European aver-
age situation. This is due to the fact, that non-biomass input of PLA production, e.g. elec-
tricity will rather originate from a European market than from Poland only. Moreover, 
products of the bio-refinery system will substitute products from the European market, 
too.  
 

2.2 Market analysis 

In order to analyse the market price changes of land and products of the bio-refinery sys-
tem in relation to its scale of production, demand curves are applied. Demand curves de-
scribe the relation between demand and market price. In other words, they define which 
amount of a product could be sold for a certain price or vice versa. This leads us to the 
problem of how demand curves can be employed to determine market prices of land and 
products of a bio-refinery in relation to the size of the market demand and supply. Here, 
two cases are distinguished. First, the case of products that have a variable supply is in-
vestigated, i.e. different amounts of these products could be supplied by adapting the pro-
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duction capacity. Second, the case of land that has a fixed supply is discussed, i.e. the 
amount of agricultural land is limited to the total amount of agricultural land available.  
 
The first case is presented in Figure 5.3. Typically, in an ideal market the price and amount 
of a commodity are at equilibrium at P(eq) and Q(eq). In other words, the market price of a 
commodity in an ideal market equals its production costs. If the production of a commod-
ity is increased to Q(scale), for example by installing additional facilities, the market price 
decreases to P(scale) in the short term. This new market price is the price that corresponds to 
the new total amount of production on the demand curve. However, on the long term 
markets will return to a new equilibrium. 
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Figure 5. 3: Equilibrium price P(eq) and quantity Q(eq) of a commodity with variable supply 
and its new price P(scale) if an increased quantity Q(scale) is produced 

 
The second case, of a commodity with fixed supply, is depicted in Figure 5.4. In our case 
the commodity is agricultural land. All available agricultural land Qe is already used at its 
equilibrium price Pe. The demand for land increases to Q(biomass) if agricultural land is 
needed for biomass production. However, as no more agricultural land is available, the 
demand curve shifts with this additional demand. The new market price of land can be 
determined by the intersection of this shifted demand curve with the supply curve. As a 
consequence, the market price of land increases if additional agricultural land is needed 
for the production of biomass. 
 
Thus, prices of agricultural land and bio-refinery products are determined by using de-
mand curves in this analysis. Generally, different shapes of demand curves relating de-
mand to market prices are conceivable. A standard form of a demand curve is defined by 
equation (1) (Franssen, 1999). 
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Figure 5.4: Equilibrium price P(eq) and quantity Q(eq) of a commodity with fixed supply—
e.g. agricultural land—and its new price P(biom) if an increased quantity Q(biom) is demanded 
 
P(Q) = C*Q1/ε  (1) 
 
P: price of commodity; Q: quantity of commodity; C: constant; ε: own-price elasticity of demand  
 
In this formula the own-price elasticity ε is a measure of percentage changes of price in 
relation to percentage changes of demand at the current demand and the current market 
price. The own-price elasticity is typically a negative constant for a commodity. The con-
stant C is a factor that translates these percentage changes to actual quantities and prices. 
If the own-price elasticity of a commodity is known, this constant C can be derived from 
the current demand (i.e. amount of commodity sold) and the current market price. In this 
chapter we use this type of demand curve to determine what change of price may be 
induced by a change of quantity of the commodity.  
 
With regard to own-price elasticity, the demand curve of a commodity depends on many 
factors, e.g. availability of substitution possibilities, share of budget devoted to the prod-
uct, kind of product, the time horizon and the geographical scale (Franssen, 1999). De-
mand curves can be derived econometrically from empirical data (e.g. time series analysis 
or cross-sectional analysis) or economic models. These are top-down models that simulate 
the production in several sectors taking into account factors, like investment, labour, cross-
price elasticity, etc. 
 
However, it is beyond the scope of our study to determine demand curves for a bio-refin-
ery system by econometrics or macro-economic models. Therefore, a review of own-price 
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elasticity for the demand of land and for products of the bio-refinery as discussed in sci-
entific literature is the basis of own-price elasticity used in our study; see Section 4.6.  

3 PLA bio-refinery system 

The PLA bio-refinery system investigated in this study is presented in Figure 5.5. It con-
sists of several main components, i.e. production of biomass, PLA and bioenergy, end 
product use, recycling and waste treatment. In this chapter, a specific design of the compo-
nents, e.g. kind of crop, recycling technology, waste treatment, is selected in order to in-
vestigate the performance of different system designs. The selected components of the 
PLA bio-refinery system and related input data are described in the following sections. In 
addition, data for the market analysis of the system is discussed in the last section of this 
chapter. 

I: Biomass production
Biomass production  

(wheat or SRC)

agricultural residues   
(straw )

main component    
(grain or wood)

transport transport

II: Bioenergy production III: PLA production
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Figure 5.5: PLA bio-refinery system with either wheat or wood as feedstock 

 

3.1 Biomass production 

PLA can be produced either from starch or lingo-cellulose plants. In this study, wheat and 
short rotation (SR) wood were selected. We focus on these crops, because of existing agri-
cultural experience and the possibility of obtaining high yields in Poland. 
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Data on agricultural land and crop production are presented in Table 5.1 and 5.2. The fig-
ures refer to the situation in Poland. Crop yields are given for different qualities of agri-
cultural land. For that purpose, agricultural land is divided into three categories of low, 
medium and high quality lands by means of ‘land valorisation values’ on a provincial 
level (FAO, 2003). In addition, crop yields, costs, non-renewable energy consumption and 
GHG emissions of crop production are differentiated between intensities of agricultural 
production, i.e. intensive, average and non-intensive. 
 
Wheat yields for average production intensity are representative for those parts of Poland 
where agricultural practice is comparable to Western European standards. Wheat yields of 
non-intensive production are yields in not intensively managed areas of Poland, while 
wheat yields of intensive production are the potentially obtainable yields (FAO, 2003). 
Energy use, costs and GHG emissions of wheat production are based on Polish agricul-
tural statistics as discussed in Chapter 2 of this thesis. 
 
As short rotation wood is not produced on a large scale in Poland, wood yields are based 
on experimental plots and adapted to different production intensities by factors obtained 
from Polish wheat production (Szczukowski et al., 1998). Also inputs of wood production 
are based on experimental plot data (Szczukowski et al., 2000b). 
 
Table 5.1: Input data on agricultural land for different land quality categories 

Amount [million ha] Rent [€/(ha*yr)]b 

Low qualitya Medium quality a High quality a Low quality b Medium quality b High quality b 

4.1 8.5 2.7 27 33 39 
a Quality factors are divided by land valuation values, which made up of soil quality, agro climate, relief and soil amelio-
ration. While the average land valorisation value for Western Europe is defined as 100, the average for Poland is 67 
(FAO, 2003). We defined land with a valorisation value of 55-63 as low quality, of 64-72 as medium quality and of 73-81 
as high quality.  
b Land rents for medium quality lands are average rents paid for land for wheat production, which is the crops with the 
highest land rents in Poland. On the other hand, lower land prices refer to land used for rye production, which is a crop 
with low land rents. The difference between medium and low quality land, i.e. 6 €/(ha*yr) has been added to medium 
quality land rents estimate high quality land rents (FAO, 2003). 
 
Table 5.2: Input data on crop production  
Parameter Unit Winter wheat Short rotation wood 
Variation crop production system Non-intensive Average Intensive Non-intensive Average Intensive
Energy use  GJp/(ha*yr) 6.9a 8.9a 10.9a 10.7b 13.2b 15.7b 

GHG emissions  kgCO2eq/(ha*yr) 1350a 1670a 1990a 1050b 1370b 1690b 

Production costs  €/(ha*yr) 412a 462a 512a 237b 262b 287b 

Factor crop yield  - 0.75d 1d 1.25d 0.75d 1d 1.25d 

Factor straw yield - 0.75d 1d 1.25d - - - 
Variation agricultural land quality Low Medium High Low Medium High 
Crop yields  Mg/(ha*yr) 3.9c 4.4c 4.9c 4.8f 5.8f 7.0f 
Straw yields  Mg/(ha*yr) 3.5e 3.9e 4.4e -   
GJp: Giga Joules primary 
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a Average intensity inputs are taken from chapter 2 of this thesis. The difference in fertiliser consumption between non-
intensive and normal agricultural practice is about 25 kg NPK/(ha*yr) this is equivalent to 7.8 €/(ha*yr) (FAO, 2003), 
0.57 GJ/(ha*yr) and 207 kg CO2eq/(ha*yr) (Biewinga and Bijl, 1996). The respective difference in fertiliser use the differ-
ence between normal and intensive agricultural practice is about 30 kg NPK/(ha*yr) (FAO, 2003) or 7.8 €/(ha*yr). (FAO, 
2003) Including the variation of machine use, we assumed differences between normal and more extreme agricultural 
practice to be about 50 €/(ha*yr), 2 GJ/(ha*yr) and 320 kg CO2eq/(ha*yr).  
b Inputs and costs of average production are taken from Chapter 2 of this thesis. Because costs of SR wood production 
with average intensity are lower than cost of wheat production, lower cost ranges of about 25 €/(ha*yr) are assumed. On 
the other hand, a larger range is assumed for energy use, i.e. 2.5 GJ/(ha*yr), which is quite high for short rotation willow 
production due to harvesting, while the range for GHG emissions is the same as for wheat production.  
c These values are equivalent to 80% of the potential yield (FAO, 2003). 
d For non-intensive management this is equivalent to 60% of potential yields and for intensive management to 100% of 
potential yield (FAO, 2003). 
e This refers to a proportion of grain: straw of 1:0.89, which is derived from average cereal straw yields in Poland (CSO, 
2003). 
f  Data on wood yields are data from intensive short rotation willow production (Szczukowski et al., 1998). These yields 
are converted to average agricultural production by the crop yield factor defined in this table. 
 
With the data given in Table 5.1 and 5.2, production costs of about 51 €/Mg wheat and 65 
€/Mg short rotation wood are found on medium quality land and normal intensity of 
agricultural production. For a more detailed discussion of crop production input data, see 
Chapter 2 of this thesis. 
 

3.2 Bioenergy 

Depending on the crop, either straw (from wheat) or lignin (from short rotation wood) is 
converted to steam and electricity in the bio-refinery system by combustion. It is assumed 
that steam and electricity are used within the PLA production process and that excess elec-
tricity is sold to the grid. Also it is assumed that the latter substitutes electricity based on 
the European generation capacity.  
 
Table 5.3: Input data on steam and electricity production from wheat straw and lignin 
  Straw (wheat) - grate firing Lignin (SR wood) - CFB-combustion 
Scale (base facility) TJinput/year 2880a 6209f 

Net electric efficiency GJe/GJinput 0.31b 0.16g 

Net steam efficiency GJth/GJinput 0.59 0.54g 

GHG emissions Mg CO2/Mgbiomass 0.001c 0.001c 

Investment costs €2002/kWinput 864d 641h 

Annual operational costs Part of investment 0.04 0.04 
Lower heating value GJ/Mg 15.6e 20.1 
a Based on large straw grate firing of 100 MWth as currently used in Denmark (Lans et al., 2000). Load factor is assumed 
to be 7000 h/yr. Investment costs in the analyses are calculated from this basic scale, by a scale factor of 0.8 and the 
actual size of the bioenergy facility. 
b Calculated from trend line generated from efficiencies of different biomass combustion plants (Dornburg and Faaij, 
2001b). For comparison Kumar et al. (2003) estimate the electric efficiency of a 450 MWe plant to be 34%, while the ap-
proach above results in an efficiency of about 36%. Net steam efficiency is derived from an average overall thermal effi-
ciency of 90% (Broek et al., 1995). 
c Biomass is seen as CO2 neutral, because the carbon that is emitted during combustion has been sequestered during 
plant growth. Emission for production and transport of biomass is accounted for separately (see Section 3.1 and 3.6). 
Indirect emissions of bioenergy plants in general are in the magnitude of 3 kg/GJe (Mann and Spath, 1997). 
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d Investment costs for a 100 MWinput plant, based on a scaling factor of 0.8 and investment costs of a 450 MWe straw com-
bustion plant of 1300 US$2000/kWe (Kumar et al., 2003). These data are based on Broek et al. (1995),  DOE (1997) and 
Wiltsee (2000). 
e LHV as received, i.e. 10% moisture (ECN, 2003). 
f Based on lignin combustion unit from ethanol production process of 203 MWth (Aden et al., 2002). Load factor is as-
sumed to be 8000 h/yr. Investment costs in the analyses are calculated from this basic scale, by a scale factor of 0.8 and 
the actual size of the bioenergy facility. 
g These efficiencies correspond to the NREL design for ethanol production from corn stover with a scale of about 2000 
Mgbiomass /day and efficiencies (HHV) of about 15% electric and 51% steam (Aden et al., 2002). For comparison, efficien-
cies (HHV) of black liquor gasification are about 22 % electric and 41% steam and efficiencies (HHV) of Tomlinson boiler 
(as used in pulp and paper mills) are about 10% electric and 52% steam. 
h Investment costs correspond to the NREL design for ethanol production for a boiler of about 203 MWinput. Equipment 
costs for boiler and steam turbine are about 38.3 million US$2000. To these cost we added project investment costs of the 
total facility by the share of combustion equipment costs to total equipment costs. To adopt costs to the scale of lignin 
combustion that corresponds to a PLA production facility of a certain scale, a scale factor of 0.7 is applied. 
 
Data on costs and electric efficiency of grate firing for straw combustion and circulating 
fluidised beds for lignin combustion are taken from literature on state-of-the-art tech-
nology (see Table 5.3). The annual costs of those conversion systems are calculated using 
investment costs, average O&M costs as a percentage of investments, an annuity assuming 
an interest rate of 5% and a lifetime of 20 years minus the market revenues of electricity 
produced and the market value of steam utilised in the PLA production facility. Thus, the 
costs of bioenergy are the additional costs or profits that result from using bioenergy in the 
PLA production process instead of using fossil energy. 
 

3.3 PLA production  

In principle, PLA production consists of biomass conversion to fermentable sugars, fer-
mentation of these sugars to lactic acid, purification of lactic acid and its polymerisation. 
Currently, PLA is produced commercially from starch crops, while it is not produced from 
ligno-cellulose. However, Cargill Dow envisages producing PLA from ligno-cellulose in 
the next 5—8 years, because this process has higher efficiencies (Vink et al., 2003). There-
fore, in this study, both processes, i.e. from starch and from ligno-cellulose, are investi-
gated.  
 
Only few process data on PLA production are publicly available. Therefore, input data 
often had to be estimated on basis of available aggregated data as discussed in detail be-
low. Input data are shown in Table 5.4, while the most important mass and energy flows 
are summarised in Figure 5.6. 
 
For PLA production from wheat, data on starch production is taken from an LCA of bio-
based polymer production in Germany (Würdinger et al., 2002) and data for sugar pro-
duction from a summary of LCA data on starch products (aAc, 2001). For the process of 
PLA production from sugar detailed process data have not been published. For this reason 
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aggregated data from an LCA of Cargill Dows production facility in the U.S., being by far 
the largest installation with a capacity of 140000 MgPLA/yr, are used (Vink et al., 2003). 
Moreover, no information on investment costs of PLA production is available, but only 
estimates of production costs. These costs are adjusted to the scale of our facility by a gen-
eral scaling factor (0.7). 
 
Also for the production of PLA from ligno-cellulose, e.g. from short rotation wood, only 
limited aggregated process data are available. Based on a confidential NREL study, Cargill 
Dow expects that the production of PLA from ligno-cellulose will increase the production 
efficiency significantly (Vink et al., 2003). Therefore, we estimate the performance of this 
process on basis of publicly available NREL data on ligno-cellulose pre-treatment (Wooley 
et al., 1999; Mc Aloon et al., 2000) and data on PLA production from ligno-cellulose (Vink 
et al., 2003). Concerning production costs, projections of Cargill Dow for a ligno-cellulose 
production facility are used (Crank et al., 2004) and scaled by a general scaling factor, too.3 
 
Table 5.4: Input data on PLA production 
PLA production from   Winter wheat SR wood 
Base scale facility Mg biomass 285714a 323316b 

Products    
PLA MgPLA/Mgbiomass 0.49c 0.68d 

By-product: gypsum Mgby-prod/Mgbiomass 0.49e 0.68e 

By-products: milling  Mgby-prod/Mgbiomass 0.21f - 
By-product: gluten meal Mgby-prod/Mgbiomass 0.09f - 
By-product: pulp Mgby-prod/Mgbiomass 0.50f - 
By-product: lignin Mgby-prod/Mgbiomass - 0.26gg 

Energy use    
Heat use GJheat/Mgbiomass 12.9h 1.4i 

Fuel use GJfuel/Mgbiomass 10.8h 0.00i 

Electricity use GJe/Mgbiomass 1.8h 6.8i 

Production costs    
Production costs at base scale  €/MgPLA 2310a 1038j 

Scale factor production costs - 0.7k 0.7k 

a Currently, production cost of PLA are still quite high due to the start-up of the first large-scale facility. However, for the 
near future lower costs are projected. Leaversuch (2002) states 2002 production costs at 1.30 US$/lb, while Cargill Dow 
aims to produce PLA below 1 US$/lb in the near future. We use the latter estimate as basis production costs for a facility 
of about 140000 Mg per year such as the Cargill Dow facility in Nebraska. However, parts of these production costs are 
feedstock costs for corn that are subtracted from the production costs. Costs of corn (for ethanol production) are about 
1.94 US$ per bushel or 76.4 US$/Mg (Mc Aloon et al., 2000). 
b Cargill Dow envisages to reach a total capacity of 500 million kg PLA per year with three production facilities, two pro-
ducing PLA from sugar/starch crops and one from ligno-cellulose feedstock (Crank et al., 2004). As the first starch facil-
ity has a capacity of 140 million kg per million kg, we assume that the ligno-cellulose facility is scaled at 220 million kg.  
c From data given in Vink et al. (2003) it can be concluded that Cargill Dow uses about 1.74 kg US corn per kg PLA. The 
amount of wheat has been calculated by average starch contents, i.e. 72% (Mc Aloon et al., 2000) and 60% for wheat 
(Würdinger et al., 2002).  

                                                 
3 No factors for technological learning are applied, as the production costs estimates for PLA production from wheat as 
well as from SR wood are for the next facility to be built. Therefore, technological learning is implicitly included in these 
estimates. 
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d Wood from short rotation willow contains about 60.5% cellulose and 29.8% hemi-cellulose (ECN, 2003) of which about 
80% or 95% respectively can be converted to fermentable sugars by pre-treatment (Wooley et al., 1999). We assume that 
all of the produced C5 and C6  sugars can be fermented with the same efficiency as glucose from starch due to technologi-
cal development in fermentation technology as Cargill Dow envisages an optimised lactic acid production step by then 
(Vink et al., 2003). 
e Few data on gypsum production are available. (Garlotta, 2001) estimates that up to 1 Mg/Mg lactic acid can be pro-
duced. As no lower range is given in literature, we use this upper range value. 
f (Würdinger et al., 2002). 
g Average lignin content of willow wood is about 26% (HHV: 21.4 GJ/Mgdm) (ECN, 2003).  
h The only information of energy use of PLA production from dextrose is an aggregated total of 39.5 MJ/kgPLA (Vink et 
al., 2003). About 14.9 MJ/kgPLA of this total energy amount is used for fuel and electricity in the facility, while the rest is 
related to operating supplies and wastewater treatment. We assume that this rest is fuel use. The largest part of energy 
use in the facility is steam, because lactic acid is purified with vacuum distillation and steam is used for the heating of 
the fermentation reactor (Gruber and O’Brien, 2002). We assume that about 95% of energy use in the facility is steam and 
the rest is electricity. Moreover, we assume that the data given by Vink et al. (2003) are related to primary energy. We 
recalculate these data to energy uses by the energy factors stated in this table. Energy use for starch production is 1.65 MJ 
electricity, 0.005 MJ fuel oil and 7.05 MJ steam per kg wheat (Würdinger et al., 2002). At the same time biogas is pro-
duced in wastewater treatment that is used for steam production. We assume that about 90% of biogas is converted into 
steam i.e. 0.55 MJ/kg. Finally, also the energy use for production of liquid sugars from starch is added. Gross energy 
requirement is about 3 MJ/kg of sugars (aAc, 2001) or about 1.8 MJ/kg wheat. This energy demand is assumed to be 
heat for liquefaction. 
i Only highly aggregated data on energy use could be found. Using future lactic acid production technology reduces en-
ergy use for PLA production about 5.3 MJ/kgPLA  (Vink et al., 2003) i.e. the energy use for PLA production is 24.2 
MJ/kgPLA if original energy use is 29.5 MJ/kgPLA. From the total energy use about 21.8 MJ/kgPLA is electricity. In this case 
we assume that the remaining energy use is equivalent to steam use for the heating of the fermentation reactor and the 
wastewater treatment. Moreover, we assume that the data given by Vink et al. (2003) are related to primary energy and 
recalculate this to energy uses by the energy factors stated in this table.  
j For 2010 Cargill Dow projects production costs of about 1.30 €/kgPLA, i.e. costs competing with PET production costs 
(Crank et al., 2004). These production cost contain feedstock costs of corn stover. From the composition of corn stover, 
we can estimate that about 2.15 kg of stover yield 1 kg of PLA, while costs of corn stover are about 35 US$ per Mg (Mc 
Aloon et al., 2000). Production costs are recalculated to current costs of 2003 by an average deflator of 2%. 
k (Faaij et al., 1998). 
 

PLA production from wheat PLA production from wood

1.82 kg wheat straw grains 1.47 kg wood
0.38 kg lignin

3.7 MJe 13.0 MJ fuel oil 1.2 GJe 7.6 GJe

Bioenergy production PLA production Bioenergy production PLA production
16.8 MJ steam 6.9 MJ steam 1.8 GJ steam

5.1 MJ electricity

0.71 kg (86% dm)   
fodder by-products    

1 kg gypsum
1 kg PLA       1 kg gypsum 1 kg PLA

 

Figure 5.6: Overview of main energy and mass flows for PLA production from wheat and 
short rotation wood 

 

3.4 Substitution of reference products 

As described in the methodology section, it is accounted for the fact that main and by-
products of the bio-refinery system replace reference products. In this section, reference 
products of by-products are discussed first, and reference products of PLA next. Data on 
the substitution of by-products, end products and energy are taken from life cycle as-
sessments or similar studies and from market price surveys, see Table 5.5. For the use of 
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energy in the process (heat, electricity and fuel oil) and for the substitution of non-renew-
able fuel, data on European energy balances are used. 
 
Table 5.5: Input data on substitution of reference products and energy 
Products and 
energy uses of 
bio-refinery 

Functional 
unit 

Kind of substitution 
product 

Primary energy 
use [GJp] 

GHG 
emissions 
[kg CO2eq] 

Agricultural 
land demand 

[ha] 

Market prices 
[€] 

Heat  Per GJth Heat mix chem. ind. 1.35a 123 /GJa 0 5.6b 

Fuel oil  Per GJfuel EU mix oil products 1.11c 83c 0 N/a 
Electricity  Per GJe EU mix electricity 2.48d 126e 0 8.9 

Milling by-prod.  Per Mgby-p Wheat grains 1.2g 224g 0.33h 83.6i 

Gluten Per Mgby-p Fish meal 0.05j 2374j 0 971.3f 

Pulp Per Mgby-p Industrial by-products 0 0 0 4.3i 

Packaging  Per MgPLA HDPE pellets 76.6k 5070l 0 902m 
Fibres  Per MgPLA PET pellets 77.2k 5702l 0 1726n 
a (UBA, 2003). No data on the European steam production mix are available. Therefore, we use data for the German 
chemical industry mix. For comparison, Polish heavy oil boilers have an efficiency of about 1.57 MJ/MJ.  
b Average costs of heat production in fossil fuel boilers of 0.02 €/kWh in Europe are assumed (EC, 2000). 
c European Union oil product mix for production (UBA, 2003). For CO2 emissions we added 74.1 kg/GJ CO2 emissions 
due to carbon content of fuel. 
d European Union electricity mix (UBA, 2003). 
e (IEA, 2002c). Data on CHP and electricity production, allocation of CO2 emissions to heat and electricity on an energy 
basis. 
f Average European production costs of 0.032 €/kWh (EC, 2000).  
g Average nutrition value of milling by-products is about 5.54 MJ/kg, while wheat grains that are substituted have a nu-
trition value of 8.03 MJ/kg (Hydro Agri Dülmen GmbH, 1993). Energy use and GHG emissions of wheat production are 
taken from input data on crop production from this chapter. 
h Calculated from average grain yield on medium quality land in Poland, see Section 3.1. 
i (Würdinger et al., 2002) 
j Substitution is made on basis of protein content, i.e. 3% for gluten and 70% for fish meal (Hydro Agri Dülmen GmbH, 
1993). Energy use of fish meal production is derived from Carlsson-Kanyama and Faist (2000), and GHG emission factors 
of the European energy mix are applied. 
k (APME, 1999). It is assumed that PLA substitutes HDPE and PET on a 1:1 weight basis. Thus, the values given are val-
ues per Mg HDPE and PET, respectively. The energy use of HDPE production is between energy use of LLDPE and 
LDPE production.  
l Emissions consists of emissions during production and emissions during incineration. For HDPE these are 1928 and 
3142 kg CO2eq, respectively, and for PET 3410 and 2291 kg CO2eq. Data on emissions during production are derived from 
UBA (2003) and data on incineration calculated from carbon content of polymers, i.e. 62.5% for PET and 85.7% for HDPE; 
LHV of HDPE is 43.3 GJ/Mg and for PET 22.1 GJ/Mg (Patel et al., 2002).  
m PE price (Leaversuch, 2002). 
n PET price (Clarnival, 2002). 
 
The extraction of starch from wheat results in by-products from milling, gluten and pulp, 
whereas during conversion of ligno-cellulose to fermentable sugars lignin arises. Unlike 
lignin that is combusted for energy production, milling by-products, gluten and pulp are 
used as fodder. These by-products are assumed to be sold at current market prices and to 
substitute reference fodder products. Milling by-products are mostly used for cattle fod-
der. It is assumed that they replace wheat grains, which are closest in nutritional composi-
tion. Gluten has a relatively high protein content and can therefore replace other protein-
rich fodder products such as fishmeal. Finally, pulp from starch production has a rela-
tively low nutritional value. It mainly replaces other industrial by-products as pig fodder. 
Consequently, no energy or GHG emission credits for pulp are taken into account.  
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Besides milling by-products or lignin, also gypsum is produced as by-product within the 
PLA production process during the separation of lactic acid by calcium hydroxide or cal-
cium carbonate (Garlotta, 2001). However, for gypsum the same argumentation as for 
pulp applies, because most gypsum used is a by-product from industrial processes, e.g. 
from flue gas cleaning, and gypsum has a low market value. As a consequence, no credits 
for substitution or market revenues are taken into account for gypsum.  
 
PLA as the main product of the process is suitable for the production of a broad range of 
end products, e.g. agricultural plastics, diapers and electric appliances. The largest catego-
ries of current use are packaging (70%) and fibres (3-28%) (Crank et al., 2004). Cargill Dow 
expects that in the future these proportions will be more or less reversed. Therefore, both 
packaging and fibres are regarded as end products with different shares.  
 
While theoretically many petrochemical polymers can be substituted depending on the 
specific application, for this study the most likely substitution products (due to market 
shares and substitution possibilities) are selected. In the case of packaging this is HDPE 
and in the case of fibres this is PET. Because it is assumed that processing pellets into pack-
aging or fibres is comparable for PLA and petrochemical polymers to the processing of 
petrochemical polymers, PLA is compared to the petrochemical polymers on a pellet basis. 
 

3.5 Recycling and waste treatment 

In this study, part of the PLA waste is recycled, while the rest is treated by either incinera-
tion or digestion. As recycling technology, back-to-monomer (BTM) recycling of PLA is 
selected, because it is discussed as most promising recycling strategy for PLA (Gruber and 
O’Brien, 2002). Energy recovery from PLA waste is covered in the waste treatment part by 
waste incineration with electricity recovery. However, for back-to-monomer recycling 
relatively pure PLA waste is necessary that can be obtained by separate collection and 
upgrading processes. While such collection and upgrading structures for municipal solid 
waste are installed for plastic types with a very large market share, such systems are too 
costly for plastics with a low market share. Consequently, it is assumed that such a waste 
collection structure does not come into place in the medium term for PLA and that only 
industrial waste, i.e. waste that results from processing of PLA and waste that arise at the 
commerce level, is recycled. 
 
However, BTM recycling of PLA is still in a laboratory stage and only few experiments 
have been undertaken, e.g. Fan et al. (2003) and Tsuji et al. (2003). PLA is converted into  
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L-LA by a short hydrolysis at low temperatures, i.e. about 90% LA can be recovered at 
250° C in 10 to 20 min (Tsuji et al., 2003). The L-LA is then polymerised to PLA again. 
However, no process data on energy uses, GHG emissions and costs are available on BTM 
recycling and we had to estimate these data on basis of chemical properties and 
knowledge of other recycling processes; see Table 5.6. 
 
In this study, two different waste treatment technologies for PLA are alternatively investi-
gated. These are digestion and incineration with energy recovery. Digestion makes use of 
the biodegradable properties of PLA and recovers part of the energy contained in the 
polymer, while incineration on its part has the potential to reclaim a large amount of en-
ergy. Even though digestion can be selected as preferred waste treatment technology for 
PLA, its maximum share depends on the collection and separation rates of organic wastes 
and is therefore limited. The remaining waste is incinerated with energy recovery.  
 
For waste treatment performance, data from literature of state-of-the-art technologies in 
Europe are used, because PLA and petrochemical reference polymers will be treated there. 
Moreover, Polish government envisages in its environmental policy the compliance of 
waste management with EU standards in the future (DHV, 2001). Concerning residues of 
digestion, no credits are taken into account, because PLA ideally degrades completely to 
water and gases. All input data on recycling and waste treatment technologies are shown 
in Table 5.6. 
 
Table 5.6: Input data on recycling and waste treatment, i.e. digestion and incineration with 
energy recovery 
  BTM recycling Digestiona Incineration 
Share of separate collection MgPLA/MgPLA 0.07/0.2b 0.3c - 
GHG emissions kg CO2eq./ MgPLA 74d 37.4e 0 
Energy use GJp/ MgPLA 0.6f 0.87 - 
Electricity production GJe/ MgPLA - 0.525 5.37g 

Treatment costs €/MgPLA 190h 33.5i 80j 

PLA production efficiency Mg/ MgPLA 0.9k - - 

a State-of-art digestion plant (AOO, 2002). All values refer to medium composition of municipal organic waste. 
b First value defines average collection rate and second value the maximum collection rates. It is assumed that only in-
dustrial waste can be recycled. Possible recycling rates are estimated by averages of European plastic recycling. About 
21% of total plastic wastes in Europe arise in the industry and distribution sector, from which currently about 34% are 
recycled without energy recovery (APME, 2003). Thus, we assume a maximum recycling rate of 20% of all PLA products 
and a standard recycling rate of 7%. 
c In the Netherlands, the objective for separate organic waste collection is about 55%, while 53% were realised. Because 
Poland is less urban, and less experience has been gained we assume a maximum collection rates of 30%. The share of 
incineration is the share of PLA waste that is not composted or digested. 
d We assume that CO2 emissions are related only to energy, because no special materials are used for the recycling proc-
ess. Emissions are calculated with the carbon factor for steam, see section 3.3 on PLA production.  
e GHG emission for a digestion installation with air cleaning by bio-filter are 1.1 kgCH4/Mgwaste and 0.046 
kgN2O/Mgwaste (AOO, 2002). Carbon that is sequestered during biomass production is assumed to be released during 
biodegradation and during the use of the residue for soil amelioration.  
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f We assume that for hydrolysis of PLA steam is used for heating, melting and depolymerisation and that efficiency of 
primary energy use for these steps is about 80%. Specific heat capacity is of most substances is around 1 kJ/(kg*K); we 
assume this to be valid for PLA, too. Moreover, polymerisation energy of PLA is 27.0 kJ/mol (Brandrup et al., 1999), 
while general purpose PLA of Cargill Dow has 168 kg/mol (Garlotta, 2001). The melt enthalpy of PLA is 93 kJ/kg 
(Södergård and Stolt, 2002).  
g electric efficiency of a state-of the art waste incineration plant complying with EU standards of 30% (Dornburg and 
Faaij, 2001c). Electricity production calculated with a lower heating value of PLA, i.e. 17.9 GJ/Mg (Patel et al., 2002). 
h No cost estimates are available on this recycling process are available. We therefore assumed current average costs of 
mechanical and feedstock recycling of plastics, which are about 190 €/Mg (Eggels et al., 2001). 
i (AOO, 2002). These are average costs for waste treatment facilities in the Netherlands. Costs depend among others on 
scale and technology. 
j Investment costs for a 235 MWth installation are about 2.26 million €2000 (Zeevalkink and van Ree, 2000). If 50% of the 
Polish municipal solid waste would be incinerated in two facilities, scale of the facilities would be 700 MWth. Assuming a 
scale factor of 0.7, operation and maintenance costs of 4% of investment, a life time of 20 years, 5% interest rate and an 
average lower heating value of waste of 10 GJ/Mg results in treatment costs of 80 €2002/Mgwaste without including sales 
of electricity. For comparison, in the Netherlands treatment costs for waste incineration are average about 100 Mgwaste  

(AOO, 2002). 
k Short hydrolysis of PLA at low temperatures leads to highest yields of L-lactic acid, while at different temperatures 
racemisation occurs which negatively influences the quality of PLA (Fan et al., 2003). About 90% L-lactic acid can be 
recovered by hydrolysis at 250° C and a processing time of 10 to 20 min (Tsuji et al., 2003).  
 

3.6 Transport 

Transport operations in the PLA bio-refinery system that are different from transports 
needed to produce and discard reference products are: 
- The transport of biomass to the PLA production facility 
- The transport of PLA waste to the recycling facility 
- The possible difference between the transportation of reference plastics to a waste 

incineration plant and the transportation of PLA to a digestion unit  
 
Table 5.7: Input data on transportation of biomass and PLA 
  Truck transport Truck transfer Train transport Train transfer Waste collection
  per Mg*km per Mg per Mg*km per Mg per Mg*km 
Energy use  GJp 0.00125a 0.005b 0.00058e 0.01g 0.0075h 

GHG emissions kg CO2eq 0.096a 0.48c 0.039e 0.96c 0.71c 

Costs Euro 0.05 2.4d 0.11f 1g 1.27h 

a (UBA, 2003). Includes indirect emissions and energy uses, data refer to Germany, and an empty return. 
b Average truck load transfer data (Suurs, 2002). 
c Calculated from energy use with a direct emission factor of 74 kg CO2eq/GJ and 21 kg CO2eq/GJ of indirect emissions. 
d Costs refer to the situation in the Netherlands and have been derived from (Suurs, 2002) assuming a load of 120 m3.  
e (UBA, 2003). Includes indirect emissions and energy uses, data refer to electric trains in Germany, and an empty return. 
f (Hamelinck, 2003). Transportation costs by train differ considerably with different loads and distances. Costs refer to an 
average distance of 200 km, while in general costs per Mg*km are (16.9 €/Mg+0.0275 €/(Mg*km)*distance in km)/ dis-
tance in km. 
g Average train load transfer data (Suurs, 2002). 
h Data refers to waste collection in the Netherlands with a distance of about 20 km (VVAV, 1994). 
 
Transportation distances are estimated using the radius of a circle in which the material is 
distributed. The land used for biomass production is the agricultural land around the fa-
cility (about 8-30% depending on the land qualities used). For recycling the per capita con-
sumption of plastics, for example about 4.4 Mg/km2 for packaging (APME, 2003), defines 
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this area resulting in distances of about 180 km for recycling at the base scale of a PLA fa-
cility 285 million kg biomass input. Finally, for waste treatment we assume that Poland 
will in short term install more incineration and digestion facilities to comply with EU leg-
islation and resulting average transportation distances of 230 km for digestion and 140 km 
for waste incineration. The means of transportation are assumed to be waste collection 
vehicles, trucks for distances up to 200 km and trains for exceeding distances. Data on 
energy use, GHG emissions and costs of transport are state-of-the-art data from a Euro-
pean context. They are presented in Table 5.7. 
 

3.7 Demand curves 

In this section, demand curves for the market analysis are presented. These demand 
curves are determined by own-price elasticity and estimates of current market prices and 
quantities, see Section 2.2. Reviews of own-price elasticity in different sectors and for dif-
ferent regions show a range of values. Ciaian et al. (2002) found values in economic lit-
erature that range from –0.045 to –1.49 for the agricultural sector of different countries. 
Franssen (1999) reports own-price elasticity of about 0 to –0.3 for energy commodities and 
transportation fuels in economic literature. Gielen et al. (2000) argue that most own-price 
elasticity of energy and materials from biomass are between –0.1 to –0.5. 
 
The value of own-price elasticity can have a large impact on calculated market prices if the 
production capacity is increased significantly. For example, if the total production capacity 
is increased by 1% an elasticity of –0.1 leads to a 10% decrease of the market price, while 
an elasticity of –0.5 will result in a 2% decrease of the market price. Consequently, the se-
lection of appropriate own-price elasticity is crucial for the quantitative results of the mar-
ket analysis. In this study, demand curves and subsequently own-price elasticity are ap-
plied to fodder by-products of PLA from wheat, to agricultural land and to PLA.  
 
Agricultural land and fodder products are commodities in the agricultural sector. More-
over, both commodities can be assumed to be limited to the Polish market. Ciaian et al. 
(2002) derived an own-price elasticity of –0.24 for the Polish agricultural sector from a 
partial equilibrium model. This value is used in our analysis for fodder by-products and 
agricultural land.  
 
Unfortunately, in the case of PLA, no specific estimates of the own-price elasticity are 
available. PLA is bio-based polymer that replaces petrochemical polymers in a European 
or even global market. In a study on European (biomass) material and energy use, a ge-
neric marginal elasticity of – 0.5 for all kind of materials and energy carriers is assumed 
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(Gielen et al., 2000). An analysis of historical prices and volumes of polypropylene and 
polyethylene from 1970-2000 (Crank et al., 2004) results in own-price elasticity of –0.5 and 
–0.9 respectively. However, for a generic estimate of elasticity without econometric data, 
an own-price elasticity of –0.2 to –0.3 might be more realistic (Vöhringer, 2004).  
On the other hand, PLA producers and potential producers estimate market prices and 
production capacities in 2010 (Crank et al., 2004). If all changes in these market price esti-
mations would be due to own-price elasticity, an average value of –2.5 would result.4 
Note, that this value seems very optimistic, as the producers have assumed only a very 
small decrease of market price with growing production capacity due to an expected de-
velopment of large new markets for PLA. In this study, the rather broad range of –0.2 to –
2.5 is used for the market analysis of the bio-refinery system to show the broad range of 
uncertainty with an average value of –0.5. 
 
Finally, elasticity factors are converted to market prices by using the current market prices 
and production capacity or agricultural land area as calibration point; see Section 2. These 
data are summarised in Table 5.8. 
 
Table 5.8: Basic input data used for composing demand curves 

Commodity Market price Production capacity 
Low quality agricultural land  27€2002/(ha*yr) (rent) 4.1 million ha/yra 

Medium quality agricultural land 33 €2002/(ha*yr)  (rent) 8.5 million ha/yra 
High quality agricultural land 39 €2002/(ha*yr)  (rent) 2.7 million ha/yra 
By-product: milling 84 €2002/Mg 405.2 million kg /yrb 

By-product: pulp 971 €2002/Mg 173.7 million kg /yrb 

By-product: gluten 4 €2002/Mg 964.77 million kg /yrb 

PLA  3000 €2002/Mgc 143.5 million kg/yrd 

a This is the total amount of available agricultural land, see Table 5.1. 
b The amount of by-products currently produced is estimated by the amount of wheat flour produced in Poland, i.e. 1.5 
million Mg/year in 2000 (UN, 2002) which is equivalent to 1.9 million Mg/yr wheat processed (Würdinger et al., 2002).   
c (Crank et al., 2004).  
d Installed global capacity 2003 (Crank et al., 2004). However, mid 2004 probably about 193,500 Mg/yr capacity of PLA 
production will be installed and the production capacity investigated in this study has to been seen as additional to that. 
For comparison, the global production of PET fibres is about 910 million kg/yr (CIRFS, 2002). Moreover, the average 
price of 3.0 €/kg for sales of Cargill Dow is assumed as current market price, while market prices of PLA range from 2.2 
to 3.4 kg (Crank et al., 2004). 
 

4 Results 

4.1 Performance of the PLA bio-refinery system 

The options of PLA bio-refinery systems that are investigated vary with regard to the crop 
used for PLA production, the intensity of crop production, the quality of land used, the 

                                                 
4 This value has been calculated by fitting equation (1) to the current market volumes and prices and the projected future 
market prices and volumes. 
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share of PLA fibre production, the recycling rate and the kind of waste treatment. The 
various combinations are summarised in Table 5.9. Scale of the PLA production facility is 
set at 285,000 Mg biomass input per year, which is equivalent to the scale of the current 
Cargill Dow production facility for corn, i.e. 140,000 Mg PLA per year (Vink et al., 2003). 
 
Table 5.9: Options for PLA bio-refinery systems studied in this analysis  

Name Crop Crop 
production 

Land 
useb 

End product c Recyc- 
lingd 

Waste 
treatment 

1 Base Case wheat Wheat Normal L,M,H 0.7 packaging Medium Digestion 
2 Intensive crop prod wheat Wheat Intensive M,H 0.7 packaging Medium Digestion 
3 Non-intensive crop prod wheat Wheat Non-intens. L,M 0.7 packaging Medium Digestion 
4 End prod fibres wheat Wheat Normal L,M,H 0.2 packaging Medium Digestion 
5 Recycling high wheat Wheat Normal L,M,H 0.7 packaging Max Digestion 
6 Waste incineration wheat Wheat Normal L,M,H 0.7 packaging Medium Incinerate 
7 Base Case SRC SRCa Normal L,M,H 0.7 packaging Medium Digestion 
8 Intensive crop prod SRC SRC Intensive M,H 0.7 packaging Medium Digestion 
9 Non-intensive crop prod SRC SRC Non-intens. L,M 0.7 packaging Medium Digestion 
10 End prod fibres SRC SRC Normal L,M,H 0.2 packaging Medium Digestion 
11 Recycling high SRC SRC Normal L,M,H 0.7 packaging Max Digestion 
12 Waste incineration SRC SRC Normal L,M,H 0.7 packaging Medium Incinerate 

a SRC: short rotation coppice, i.e. PLA production from short rotation wood 
b L: low-quality land, M: medium-quality land, H: high-quality land; In the base case all types of land are used for bio-
mass production, while in the intensive crop production scenario only high-quality and medium-quality land is used, 
and in the extensive crop production scenario only low-quality and medium-quality land is used.  
c These shares refers to current (70%) and potential future market shares (20%) for packaging as estimated by Cargill 
Dow (Crank et al., 2004). It is assumed that all the rest is used for fibre production 
d Medium recycling refers to an overall recycling rate of 7%, while max refers to a recycling rate of 20% (see Section 4). 
 
In Figure 5.7, the performance of these options of a PLA bio-refinery system is shown. Sav-
ings of non-renewable energy consumption, GHG emission reductions and costs are given 
per kg of PLA produced (A-C) and per ha of land used to produce the biomass feedstock 
(D-F). In general, the results per kg of PLA and per ha of biomass do not differ substan-
tially except for the options regarding different crop production systems. The intensive 
systems result in about 40 to 50% higher savings of non-renewable energy consumption 
and GHG emission reductions per ha than the respective base cases. Ranges of savings of 
non-renewable energy consumption are between 70 to 220 GJ/(ha*yr) and ranges of GHG 
emission reductions are between 3 and 17 Mg CO2eq/(ha*yr). Hence, all options of PLA 
bio-refinery systems considered result in net energy savings and net GHG emission re-
duction, but most options resulted in net costs of the overall bio-refinery system of up to 
4600 €/(ha*yr). Only two options of short rotation wood studied lead to net profits of 
about 50 €/(ha*yr) and 1100 €/(ha*yr), respectively. These are the options with a high 
share of recycling (no.11) and with high share of PLA fibre production (no. 10). This is due 
to the fact that production costs of PLA from wood are low compared to wheat and that 
market prices of PET for which the fibres are sold are relatively high. 
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Figure 5.7: Savings of non-renewable energy consumption (A, D), GHG emission reduc-
tions (B, E) and costs (C, F) of ‘multi-functional’ PLA production systems relative to the 

reference system. For a detailed explanation of options, see Table 5.9. 
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Figure 5.8: Breakdown of energy and greenhouse gas balances and costs structures of 
multi-functional PLA production systems per kg of biomass input. For a detailed 

explanation of options, see Table 5.9. 
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From the comparison of the different options among each other, conclusions can be drawn 
which system elements have the larges (positive) impact on the overall performance. If we 
compare PLA production from wheat (no. 1-6) with PLA production from short rotation 
wood, it can be concluded that with regard to savings of non-renewable energy consump-
tion and GHG emission reductions, the latter is favourable. The PLA bio-refinery system 
with wood has about 25% higher savings of non-renewable energy consumption than the 
bio-refinery system with wheat in the base case and about twice the GHG emission reduc-
tions. From a cost point of view, PLA production from short rotation wood is much more 
favourable than PLA production from wheat. 

 
Comparing biomass production systems, intensive crop production (no. 2+8) on high 
quality lands is most favourable with regard to non-renewable energy consumption and 
GHG emission reductions. In contrast, non-intensive crop production (no. 3+9) on low 
quality lands is favourable with respect to costs on a per ha basis but not on a per kg of 
PLA basis. The production of more fibres instead of packaging materials (no. 4+10) and 
the application of a higher recycling rate (no. 5+11) have a positive effect on savings of 
non-renewable energy consumption, GHG emissions and costs and exceed the base case 
by about 10% to 50%. Finally, waste incineration (no. 6+12) instead of digestion of PLA 
waste (no. 1+7) leads to slightly higher savings of non-renewable energy consumption and 
GHG emission reductions, but also to marginally higher costs of the bio-refinery system. 
 
Figure 5.8 presents the break-down of the results presented in Figure 5.7. In other words, it 
shows non-renewable energy consumption and savings, GHG emissions and reductions, 
and costs and profits per kg of biomass input for every main step of the process chain con-
sidered. The energy balance and the CO2 balance are similar in the distribution of savings 
over the main components and are discussed together. The substitution of petrochemicals, 
the production of PLA and bioenergy production are the most important components in 
the energy and GHG emission balance. However, the energy production potential and re-
sulting GHG emission reductions of biomass residues are quite large and nearly com-
pletely compensate for the energy use during PLA production from wheat (no. 1-6). For 
PLA production from short rotation wood, energy use and GHG emissions are much 
lower due to a more efficient production process, but also the benefits from bioenergy 
production are much lower as less residues become available for direct energy production. 
Crop production accounts only for a small part of energy use and for a slightly larger part 
to GHG emissions, due to N2O emissions resulting from fertiliser use. Recycling and en-
ergy recovery from waste treatment of PLA contribute for a smaller part to the energy 
savings and GHG emission reductions of PLA bio-refinery systems. Finally, the substitu-
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tion effect of by-products only plays a very small role in the total energy and GHG emis-
sion balances, while transport is not significant at all with a share of less than 1%. 
 
The break-down of costs of the PLA bio-refinery systems reveals that PLA production 
represents the largest share of costs. On the other hand, the profits from the substitution of 
petrochemical polymers, i.e. the revenues from PLA sales, are the largest part of the reve-
nues, too. PLA production costs from short rotation wood are lower than from wheat and 
moreover, revenues from PLA sales are higher due to a more efficient production process. 
If from the biomass input a higher share of fibres is produced, higher revenues of PLA are 
achieved. Revenues of by-products, which arise in the wheat production options, are more 
significant in the overall cost balance than their contribution to energy savings or GHG 
emission reduction, while revenues of recycling and waste treatment are less important. 
Bioenergy production does not contribute significantly to revenues in contrast to the 
energy yields and GHG emission reductions. Finally, also in the cost balance, crop produc-
tion accounts only for a small part and transportation is not significant. 
 

4.2 Costs in relation to scale 

In this section, costs per Mg of GHG emission reduction as achieved by PLA bio-refinery 
systems are investigated in relation to PLA production scale. For this analysis, the best 
PLA production systems from wheat and from short rotation wood with respect to costs 
per Mg of avoided CO2 equivalent emissions from the previous analysis are considered. 
These PLA bio-refinery systems use intensive crop production, produce about 70% of fi-
bres, have a maximum share of recycling and incinerate the PLA waste.  
 
In Figure 5.9, the dotted line show the relation between costs and the production capacity 
of the PLA plant due to logistics and economies of scale. The solid line depicts this relation 
also taking into account the own-price elasticity of the demand of material and land. If 
scale effects are regarded without considering market price changes due to the larger pro-
duction capacity (dotted line), mitigation costs decrease with scale and become profitable 
at around 200 Mg biomass input per year for SR wood and 400 Mg biomass input per year 
for wheat. However, if market elasticity is taken into account (solid line), costs decrease 
less with increasing scale. At the larger scales regarded in this analysis, the decrease of 
costs becomes marginal and costs are rather constant with scale. This effect is explained 
mainly by the gradually decreasing market price of PLA with larger scales.  
 
It should be noted that costs at the ‘base’ scale, i.e. 140,000 MgPLA/yr the scale of analysis 
in Section 4.1, are higher in the analysis with own-price elasticity than in the analysis 



PLA bio-refinery system    

142 

without own-price elasticity. In the analysis without own-price elasticity, the market price 
of PLA is equivalent to the market price of petrochemical reference polymers, while with 
the demand curve used here the market price of PLA is lower. 
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Figure 5.9: Costs (positive) or income (negative) per Mg of avoided CO2 equivalent emis-
sions in relation to the market supply of a PLA production facility. 

 
Figure 5.9 also shows ranges of the mitigation cost estimates. For mitigation costs that are 
calculated with elasticity taken into account, these ranges correspond to the ranges of 
own-price elasticity for PLA (see Section 3.7). For mitigation costs that are calculated with-
out elasticity (dark grey), ranges correspond to historical price changes of petrochemical 
polymers. Historical price changes were due to many factors, like the price of competing 
materials, income developments, but also the own-price elasticity of demand. Ranges used 
in this analysis are based on prices of ethylene, which is an important intermediate for 
both HDPE and PET. These prices varied from 1995 to 2002 about +/- 35% (CEFIC, 2003). 
It is obvious that both elasticity factors of PLA and market prices of petrochemical refer-
ence materials influence the (subsequently) calculated GHG mitigation costs significantly. 
 
With respect to the market analysis with own-price elasticity of the PLA bio-refinery sys-
tem, market price changes of PLA play an important role, as discussed above. On the other 
hand, market price changes of land and by-products are much less important, because 
crop production costs and by-product revenues are quite small compared to PLA reve-
nues. Nevertheless, land rents increase up to about 6% and by-product revenues even 
decrease up to 80 % for a PLA bio-refinery system with 900,000 Mg biomass input per 
year.  
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5 Discussion  

In this study, quantified GHG emission reduction, primary energy savings and costs of 
PLA bio-refinery systems in different configurations have been presented. Even though 
our analyses provide a good insight into the mechanisms relevant for bio-refinery systems 
and into the possible ranges of benefits, some uncertainties due to the quality of input data 
remain. In principle, data on crop production, bioenergy conversion, petrochemical poly-
mer production and waste treatment are relatively well-known. Less well-known are the 
specifications of PLA production and recycling.  
 
The current technology to produce PLA from starch has only been used at large scale in a 
single plant since 2001, while the technology starting from ligno-cellulose is not employed 
on a large scale, yet. Therefore, not many process data exist. Variations in the data on PLA 
production can have a significant impact on the overall results, because PLA production is 
one of the largest components in the balances of energy, GHG emissions and also costs. In 
general, the total energy savings are quite sensitive to the energy use of PLA production: 
an increase of 10% in PLA production leads to a relative decrease of savings of non-re-
newable energy consumption of 5% for short rotation wood and 20% for wheat.  
 
In addition, also for PLA production costs only estimations of total costs are available 
without any specifications of e.g. investments costs. In order to evaluate economies of 
scale, production costs are calculated with a scaling factor, although some cost factors are 
to a smaller degree subject to economies of scale, e.g. process inputs or reactors above a 
certain size. As a consequence, economies of scale of the PLA plant tend to be overesti-
mated in this analysis. Another important aspect in the context of PLA production costs is 
that manufacturers in such a small market may not reveal their real costs to their com-
petitors, creating uncertainties in cost assessments. Total costs of the bio-refinery system 
would increase about 25% to 30% if production costs were 10% higher than estimated in 
this study.  
 
The reason for the poor data availability on the recycling step is that the technology is still 
in the laboratory stage and no process data exist. However, as recycling does not play a 
large role in the calculation of overall energy savings, GHG emission reductions and costs, 
variations in these data do not lead to large variations in the overall results. A main reason 
for that is that only small parts of PLA are considered to be recoverable. However, if on 
the long term the recycling structure for plastics for PLA would be expanded, the per-
formance of recycling will become more important. For illustration, if 100% of the PLA is 
recycled and after its second use incinerated with energy recovery—with the assumptions 
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used here— energy savings of the total bio-refinery chain would double and costs would 
decrease more than 70% resulting in net profits in the case of PLA production from short 
rotation wood.  
 
Unlike recycling, the substitution of petrochemical polymers plays an important role in the 
overall energy savings and GHG emission reductions. Non-renewable energy consump-
tion for the production and energy recovery from the incineration of petrochemical poly-
mers can be quite different depending on the kind of polymer produced and the waste 
treatment system applied. It should be noted that the precise type of material to be sub-
stituted by a new product could not be defined exactly, because a bio-based polymer will 
replace several materials depending on technological substitution potentials for specific 
application and the market prices of competing materials. Thus, in practice a mix of mate-
rials will be substituted. For example, PLA is suitable to replace nylon 6 (Crank et al., 
2004), which has comparably high gross energy requirements for its production but also 
high lower heating values (APME, 1999). If the PLA produced in the bio-refinery system 
would replace nylon 6 instead of HDPE and PET, the total energy savings would increase 
about 5 to 10% compared to the base case.  
 
Another aspect in the context of substitution is the use of factors to convert energy con-
sumptions to non-renewable fuel consumptions and GHG emissions. While in this study 
European aggregated mixes of energy sources are used, for some aggregated data sets 
used in this study, e.g. for substituted reference fodder products, different energy mixes 
may have been used. However, this difference does not influence the overall results sig-
nificantly.  
 
Vink et al. (2003) give fossil energy consumptions for PLA production. Producing PLA 
from corn (without recovering energy from biomass residues) uses about 54 MJ/kg PLA. 
PLA production from lignocellulose, i.e. corn stalk, with steam use from lignin combustion 
leads to fossil energy consumptions of 29 MJ/kg PLA. The results of our study are for the 
PLA production process based on the study of Vink et al. (2003). However, in our study 
we used other data for the mix of primary energy sources applied and for the biomass 
production. Furthermore, the use of steam and electricity from biomass residues in the 
production of PLA was taken into account for both wheat and short rotation wood. Be-
cause of this bioenergy use, respective non-renewable energy consumptions of PLA pro-
duction from cradle-to-factory-gate are lower, i.e. 28 MJprim/kg PLA for the production 
from wheat and 23 MJprim/kg PLA for the production from short rotation wood. Including 
the savings from recycling and waste incineration, these values are even lower and are 
about 20 MJprim/kg PLA for wheat and 14 MJprim/kg PLA for short rotation wood. 
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A disadvantage of the approach to use own-price elasticity from literature is that the elas-
ticity figure used is not specifically for a product from a bio-refinery or a specific type of 
agricultural land. Therefore, own-price elasticity figures used in this study are uncertain. 
However, they influence the result significantly, as shown in the sensitivity analysis in 
Section 4.2. The approach presented in this study is therefore first of all a methodological 
demonstration of incorporating market effects in the analysis. 
 
 

6 Conclusions 

This chapter investigates non-renewable energy consumptions, GHG emissions and costs 
of bio-refinery systems for PLA production in comparison to a conventional mainly fossil 
fuel-based production system. The analyses provide a good insight into the mechanisms 
that influence the performance of bio-refinery systems. As a result, the contribution of 
‘multi-functional’ components to the performance of the overall could be identified.  
 
It is concluded that bioenergy production from biomass residues can contribute signifi-
cantly to savings of non-renewable energy consumption and GHG emission reduction. 
The benefits from by-product use, however, are very small, with the largest benefit in a re-
duction of overall system costs. Therefore, the expected benefits of bio-refineries that 
would be obtained by producing a range of products are not found in the case of PLA 
production, because by–products are relative low-value fodder products. Recycling and 
waste treatment with energy recovery play an important role in the reduction of energy 
uses and GHG emissions of PLA bio-refinery systems. However, recycling and energy re-
covery from waste are less important than bioenergy production from biomass residues. If 
much larger recycling rates of back-to-monomer recycling would become possible by set-
ting up a thorough (and probably costly) structure to collect PLA waste, recycling could 
result in very large benefits with regard to energy savings and GHG emission reductions.  
 
Concerning the PLA bio-refinery system, the most favourable options emerged from the 
analysis. In detail, intensive crop production systems on high-quality land are favourable 
with regard to energy savings and GHG emission reductions, while non-intensive crop 
production systems are more favourable with regard to cost. While this conclusion is true 
for the Polish agricultural system, for other countries with a different relation between 
crop production costs and yields it might diverge. Moreover, fibre production replacing 
PET as petrochemical reference polymer is better than packaging replacing HDPE. Also, 
waste incineration is better than digestion with regard to energy savings, GHG emission 
reduction and costs. A possible production of PLA from short rotation wood instead of 
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wheat is better in view of GHG emissions and much better with respect to economic per-
formances. 
 
All PLA bio-refinery systems lead to net savings of non-renewable energy consumption of 
up to 220 GJ/(ha*yr), from which about 30—60% relate to multi-functional elements, i.e. 
energy production from biomass residues, by-product use, recycling of PLA, and energy 
recovery from PLA waste. Besides, all options regarded lead to net GHG emission reduc-
tion with reductions of up to 17 kg CO2eq/(ha*yr) and a contribution of 20—60% of multi-
functional elements to these reductions. Contrary to GHG emission reductions and energy 
savings, most PLA bio-refinery systems considered in this study lead to net costs of up to 
4600 €/(ha*yr). Only 5—20% of the revenues in the overall bio-refinery system result from 
multi-functional elements. However, PLA production from lignocellulose leads to net 
benefits if a high amount of the high-value product fibre is produced.  
 
Under Polish conditions, the profitability of PLA production depends strongly on the 
market price of PLA products. This market price can change due to the kind of applica-
tion, fluctuations on the market, price elasticity with increasing production capacity, etc. It 
has been shown that if it is taken into account that PLA prices are likely to decrease due to 
increased production capacities, the decrease of costs of PLA bio-refinery systems due to 
economies of scale is marginal at large scales. For example, not taking into account 
economies of scale, overall costs increase about 3% if the market volume is doubled with 
the base assumptions of elasticity used here. The shape of costs versus scale is very sensi-
tive to the own-price elasticity of PLA demand curve.  
 
Land costs are not an important element in the total costs of a PLA bio-refinery system. 
However, considering own-price elasticity of land, land rents increase significantly, even 
at moderate scales of biomass production. Consequently, these changes of land prices can 
become very significant if the use of biomass for energy or materials, e.g. for bio-refineries, 
is introduced on a large scale.  
 
Summarising, a multi-functional use of biomass feedstock is necessary to achieve a viable 
PLA bio-refinery systems with regard to saving of non-renewable energy consumption 
and GHG emission reduction. However, with regard to costs, the multi-functional use 
shows only a small contribution to overall profits. Own-price elasticity of material markets 
is crucial for the economic performance of PLA bio-refinery systems. A more detailed 
analysis of material markets is desirable in order to quantify these effects more precisely.  
 
 



 

 

CHAPTER 6: 
 

Estimating GHG emission mitigation supply curves of large-scale 
biomass use on a country level* 

 
 
 

Abstract 

This study evaluates the possible influences of a large-scale introduction of biomass mate-
rial and energy systems and their market volumes on land, material and energy market 
prices and their feedback to GHG emission mitigation costs. GHG emission mitigation 
supply curves for large-scale biomass use are compiled using a methodology that com-
bines a bottom-up analysis of biomass applications, biomass cost supply curves and mar-
ket prices of land, bio-materials and bio-energy carriers. These market prices depend on 
the scale of biomass use and the market volume of materials and energy carriers and are 
estimated using own-price elasticities of demand. The methodology is demonstrated for a 
case study of Poland in the year 2015. The case study applies different scenarios on eco-
nomic development and trade in Europe that impact biomass supply and markets of land, 
materials and energy carriers. For the key technologies considered, i.e. medium density 
fibreboard, poly lactic acid, electricity and methanol production, and scenarios investi-
gated in this study, GHG emission mitigation costs increase strongly with the scale of 
biomass production. It is found that the influence of a large-scale introduction on the de-
velopment of biomass supply costs and market prices of land, materials and energy carri-
ers, reduces the GHG emission reduction potential at costs below 50 €/Mg CO2eq with 
about 13—70% depending on the different scenarios. Bio-material production accounts for 
only a small part of the total GHG emission mitigation potential at low costs. This is due to 
relatively small material markets and the subsequent strong decrease of market prices of 
bio-materials at large scale of production. GHG emission mitigation costs depend strongly 
on biomass supply curves, own-price elasticity of land and market volumes of bioenergy 
carriers. This analysis shows that these influences should be taken into account for devel-
oping biomass implementations strategies. However, literature estimates of own-price 
elasticities are highly uncertain and market volumes of biomass applications depend on 
their competitiveness. To counteract these uncertainties, a combination of a bottom-up 
analysis with an analysis of market effects is recommended.  
                                                 
* Co-authors: J. van Dam and A.P.C. Faaij. 
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1 Introduction 

The use of biomass for energy may contribute significantly to the reduction of greenhouse 
gas (GHG) emissions (IPCC, 2001b; Johansson, 2000). It has been shown in earlier bottom-
up analyses, that the use of biomass for materials combined with the energy utilisation of 
residues and material wastes may increase the efficiency of GHG emission reduction—i.e. 
increasing the amount of GHG emissions per area of land used for biomass production 
and/or decrease the GHG emission mitigation costs—if suitable biomass applications are 
selected (Chapter 2 and 3 of this thesis). 1 
 
However, increasing the amount of biomass produced and subsequently the amount of 
bio-materials and biomass-based energy may lead to an increase of agricultural land prices 
and a decrease of material and energy prices, depending on the market volumes involved. 
Especially, markets for bio-materials are often quite small (ECCP, 2001) and therefore, ex-
pected decreases of material prices are relatively large; see e.g. Chapter 5 of this thesis. 
Market volumes and subsequent market price changes may decide which options are 
economically most attractive to reduce GHG emissions by large-scale introduction of bio-
materials and bio-energy carriers. Furthermore, the use of agricultural land for biomass 
production may influence land prices significantly as the production of food and fodder 
on agricultural land will compete with the production of biomass for energy and materi-
als; see e.g. Keith (2001). As a consequence, these effects may increase GHG emission 
mitigation costs of biomass systems with the scale of biomass utilisation.  
 
Various biomass supply curves have been calculated for different geographical scales; see 
e.g. Hoogwijk et al. (2004a) and Walsh (2000). These calculations are based on the 
availability of land and its quality and, typically, do not consider changing market prices 
with increased biomass production. Beside, also supply curves for GHG emission 
mitigation costs by carbon sequestration in forests have been determined; see e.g. Sedjo et 
al. (2001) and Stavins (1999). Some of the GHG emission mitigation cost supply curves 
take increase of land prices due to increased sequestration activities into account by 
various approaches; see the review by Richards and Stokes (2004). One of these 
approaches is the use of a demand curve of land that specifies market prices in relation to 
demand by means of own-price elasticity2 (Richards and Stokes, 2004). Also the relation 

                                                 
1 This increase of efficiency is in the range of avoiding about several tens of Mg CO2eq per ha and yr additionally and 
lowering GHG emission mitigation costs about several hundreds of  € per Mg CO2eq compared to single bioenergy 
utilisation (see chapter 2 and 3). 
2 Own-price elasticity is the percentage change of demand divided by the according percentage change of price on the 
demand curve of a commodity. 
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between the amount of biomass use and its market price has been investigated. Otto and 
Gallagher (2001) estimate the market price of fodder by-products from ethanol production 
using own-price elasticity, if ethanol production is increased. De La Torre Ugarte et al. 
(2003) calculate the demand for agricultural crops depending on their prices using a.o. 
own-price elasticity.  
 
For many different options, e.g. increases of energy efficiency, carbon capture and storage, 
and renewable energy supplies, GHG emission mitigation costs have been calculated. 
These calculations have been done using either bottom-up or top-down approaches in-
cluding various market effects; see e.g. the review of studies in IPCC (2001b). Studies con-
sidering a relation between the demand and the price of goods that use a top-down ap-
proach typically start with prices. From these prices—e.g. material prices, energy prices or 
carbon taxes—the demands for goods are calculated from demand curves. The GHG 
emissions and costs of a system producing these demands of goods are than compared to 
those of other possible systems with different demands. Thus, various GHG emission 
mitigation scenarios have been developed; see e.g. RIVM (2001), Bollen et al. (2004) and 
Gielen et al. (2003).  
 
Studies that calculate GHG emission mitigation costs of biomass systems starting from an 
exogenous demand, e.g. of biomass products, taking market effects into account could not 
be identified. Such an approach, however, may create new insights, because it could 
produce GHG emission mitigation cost curves for bio-material and bioenergy application 
by varying the amount of biomass utilisation exogenously. Also, biomass supply curves 
could be integrated into the analysis, leading to overall GHG emission mitigation cost 
curves of bio-material and bio-energy uses with growing biomass use considering effects 
on land, energy and material markets. Another advantage of this approach is that market 
effects for different biomass applications can be analysed explicitly, e.g. a GHG emission 
mitigation cost supply curve for bio-fuels may be different than that for bio-materials.  
 
The objective of this study is, therefore, to evaluate the possible influences of a large-scale in-
troduction of biomass material and energy systems and their market volumes on market prices of 
land, materials and energy carriers and subsequently on GHG emission reduction costs.  
 
For this purpose, a methodology to estimate GHG emission mitigation supply curve for 
large-scale biomass use is proposed. The methodology incorporates (1) a bottom-up analy-
sis of bio-material and bioenergy applications, (2) scenario-dependent biomass cost supply 
curves and (3) estimations of market prices of land, bio-materials and bio-energy carriers 
depending on the scale of biomass use and the market volume of materials and energy 
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carriers using own-price elasticities of demand. Because biomass supply curves as well as 
markets of land, materials and energy carriers depend strongly on economic development 
and trade, these parameters are varied for different scenarios that follow the SRES scenario 
families of IPCC (2000). 
 
The methodology is demonstrated for bio-material and bio-energy use on a country-level. 
Subject of this case study is Poland in the year 2015, because in a short term new Eastern 
European member states of the European Union may play an important role in European 
biomass production, as many of these countries have relatively large areas of available ag-
ricultural land and low biomass production costs. Poland is a representative example of a 
Central Eastern European country with a rather high biomass production potential.  
 
We analyse GHG emission mitigation cost curves for four selected bio-material and bio-
energy applications. Key criteria for the selection are that the application (1) has a poten-
tially large market volume in the year 2015, (2) potentially reduces a large amount of GHG 
emissions per unit of biomass used and (3) has rather low initial GHG emission mitigation 
costs. Moreover, for the simplification of biomass supply curves and the calculation of 
GHG emission mitigation cost curves, only applications are selected that can use the same 
type of biomass, i.e. short rotation wood. From earlier reviews of GHG emission reduction 
of bio-materials and bioenergy carriers (see Chapter 2, 3 and 5 of this thesis), the following 
four bio-material and bio-energy applications are investigated: 
- Poly lactic acid (PLA) with waste-to-energy recovery 
- Medium density fibreboard (MDF) with waste-to-energy recovery 
- Methanol 
- Electricity 
 
In Section 2, an overview of the approach is given, while Section 3 presents input data on 
the biomass supply and the selected biomass applications based mainly on scientific lit-
erature, market statistics, and agricultural production data. Section 4 presents GHG emis-
sion mitigation costs of the different biomass systems and finally, Section 5 and 6 finish 
with discussion and conclusions.  
 
 

2 Method 

To calculate GHG emission mitigation cost supply curves, various calculation steps are 
necessary. In Figure 6.1, the various steps to calculate GHG emission mitigation supply 
curves are presented.  
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1. Biomass supply curves describing the possible amount and costs of biomass produc-
tion in Poland are determined.  

2. The effects of increased biomass production on the market prices of agricultural land 
are investigated.  

3. The GHG emission mitigation costs of selected bio-materials and bio-energy 
applications are calculated.  

4. The changes of market prices of materials and energy carriers due to an increased pro-
duction of bio-materials and bio-energy are estimated.  

5. The results of these four steps are combined in a GHG mitigation supply curve.  
 

GHG emission         
mitigation supply curve 

Biomass supply 
curve I

Biomass supply 
curve II

GHG emission mitigatition 
cost curve I

GHG emission           
mitigatition cost curve II

land quality and 
unchanged land 

prices

land prices due 
to increased 

demand

Bottom-up data on energy 
and material production 
with unchanged prices

Energy and material prices 
due to increased 

production

Step 1 Step 2 Step3 Step 4 Final

 

Figure 6.1: Overview of the main steps to calculate GHG emission mitigation supply 
curves of bio-material and bioenergy applications in which price elasticity effects are 

incorporated 
 
The first step leads to the ‘biomass supply curve I’ describing biomass production costs 
(€/Mg biomass). It is based on the production costs per ha, the available agricultural land of 
different qualities with different crop yields and land rents. However, with a growing 
production of biomass for energy and material applications, agricultural land rents rise. In 
step 2, these increased land rents lead in combination with the production costs to the 
‘biomass supply curves II’. Step 3 results in the ‘GHG emission mitigation cost curve I’ describ-
ing the basic GHG emission mitigation costs (€/Mg CO2eq) of the bio-material and bio-
energy applications. These costs are determined from the difference between production 
costs and market prices of the bio-material applications and from the difference between 
the GHG emissions of biomass application and a reference application. As for the land 
rents, an increased production of bio-materials or bio-energy may increase their market 
prices.3 With these new market prices of bio-materials and bio-energy and the data from 

                                                 
3 An increased production of a good typically leads to a decrease in market prices, because selling the additional 
production necessitates an additional demand and the relation between an increase in demand and market prices is 
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the GHG emission mitigation cost curve I, GHG emission mitigation costs of the ‘GHG 
emission mitigation cost curve II’ are calculated in step 4. Step 5 then determines the final 
‘GHG emission mitigation supply curve’ by summing the costs of the biomass supply curve II 
and the GHG emission mitigation costs II. GHG emission mitigation supply costs are 
calculated as marginal costs for avoiding an additional unit of GHG emissions, see also 
equation 1. By comparing the marginal GHG emission mitigation costs of the different 
biomass application and selecting the respective lowest costs at each additional amount of 
biomass used, an overall GHG emission mitigation cost supply curve can be composed. 
 
CGHG (S) = (Cbios (S) + Cland (S) + Cbioa – Rbioa(S))/(-GHGbios - GHGbioa  + GHGsub) (1) 
 
CGHG: Marginal costs of GHG emission mitigation (€/kg CO2eq) 
S: Scale of biomass system (kg biomass/yr) 
Cbios (S): Marginal costs of biomass production in relation to scale due to the quality of available land (€) 
Cland (S): Marginal costs of agricultural land in relation to scale due to land demand (€)  
Cbioa : Marginal costs of the production of bio-materials and bioenergy (€) 
Rbioa(S): Revenues of bio-material and bioenergy sales in relation to the market size and their subsequent market prices  
GHGbios: GHG emissions during biomass production (kg CO2eq) 
GHGbioa: GHG emissions during production of bio-materials and bioenergy (kg CO2eq) 
GHGsub: GHG emissions during production of reference applications that are substituted by bio-materials and -energy 

(kg CO2eq) 
 
Possible biomass supply curves as well as the bio-energy and material markets depend 
strongly on the trade of food, materials and energy and technological developments in the 
agricultural sector, which are difficult to predict. To accommodate this variability in a bot-
tom-up calculation, biomass supply curves and market developments are differentiated 
for four scenarios that reflect possible political developments in Eastern Europe. Follow-
ing, the methodology used in the various steps of our approach is discussed.  
 

2.1 Biomass supply curve I 

The biomass supply curve I is estimated for the production of short rotation coppice (SRC) 
in Poland in the year 2015.4 The methodology for the calculation of this biomass supply 
curve I is summarised in figure 6.2. Food demand and international trade determine the 
demand for food production in Poland. The available agricultural land in Poland is di-
vided into four different quality categories with subsequent different crop yields and land 

                                                                                                                                                                  
usually negative. However, if an additional demand can be created without lowering market prices—e.g. by substituting 
fossil reference energy carriers—market prices may also stay constant, see Section 2.4.  
4 The methodology and the data used to estimate the biomass supply curves I are based on research on possible future 
biomass supplies in Central Eastern Europe (CEE) carried out at the Copernicus Institute, Utrecht University. This 
research is carried out in the context of the European Commission supported research project: VIEWLS - Clear Views on 
Clean Fuels, Data, Potentials, Scenarios, Markets and Trade of Biofuels (NNE5-2001-00619). 
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costs. These categories are: very suitable (VS), suitable (S), medium suitable (MS) and 
marginally suitable (mS). This agricultural land is allocated to food production in order to 
achieve a most efficient land use in terms of total hectares; see Smeets et al. (in press).5 Fol-
lowing, agricultural land that is available for energy crop production in the four different 
quality categories, i.e. land that is not used for food production, is determined. From the 
available land, biomass yields, land costs, and assumptions on the agricultural production 
system, amounts and costs of biomass production are calculated.6 The amount and costs of 
biomass are finally summarised in the biomass supply curve I.7  
 

food production in Poland
food demand                          

trade

allocation procedure Available agricultural land                
in four land categories:                  

VS: very suitable ,  S: suitable                
MS: medium suitable, mS: marginally suitable 

agricultural land used for 
food production

available land for          
biomass production

VS: very suitable land          
S: suitable land              

MS: medium suitable land       
mS: marginally suitable land

Scenario

production costs and 
amounts of SRC            

for each land category

input levels agricultural system            
yield levels SRC production               

cost levels input                       
(e.g. labour, land, fertilisers)

biomass supply curve I

 

Figure 6.2: Schematic overview of the calculation of biomass supply curves I 
 

Because agricultural production and the demand for food are strongly related to economic 
and demographic trends, we determine the biomass supply curve I for four different sce-
narios. These scenarios are related to the SRES emission scenarios (IPCC, 2000) and are 
translated for Europe. The scenarios differ with regard to an economic (V1, V2) versus an 
environmental orientation (V3, V4) and with regard to a global (V1, V3) versus a regional 
orientation (V2, V4). In table 6.1 the main characteristics of these scenarios and the most 
important assumptions for the calculation of biomass supply curves are presented. (In 
brackets the most closely related SRES scenario family is indicated.)  
                                                 
5 Note, that the suitability of land is crop dependent. 
6 In the V1 and V4 scenario, also a small part of agricultural land is reserved for the growth of forestry and urban areas. 
In the V3 scenario, part of agricultural land (0,5% per land suitability type) is reserved for energy crops before the 
allocation procedure. 
7 Input data on available land, biomass yields and production costs are summarised in table 6.3 in Section 3.1. 
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Table 6.1: Characteristic of scenarios for the analysis of biomass supply 
Characteristic V1 (A1) V2 (A2) V3 (B1) V4 (B2) 
Main economic 
characteristic 

Fast growing economy, 
international trade 

Slow economy,  
CEE lacks behind 
Western Europe 

EU economy,  
scenario based on 

CAP reforms 

EU economy,  
high level of self-suffi-

ciency in protected market 
Trade of agricul. 
products 

Liberal trade on world 
market 

Market oriented 
CAP reform  

Market oriented 
CAP reform 

Self-sufficiency, import 
reduced substantially 

Agricul. produc-
tion system 

High – tech advanced Intermediate High input  High –tech advanced 

Machinery and 
labour input 

Advanced machinery, 
low labour input 

Current situation 
CEE 

SOTA machinery, 
low labour input 

SOTA machinery, low 
labour input 

Yield levels SRC +30% of high input 
system yields 

-30% high input 
system yields 

high input system 
(Data from IIASA) 

+30% of high input system 
yields 

Cost level pro-
duction inputs 

Decrease of EU prices 
(increased competition) 

Current cost 
levels CEE 

Current cost levels 
EU 

Increase of EU prices 
(protected market) 

Land costs Current land rents USA 
(open market) 

Current land rents 
CEE 

Current land rents 
EU 

Increase of EU prices 
(protected market) 

Labour costs Increased costs  
(strong economy) 

Current cost 
levels CEE 

Current cost levels 
EU 

Increased costs 

SRC: short rotation coppice; CEE: Central Eastern Europe; CAP: Common Agricultural Policy of EU; SOTA: State of the Art; 
IIASA: International Institute of Applied System Analysis 
 

2.2 Biomass supply curve II 

The costs of biomass in the initial biomass supply curve I am calculated using fixed land 
prices differentiated by the quality of the agricultural land and varying per scenario. In the 
biomass supply curve II, we take into account that the price of agricultural land increases 
if the demand for land increases, e.g. due the production of biomass.  
 
In an ideal market, the price of a good, e.g. agricultural land, and the demand for it are 
related negatively. This relation can be described by a demand curve and the ratio 
between the percentage change of demand and the percentage change of price is the so-
called own-price elasticity. This own-price elasticity can vary for different demand levels 
of a good, but often demand curves are simplified by assuming constant own-price elas-
ticity. This assumption is used in this chapter, too. Equation (2) shows such a demand 
curve for agricultural land.  
 
Biomass production can be regarded to lead to an additional demand for agricultural land 
apart from food production. We assume that at the given land rents—used for the 
calculation of the biomass supply curve I—all agricultural land is used for non-biomass 
production. Furthermore, it is assumed that in the short term, the amount of agricultural 
land is fixed and that every increased demand for agricultural land leads to an increased 
price. The new price of agricultural land can be calculated depending on the own price 
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elasticity of land; see equation (3).8 This formula describes, in fact, a movement of the 
original demand curve of agricultural land to a new demand curve. In this new demand 
curve, the demand of land for a certain price is higher than in the original one, and the 
difference is about the additional demand of land due to biomass production. For the fixed 
amount of available agricultural land, the price on this new demand curve then is higher 
than in the original demand curve; see chapter 5 of this thesis. 
 
P L-curr = CL * Q L-T 1/εL  (2) 
 
P L-curr: current price of agricultural land rents [€/(ha*yr)]  
CL: Constant [€*(ha*yr )(-1/εL-1)] 
Q L-T: total amount of agricultural land available per year [ha*yr] 
εL: own-price elasticity of agricultural land  
 
P L-new = P L-curr * (Q L-T/(Q L-T+ Q L-add-bio))1/εL (3) 
 
PL-new: new price of agricultural land rents [€/(ha*yr)]  
Q L-add-bio: additional demand for land due to biomass production [ha*yr] 
 

2.3 GHG emission mitigation cost curve I 

For each of the biomass applications, i.e. MDF, PLA, methanol and electricity, the GHG 
emission mitigation cost curve I is calculated. The GHG emission reduction is determined 
by comparison of the biomass application system with a non-biomass reference system. In 
the reference system, the same functions are fulfilled as in the biomass system. Costs are 
calculated from the difference between the production costs of the bio-materials and bio-
energy carriers and their market prices. This approach to calculate GHG emission mitiga-
tion costs and the type of input data necessary has been demonstrated in Chapter 5 of this 
thesis. For the GHG emission mitigation cost curves I, the market prices are fixed. Because 
we are mainly interested in the market effects of bio-material and bio-energy introduction 
instead of in the development of biomass applications, no scenario-dependent technology 
developments or subsidies are taken into account. Also other dynamics such as techno-
logical learning and the developments of new markets during large-scale implementation 
of biomass technologies are not considered; the timeframe until the year 2015 is too short 
for these effects to be pronounced and, moreover, world markets in general are hard to 
predict.  

                                                 
8 In this chapter, different land quality classes are used for biomass production. As it is assumed that a demand for 
agricultural land in any of the classes will lead to increased prices on the whole land market, the increase of the average 
land price is calculated. From the new average land price and the ratio between the current average land price and the 
current land price of the land class, the new land price of the land class is calculated. 
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Figure 6.3 gives an overview of the biomass and the references systems considered in this 
study. For agricultural land, the biomass supply curves are based on the assumption that 
necessary food/fodder is produced and that on the remaining land biomass can be pro-
duced for other purposes. Therefore, it is assumed that the reference land use of agricul-
tural land is set aside. In the reference system, forestry land is used for the production of 
plywood, which is utilised as construction material. However, if in the biomass system ag-
ricultural land is used to produce an alternative construction material, i.e. MDF board, the 
conventional forestry land is assumed to produce wood for electricity production.9 
 

Non-biomass reference system Biomass MDF board system Biomass PLA  system

Resources Products Resources Products Resources Products

Agricultural land (set-aside) Agricultural land Agricultural land
plywood MDF board plywood

Forest Forest Forest 
plastics plastics PLA

Fossil fuel gasoline Fossil fuel gasoline Fossil fuel gasoline

electricity electricity electricity

Biomass methanol system Biomass electricity system
Legend

Resources Products Resources Products
land or fossil fuel for production

Agricultural land Agricultural land
production of plywood plywood

Forest Forest 
waste to energy recovery plastics plastics

different from non-biomass Fossil fuel methanol Fossil fuel gasoline
reference system

electricity electricity

 

Figure 6.3: Selected biomass systems and the non-biomass reference system to determine 
GHG emission reductions 

 
Bio-materials in the biomass system are produced and used in a ‘multi-functional’ way. 
This means that besides the bio-materials, bio-energy is produced by the utilisation of resi-
dues and waste materials. Both bio-materials and bio-energy carriers are then compared to 
reference materials and energy carriers. In the MDF biomass system, MDF board is pro-
duced from ligno-cellulosic biomass. This MDF board replaces plywood from softwood 
produced in conventional forestry on a board volume basis. After utilisation both ply-
wood and MDF board are incinerated with electricity recovery; see Chapter 3 of this thesis 
for a description of MDF and plywood production. In the PLA biomass system bio-based 
PLA replaces polyethylene (PE) on a weight basis; see also Chapter 4 of this thesis for a de-
scription of PLA and PE production. Like in the MDF production system it is assumed that 
                                                 
9 In fact, the forestry land could be used for the production of other forest products, for the production of energy, 
converted to agricultural land or not harvested at all. With our assumption of electricity production, the material and 
energy carriers in the different systems can be easily compared. 
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both PLA and PE are incinerated for electricity recovery after use. Finally, in the electricity 
and methanol biomass systems, electricity from the grid and gasoline are replaced on the ba-
sis of energy content of the energy carriers.  
 

2.4 GHG emission mitigation costs II 

In the GHG emission mitigation cost curve II, market price changes of materials and en-
ergy carriers are incorporated. The lower the market price of a good, the larger the de-
mand for this good. In an ideal market, the market price is equivalent to the costs of sup-
ply and the quantities sold are equivalent to the demand of the respective market price. 
However, if a larger amount of a good is produced, e.g. through government interven-
tions to reduce GHG emissions, the market price of the good will decrease until the de-
mand equals the amount of production.  
 
This decrease of market prices applies for the bio-materials investigated in this study, i.e. 
MDF board and PLA. However, for bio-energy carriers, i.e. methanol and electricity, the 
situation is different. Currently, a large amount of transportation fuels and electricity are 
produced from other (mainly fossil) resources. If bio-energy is produced, it substitutes the 
production from these sources.10 Thus, the production of bio-energy carriers does not lead 
to an increased supply of energy carriers. As a consequence, market prices stay constant. 
However, if no more energy carriers from other sources can be replaced, because the total 
energy consumption is supplied from biomass, increased production of bio-energy 
carriers leads to a decrease of market prices. This decrease of market prices is described in 
a similar way as the decrease of market prices for bio-materials. The consequences of this 
approach are evaluated in the sensitivity analysis. 
 
The decrease of market prices due to an increased supply of a good can be described by a 
simplified demand curve with constant own-price elasticity, see Section 2.2. If the amount 
of bio-material or bio-energy production is increased, the new market price of the good 
PG-new can be calculated from the total current market volume of the commodity QG-T, the 
current price PG-curr, the own-price elasticity εG and the additional production of the com-
modity QG-add-bio; see equation (4). Also this approach has been described in Chapter 5 of 
this thesis.  

                                                 
10 This substitution depends of course on whether bioenergy carriers can compete with alternative energy carriers. In a 
real market, the amount of bioenergy carriers produced will be limited to the amount that can compete with other 
energy sources. However, in this study we want to illustrate the effect of increased bioenergy production on GHG 
mitigation cost and, therefore, higher amounts of bioenergy production and substitution of alternative energy carriers 
are assumed. 
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PG-new = PG-curr * ((QG-T +QG-add-bio)/QG-T)1/εG (4) 
 
Thus, to estimate the new market price of a bio-material or bio-energy carrier at an in-
creased production level, we need to know three parameters, i.e. the elasticity, the total 
current market volume of the commodity and the current market price of the commodity.  
 
The own-price elasticity of a good refers to a specific market, i.e. the type of good (e.g. ag-
ricultural land, forestry land) and the size of the market (e.g. only Poland or European 
Union). Own-price elasticity is often derived by econometric analysis from historical data 
on quantities sold on the market and their prices; see e.g. van Driel et al. (1997). Two main 
uncertainties are inherent to this methodology. First, factors that influence the own-price 
elasticity—like the availability of goods for substitution or income—may be different in 
the future. Second, often the historical data used do not refer to the specific market in-
vestigated in our analysis referring to other geographical scopes or products. For example, 
food demand may have been investigated instead of agricultural land demand, or global 
demands for gasoline may have been analysed instead of gasoline demand restricted to 
the European Union.  
 
The total current market volume and the current market price depend on the assumptions 
about market size and trade. These assumptions are made for the different scenarios in ac-
cordance to the assumptions made for the production of biomass; see Section 2.1. More-
over, for each biomass application considered, assumptions are adapted to the specific 
market of that application; see Table 6.2. MDF board is currently traded globally. How-
ever, regional markets for forest products differ, as can be seen from the differences in 
market prices; see FAO (2004). Therefore, assumptions on MDF markets in the scenarios 
follow the assumptions for food markets in Section 2.2, i.e. a world market in scenario V1 
and V3 and a limited market to Central Eastern Europe and the EU-25 in scenario V2 and 
V4. Plastics and transportation fuels are typically traded on a global market with global 
market prices. Because these commodities are usually produced from crude oil, a limita-
tion of markets to Europe seems unrealistic. As a consequence, a world market is assumed 
for PLA and methanol in all scenarios. Electricity, finally, is traded on regional markets, 
for example within Europe, due to transportation constraints. As largest market, therefore, 
a limited market to the EU-25 is assumed in the V1, V3 and V4 scenario. In the V2 scenario, 
the market is limited to Central Eastern Europe. Input data for market volumes and prices 
are discussed in Section 3.  
 
Finally, the market volumes of Polish bio-material and bio-energy production also depend 
on assumptions about the development of markets in other countries. While the additional 
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production of biomass application in Poland is analysed, other countries may also increase 
their production of biomass application. For bio-materials, this increased production of all 
countries in the respective market is the additional amount of production leading to a 
changed market price. For bio-energy carriers, the production of all these countries re-
places alternative energy carriers and, finally leads to a decrease of market prices. It seems 
unrealistic to assume that the growth of bio-material or bio-energy production is exclu-
sively limited to Poland. Therefore, we assume that all countries increase their production 
of biomass applications. As an approximation for the share of Poland of this increased 
production, we assume that the current market share of Poland for a certain good stays 
constant.  
 
Table 6.2: Scenarios and their influence on the biomass energy and material markets 

 V1 (A1) V2 (A2) V3 (B1) V4 (B2) 
Basic characteristic Fast growing 

economy, inter-
national trade 

Slow economy,  
CEE lacks behind 
Western Europe 

EU economy,  
scenario based on 

CAP reforms 

EU economy, high level 
of self-sufficiency in 

protected market 
MDF market World CEE  World EU-25 
PLA market World World World World 
Methanol market World World World World 
Electricity market EU-25 CEE EU-25 EU-25 

 
 

3 Input data 

3.1 Biomass supply and land markets 

For the calculation of food production in the different scenarios, background data on food 
demand, GDP growth and trade are data from SRES scenario projections (IPCC, 2000; 
RIVM, 2001) combined with projections from the FAO on food demands and GDP growth 
in Eastern Europe (FAO, 2003). Yield data of agricultural crops on a grid cell level (50 km 
x 50 km) are based on data from IIASA combined with agricultural production data from 
FAO and EUROSTAT statistics.  
 
Key parameters for the production of biomass, i.e. short rotation willow, are crop yields, 
amounts of suitable agricultural land in Poland, land rents and biomass production costs; 
see Table 6.3.11 Crop yields depend on the intensity of the production system in the 
respective scenarios. Base data on crop yields are taken from studies of Nonhebel (2002), 
Londo et al. (2004) and REU and FAL (1996). The suitable areas for energy crop 

                                                 
11 The input data discussed here are also used in research carried out at the Copernicus Institute, Utrecht University in 
the project VIEWLS - Clear Views on Clean Fuels, Data, Potentials, Scenarios, Markets and Trade of Biofuels. A more detailed 
report on biomass supply curves is forthcoming. 
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production are also from IIASA and have been adapted to water stresses for willow 
production. Land rents for Europe and the U.S. are taken from Eurostat (2003) and USDA 
(2003), while Polish land rents are obtained from the Institute of Agricultural and Food 
Economics (IAFE) in Warsaw. Finally, production costs are calculated from a reference 
case of willow production on a current input level in Poland (EC-BREC, 2004). These 
production costs are adapted to different intensities of agricultural production and 
different qualities of agricultural land by assumptions on the amount of agricultural 
production inputs used, e.g. fertilisers based on Kaltschmitt and Reinhardt (1997) and 
labour based on ILO (2001). 
 
Table 6.3: Key input data on biomass production in the different scenarios  

 Short rotation 
wood yield 

Suitable agricultural land 
for biomass productiona 

Land rents Production 
costsb 

 Mg/ha*yr Million ha €/(ha*yr) €/(ha*yr)  
Scenario V1     
Very suitable land (VS) 15.0 7.20 116 314 
Suitable land (S) 11.2 4.58 54 267 
Medium suitable land (MS) 7.6 3.01 43 233 
Marginally suitable land (mS) 2.4 2.20 25 166 
Scenario V2     
Very suitable land (VS) 10.5 8.43 113 112 
Suitable land (S) 7.9 3.15 35 89 
Medium suitable land (MS) 5.3 3.44 29 68 
Marginally suitable land (mS) 1.7 3.58 10 39 
Scenario V3     
Very suitable land (VS) 12.8 7.74 165 496 
Suitable land (S) 9.5 4.16 111 433 
Medium suitable land (MS) 6.5 3.03 100 374 
Marginally suitable land (mS) 2.1 2.13 84 303 
Scenario V4     
Very suitable land (VS) 15.0 7.45 235 680 
Suitable land (S) 11.2 4.41 177 601 
Medium suitable land (MS) 7.6 2.93 164 528 
Marginally suitable land (mS) 2.4 2.20 145 443 

VS very suitable land, S: suitable land, MS: medium suitable land, mS: marginally suitable land. 
a Total amount of agricultural land without subtracting land for food demands. 
b Production costs stated here exclude land rents. The production costs are based on data from EC-BREC (2004) in which 
production costs are about 281 €/(ha*yr) and have been adapted for the different scenarios, characterised by different 
land qualities and production systems.  Main assumption is that the intensive production systems require a high input of 
machinery and relatively less labour input. The V2 scenario is based on the current situation in Poland. Input data for the 
total production costs as presented in this table are: (1) interest rates, ranging from 6% for V1 to 4% for V2 (Eurostat, 
2004); (2) rotation periods (ranging from 21 years for VS land for V1 and V4 to 25 years for S land for the V2 scenario) 
and harvest cycle (G. Kunikowski EC-BREC, personal communication 2004; Szczukowski et al., 2002a, Larsson and 
Lindegaard, 2003); (3) fertiliser use, which is related to yield levels based on the formulas from Kaltschmitt and 
Reinhardt (1997); (4) cuttings per ha, ranging from 18.000 cutting / ha for S land for the V1 and V4 scenario to 12.000 
cuttings / ha for S land for the V2 scenario (Ledin, 1996; DEFR, 2003; Szczukowski et al., 2002a); ( 5) pesticide use is 
based on Szczukowski et al. (2002a), Kaltschmitt and Reinhardt (1997) and  Stańczyk and Ludwik (2003), and only differ-
entiated for V2 scenario assuming a decrease of inputs; (6) fertiliser costs are € 0.44 / kg for V2 (current cost level in Po-
land), € 0.52 for V1 (assumption is that cost levels go down with an open market compared to average EU price level 
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because of increased competition), € 0.60 / kg for V3 (average EU price level) and € 0.75 / kg for V4  (assumption is that 
cost levels increase because of decrease of competition for European manufacturers), ranges are based on data from EC-
BREC (2004) and Eurostat (2003); (7) pesticide costs range from € 3.37 to € 13.28 / litre for Roundup, based on the same 
assumptions as mentioned for fertiliser costs, data are from Stańczyk and Ludwik (2003), PAV (2000) and G.V. Roman 
(University of Agronomic Sciences and veterinary Medicine in Bucharest, personal communication 2004); (8) labour costs 
range from € 2.52 / hour for V2 scenario (current wages in Poland) to € 12.22 / hour for V3 scenario (average EU level) 
and € 14.63 for V1 and V4 scenario (increase compared to average EU level because of strong economy and more efficient 
production system), data are from ILO (2001) and EC-BREC (2004); (9) Machinery and labour input for harvesting are 
based on data from EC-BREC (2004), WSRC (2004) and Ledin (1996) and differentiated per scenario based on yield levels 
and costs for wages and machinery. Input data range for machinery from  3.75 €/tdm per rotation for V2 to 11.06 €/tdm 
per rotation for the V1 and V4 scenario); (10) Insurance and miscellaneous costs are based for the V3 scenario on data 
from EC-BREC (2004), assuming a 10% increase for the V1 and V4 scenario and a 5% decrease for the V2 scenario.  
 
Finally, the available agricultural land for energy production depends on the suitability of 
land for energy crop production and the amount of land that is already used for food pro-
duction. The available agricultural land for willow production in the different scenarios is 
summarised in Figure 6.4 (as resulting from the bottom-up approach described in Smeets 
et al., in press). 
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Figure 6.4: Projected available agricultural land in 2015 for the production of biomass (i.e. 

short rotation wood) after subtracting land for food demands  
 
In the analysis of land markets, new rents of agricultural land are calculated. Input data 
for these calculations are the base rents, the total amount of agricultural land (see Table 
6.3) and the elasticity of agricultural land. In scientific literature, no estimates for own-
price elasticity of land could be identified. Rather, own-price elasticity of food is used for 
the agricultural sector; see Ciaian et al. (2002). This is due to the fact that the demand for 
agricultural land is closely related to the demand for food. Estimates for the own-price 
elasticity of food vary considerable.12 Based on the results of Finke et al. (1984), Ciaian et 
al. (2002) estimates elasticities of –0.18, -0,24 and –0.3 for the Czech Republic, Poland and 
Slovakia, respectively. We use the medium value of –0.24 as estimate for Central Eastern 
Europe in the V2 scenario. In the V4 scenario, we assume a slightly higher value of about –
0.2 as presented for the Netherlands by van Driel et al. (1997) to be applicable for the EU-
25. Finally, no global estimates for food demand could be identified. As in the global V1 
                                                 
12 Finke et al. (1984) estimate elasticity factor between -0.03 and 0.64. For the U.S., the authors estimate an elasticity of –
0.03, while Driel et al. (1997) determine this elasticity to be –0.45. 
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scenario current U.S. land rents are assumed, we assume an elasticity factor for food de-
mand in the U.S. of –0.45 (van Driel et al., 1997) in the global land markets of the V1 and 
V3 scenario.  
 

3.2 Biomass applications and their markets  

In this section, input data on the four bio-material and bioenergy systems i.e. medium 
density fibreboard (MDF), poly lactic acid (PLA), methanol and electricity production are 
described. Key parameters for the characterisation per unit of biomass application are the 
input of short rotation wood, the production costs and the GHG emission reduction in 
relation to the reference system; see Table 6.4. Furthermore, MDF and PLA and their 
reference materials, i.e. plywood and PE, are converted to electricity after their use. The 
resulting electricity is assumed to replace electricity from the grid and, thus, to contribute 
to GHG emission reduction and revenues from sales.  
 
Data on material and energy markets are summarised in Table 6.5. These are market vol-
umes, market prices and Polish market shares of the biomass applications based on statis-
tics and own-price elasticities. While the growth of GDP may lead to developments of the 
consumption of materials and energy carriers in 2015, in this chapter no changes of mate-
rial and energy demands are assumed, but current market volumes are used. On the one 
hand, this is because the demand for materials and energy carriers does not develop one 
by one with the growth of GDP, since energy efficiencies increase. Also the growth of GDP 
may cause sectoral changes influencing material and energy intensities, see Groenenberg 
(2002). On the other hand, keeping market volumes of materials and energy carriers con-
stant, enables us to investigate market effects on GHG emission mitigation costs without 
disturbing influences. However, in the sensitivity analysis the influence of this assumption 
is evaluated, see Section 4.5.  
 
In general, GHG emissions are calculated with carbon emission factors representing indi-
rect and direct greenhouse gas emissions of average European energy use in 2000. 13 For 
fuel, the average EU oil product mix for production of 83 kg CO 2eq/GJ and for electricity, 
the average EU mix of electricity production of 126 kg CO 2eq /GJ are used (UBA, 2003). 
The GHG emissions of biomass production are derived from production inputs of short 

                                                 
13 GHG emission factors of energy use vary within geographical regions and are likely to change in the future. Moreover 
future specific GHG emissions are depending on economic developments and governmental policies and are, therefore, 
scenario specific; see e.g. Bollen et al. (2004). In our analysis, GHG emission factors of energy use are kept constant in 
order to investigate market effects on GHG emission mitigation costs without disturbing influences of varying GHG 
emission factors.  
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rotation willow production in Poland (Szczukowski et al., 2000a) and generic GHG emis-
sions for machine uses, fertilisers, etc. mainly from a study from Biewinga and van der Bijl 
(1996). The resulting GHG emissions are about 0.23 kg GHG per ha; see Chapter 2 of this 
thesis for a more detailed description of GHG emissions from biomass production.14  
 
MDF  
The input of wood for MDF is based on a study of hardboard (Richter et al., 1995). Con-
cerning GHG emission reduction, it is assumed that MDF replaces plywood with the 
volume of board as functional unit.15 The GHG emission reduction is then calculated from 
the GHG emissions during plywood and MDF production16 (Kaltschmitt and Reinhardt, 
1997; Forintek, 1993; Hekkert and Worrell, 1998; Haygreen and Bowyer, 1996). Also, the 
GHG emissions that could be saved if forestry wood for plywood production would be 
used for electricity production are added to the GHG emission reductions. Production 
costs of MDF are estimated to be the difference between the prices of the raw material, i.e. 
wood chips, and the export prices of MDF board in Europe derived from statistics on 
wood products trade (FAO, 2004). Data on the production and GHG emission reduction of 
MDF as summarised in Table 6.4 have already been discussed in a study of short rotation 
wood cascading; see Chapter 3 of this thesis.  
 
The market volume, i.e. the consumption of MDF boards is currently (in 2002) about 23.3 
million m3 in the world, 8.0 million m3 in Europe and 1.5 million m3 in Central Eastern 
Europe (FAO, 2004). Market volumes in Table 6.3 are converted to Mg with an average 
density of MDF board of 0.65 Mg/m3 (Haygreen and Bowyer, 1996). Polish market shares 
of MDF board production in comparison to MDF board consumption have been 5.3% 
globally, 15.6% in whole Europe and 84.6% in Central Eastern Europe (FAO, 2004). Market 
prices are based on the import prices for fibreboard in the world, Europe and Central 
Eastern Europe, respectively, in 2002 (FAO, 2004).17 The own-price elasticity of MDF board 
demand has been estimated from historical MDF board import prices and consumption by 
regression analysis; see Figure 6.5. These data are available for 1995—2002 (FAO, 2004).  

                                                 
14 Different biomass production systems for Poland, i.e. ‘current input’, ‘high input’ and ‘high advanced input’ are as-
sumed in the scenarios. These production systems use different levels of inputs per hectare, e.g. machinery and fertilis-
ers, but also lead to different levels of short rotation willow yields per hectare. Due to a lack of data on GHG emissions of 
the various production systems, it is assumed that GHG emission per unit of biomass produced is constant. This as-
sumption can be justified by findings for miscanthus for which the share of energy input (including drying) at the end 
use energy varies only about 8 – 14% for different production systems (Lewandowski and Heinz, 2003). 
15 This is equivalent to 1 kg of MDF board replacing about 0.71 kg of plywood (Haygreen and Bowyer, 1996). 
16 Data on MDF board and plywood production take into account that processing residues are used for process heat 
generation. 
17 Exchange rate used for conversion to € is the average rate in 2002 of 1.06 US$/€. 
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Figure 6.5: Historical data on demand and prices of MDF board used for the estimation of 
own-price elasticity; data from FAO (2004) 

 
PLA  
The efficiency of PLA production is based on current ligno-cellulose pre-treatment 
(Wooley et al. 1999; Mc Aloon et al., 2000) and current estimations about PLA production 
from ligno-cellulose (Vink et al., 2003). It is assumed that 1 kg of PLA replaces 1 kg of 
HDPE. GHG emissions are the emissions of PLA production caused by energy uses (Vink 
et al., 2003) but accounting for the fact that lignin from short rotation wood is used for 
process heat and electricity production. Subsequently, net emissions are determined by 
subtracting GHG emissions of HDPE production APME (2003). Production costs of PLA 
are taken from projections of Cargill Dow planning to produce PLA from corn stover 
(Crank et al., 2004). Because HDPE has a much higher heating value than PLA, the net 
electricity recovery from waste is negative for PLA production. All analyses on energy and 
GHG balances of PLA production are reported in a study of a PLA bio-refinery; see 
Chapter 5 of this thesis.  
 
The global market volume of PLA is the current global production of PLA in 2003 of about 
0.14 million Mg (Crank et al., 2004). Current global market prices are taken from a study 
on bio-based polymers (Crank et al., 2004). At the moment no PLA is produced in Poland. 
Therefore, we use Polish market shares of polyethylene production as fictive market 
shares of PLA production (UN, 2002). Because the production of PLA (and other bio-based 
polymers) is a rather new development, no historical data on market prices and produc-
tion volumes are available. However, as PLA has the potential to substitute PE on a large 
scale, the own-price elasticity of PE is used in this analysis for PLA. This own-price elas-
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ticity is estimated from historical figures of global PE production and market prices by re-
gression; see Figure 6.6 (UN, 2002; Crank, et al., 2004). 

 

Price US$2002/Mg

1000 2000 3000 4000

Co
ns

um
pt

io
n 

(m
ill

io
n 

M
g)

5

10

15

20

25

30

35

y = 799.6735*x-0.5472

R2= 0.4750

 

Figure 6.6:  Historical data on global demand and prices of Polyethylene used for the 
estimation of own-price elasticity; data from UN (2002) and Crank, et al. (2004). 

 
Methanol 
Data on methanol production refers to an advanced methanol production concept without 
electricity co-production and a conversion efficiency of 57% (HHV) as investigated by 
Hamelinck and Faaij (2002). Production costs include distribution costs in order to make 
the production costs comparable to the market prices for end-users used in this analysis. 18 
To determine GHG emission reduction, it is assumed that 1 GJLHV methanol replaces  
1 GJLHV gasoline.  
 
The methanol is assumed to be sold for market prices of gasoline in advanced economies 
without taxes.19 The market volume for methanol is the global consumption of petroleum 
products for road transport, i.e. 58.8 EJ in 2000 (IEA, 2003a). In 1999, the Polish gasoline 
production was about 0.3 EJ (UN, 2002).  
 
                                                 
18 The methanol production technology considered is currently under development and is likely to be commercial in 
2015-2020. The selected concept uses an atmospheric indirectly fired gasifier, wet gas cleaning, steam reforming and 
liquid phase methanol production (Hamelinck and Faaij, 2004). Production costs are based on an interest rate of 5%, a 
scale of 400 MWth, a base load of 8000 h/yr, an economical lifetime of 15 years and a technical lifetime of 25 years.  
Assuming biomass costs of 2 US$/GJHHV, methanol production costs of 7.2 US$/GJHHV result (Hamelinck and Faaij, 
2004). Distribution costs of 2.1 €/GJHHV (Hamelinck, 2004) are added to the production costs. 
19 Market prices are averaged from prices in USA, Canada, Japan, France, Germany, Spain, Italy and the UK in 2003-2004 
(IEA, 2004b). 
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Espey (1998) compares more than 300 estimates of short-run own-price elasticity of gaso-
line demand, i.e. describing the relation between prices and demand in the short to me-
dium term. These estimates are derived from economic models as well as time series 
analysis. The median of all estimates is –0.23 and is used in our analysis.20  
 
Electricity 
The data for electricity production are based on state-of-the-art IG/CC plant (about 150 
MWe) with a net electric efficiency (LHV) of 43.5% (Faaij et al., 1998). Also for electricity, 
production costs include distribution costs.21 Electricity from short rotation wood replaces 
electricity from the European grid on a kWh basis.  
 
The market volumes of electricity are the consumption of electricity in the year 2000, in the 
EU-25 and Central Eastern Europe, respectively (IEA, 2002a; IEA, 2002b). Market prices for 
electricity vary between consumers and countries.22 In our analysis we use about average 
market prices without taxes that apply to large-scale household and medium industrial-
scale users. In the EU-25 these are about 0.07 €/kWh and in Central Eastern Europe about 
0.05 €/kWh (Goerten and Beranek, 2004a and 2004b). Polish electricity consumption in the 
year 2000 was about 0.35 EJe (IEA, 2002a). 
 
Own-price elasticity estimates in economic literature are usually given for limited markets 
but not for whole regions as the EU-25 or global. However, estimates for elasticity of elec-
tricity in scientific literature are in a comparable range. Kamerschen and Porter (2004) es-
timate the elasticity of total electricity demand in the U.S. between –0.13 and –0.15 and 
find that this value is within the same range as other US based studies. Wolfram (1999) 
analyses the British spot market, concluding that the data suggest a price elasticity of ap-
proximately –0.1. SEO (1998) investigates industrial electricity use in the Netherlands re-
sulting in an own-price elasticity of –0.2. Given this information, own-price elasticity of 
electricity is not differentiated between the scenarios, but a value of –0.15 is assumed. 
 
 

                                                 
20 The estimates of the short-term elasticity range from 0 to –1.36 (Espey, 1998). 
21 The lower heating value of short rotation wood is assumed to be 17 GJ/Mg. Production costs of electricity are calcu-
lated from the investment costs of the IG/CC plant, i.e. 1.97 million €/MWe investment costs (Faaij et al., 1998), a lifetime 
of 25 years, an interest rate of 5% rent and a load factor of 80%. Also for electricity, distribution costs are added to the 
production costs as market prices used are for end-users. In Western Europe, i.e. in DK, D, F, the Netherlands, UK 
distribution costs for large-scale consumers are about 0.01-0.02 €/kWh (ECN, 2001). In this study, distribution costs of 
1.5 cent/kWh (4.2 €/GJ) are assumed.  
22 For example, in the EU-25 market prices without taxes vary from 0.035 €/kWh for large-scale industrial users in Latvia 
and 0.350 €/kWh for small-scale household users in Norway (Goerten and Beranek, 2004a and 2004b). 



  Chapter 6 

167 

Table 6.4: Input data of biomass options for the use of SR wood to reduce carbon emissions 
 MDF PLA Methanol Electricity 
SR wood input (dm)  1.3 kgwood /kg 0.68 kgwood /kg 0.10 kgwood/GJ 0.13 kgwood/GJ 
GHG em. reduction  0.82 kg CO2 eq/kg 3.97 kg CO2 eq/kg 42.6 kgCO2eq/GJ 94.2 kgCO2eq/GJ 
Production costsa 250 €/kg 1210 €/kg 6.2 €/GJ 14.6 €/GJ 
Electricity recoveryb  1.62 GJe/kg -7.65 GJe/kg -  -  

a Production costs are without costs of biomass inputs, because biomass costs vary within the different scenarios.  
b In the A1 and B2 scenarios, electric efficiency of waste incineration is 30% (LHV), which is State-of-the-Art in Europe. 
Lower heating values are 15 GJ/Mg for MDF, 13.5 GJ/Mg for plywood, 43.4 GJ/Mg for HDPE and 17.9 GJ/Mg for PLA. 
 
Table 6.5: Input data of biomass options for the use of SR wood to reduce carbon emissions  

 MDF PLA Methanol Electricity 
Market volume    
V1 15.2 million Mg (World) All scenarios: All scenarios: 8.9 EJ (World) 
V2 1.0 million Mg (CEE) 0.14 million Mg (World) 58.8 EJ (World) 1.3 EJ (CEE) 
V3 15.2 million Mg (World)   8.9 EJ (World) 
V4 5.2 million Mg (EU-25)   8.9 EJ (World) 
Market price    
V1 279 €/Mg All scenarios: All scenarios: 19.4  €/GJ 
V2 453 €/Mg 3000 €/Mg 8.9b €/GJ 13.8  €/GJ 
V3 279 €/Mg   19.4  €/GJ 
V4 366 €/Mg   19.4  €/GJ 
Market share Poland     
V1 5% All scenarios: All scenarios: 4% 
V2 85% 0.3% 0.5% 27% 
V3 6%   4% 
V4 16%   4% 
Own-price elasticity    
V1 -1.11 All scenarios: All scenarios: All scenarios: 
V2 -1.79 -0.55 -0.23 -0.15 
V3 -1.11    
V4 -0.95    

 
 

4 Results 

For each scenario, all steps of the calculation, i.e. the biomass supply curves I+II, the GHG 
emission mitigation costs curves I+II and the resulting GHG emission mitigation supply 
curves for PLA, MDF board, methanol and electricity are shown in figure 6.7 to 6.10. 
 

4.1 Biomass supply curves 

The biomass supply curves I show biomass production costs in Poland. In the V1 scenario, 
a large amount of biomass of about 88 million Mgdry is available at relatively low prices be-
low 36 €/Mgdry.23  Production costs, like labour and land, are even cheaper in the V2 sce-
nario in which economic development of Eastern Europe stagnates. However, as yields are 

                                                 
23 1 Mgdry of biomass, i.e. short rotation willow has a higher heating value of about 18.4 GJ/Mg. Biomass costs of about 2 
€/GJHHV are, therefore, equivalent to about 36.8 €/Mgdry. 
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also lower and food production is in principle self-sufficient, a total amount of biomass of 
59 million Mgdry are available at costs below 28 €/Mgdry. In the V3 scenario biomass pro-
duction is quite expensive as levels of input, i.e. machinery, labour, fertilisers, etc. and 
their costs per unit are high. Thus, only 21 million Mgdry of biomass can be produced at 
lowest possible costs of about 51 €/Mgdry. The V4 scenario is characterised by even higher 
production costs and high average land rents. As a consequence, the lowest biomass pro-
duction costs are 60 €/Mgdry for which about 28 million Mgdry of biomass are available.  
 
The biomass supply curves II, also take into account that land rents will increase if 
biomass for material and energy is produced on a larger scale. Adding the increase of land 
costs to the biomass supply curves increases the biomass production costs considerable, 
especially at large scales of biomass production. The higher the basic land rents in a sce-
nario, the higher is the increase of land rents by increasing biomass production. For exam-
ple in the V2 scenario with low land rents, the increase of biomass production costs is 
relatively small, not exceeding 70 €/Mgdry even at large scale. 
 

4.2 GHG emission mitigation cost curves 

The GHG emission mitigation cost curves I show these costs not considering variable 
market prices of products and land. Also, biomass supply curves are not taken into 
account for the calculation of the GHG emission mitigation cost curve I. Thus, the results 
are indifferent to the volumes of biomass application produced and represent the GHG 
emission mitigation costs without the possible influences of a large scale introduction of 
biomass material and energy system.  
 
The GHG emission mitigation cost curves I are depicted for the fixed amount of available 
biomass given in the biomass supply curves. PLA production has the technical potential to 
avoid by far the largest amount of GHG emissions using the available biomass. In de-
creasing order, MDF board production, electricity production and methanol production 
have lower technical potentials to avoid GHG emissions. 
 
PLA production at current market prices results in all scenarios in low GHG emission 
mitigation costs of about –500 €/Mg CO2eq. In the V2 scenario, high market prices of MDF 
board and low market prices of electricity in a Central Eastern European market are 
assumed. These assumptions result in GHG emission mitigation costs of about  
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–200 €/Mg CO2eq for MDF production. 24  In the V4 scenario, biomass production costs are 
assumed to be relatively high. As a result GHG emission mitigation costs of electricity 
production are with 100 €/Mg CO2eq relatively high, too. The remaining options in the 
different scenarios have GHG emission mitigation costs of around zero.  
 
The GHG emission mitigation cost curves II show the influence of material and energy 
markets on these costs by changing bio-material and bio-energy prices depending on the 
volume produced.  
 
In all scenarios, the GHG emission mitigation costs of PLA production first increase 
strongly and then stay nearly constant, with increasing amount of GHG emissions 
avoided. This is due to the relative small market volumes of PLA. With increasing PLA 
production, market prices of PLA decrease rapidly until the demand curve becomes nearly 
constant. 25 For MDF board, methanol and electricity, a similar but less pronounced effect 
can be observed in figures 6.7 to 6.10. The smaller the market volumes of the bio-material 
or bio-energy carrier are, the larger is the increase of GHG emission mitigation costs with 
the amount of GHG emissions avoided. For methanol and electricity, however, in the first 
part of the curves II, the GHG emission mitigation costs are constant, because it was as-
sumed that alternative energy carriers are replaced at constant market prices; see Section 
2.4. In all scenarios, the amount of GHG emissions that can be avoided without an increase 
of GHG emission mitigation is larger for electricity than for methanol. 
 

4.3 GHG emission mitigation supply curves 

In the GHG emission mitigation supply curves, costs of biomass production from the bio-
mass supply curve II are combined with costs of the GHG emission mitigation cost curves 
II. Only GHG emission mitigation costs curves up to 300 €/Mg CO2eq are depicted, as 
measures with higher costs are very unrealistic to be implemented.26 Because MDF, PLA, 
methanol and electricity production technologies use different amounts of biomass per 
unit of GHG emission reduction, the influence of the biomass production costs on these 
options varies. 
 

                                                 
24 Negative GHG emission mitigation costs result from the fact, that revenues from material and energy sales are higher 
than production costs of these materials and energy carriers. 
25 This increase is not visible at the scales in Figure 6.7 to 6.10, but the GHG emission mitigation costs appear as constant. 
26 According to the IPCC, costs of promising GHG emissions reduction options are at present in a range of up to  
60 US$/Mg CO2eq (IPCC, 2001b). However, at costs of 60 US$/Mg CO2eq, only a small part of the total GHG emission 
mitigation supply curve would be visible. Therefore, costs of up to 300 €/Mg CO2eq are shown.  
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Figure 6.7: GHG emission mitigation cost curves, biomass supply curves and overall 
supply curves for GHG emission mitigation assuming scenario V1 
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Figure 6.8: GHG emission mitigation cost curves, biomass supply curves and overall 

supply curves for GHG emission mitigation assuming scenario V2 
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Figure 6.9 GHG emission mitigation cost curves, biomass supply curves and overall supply 

curves for GHG emission mitigation assuming scenario V3 
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Figure 6.10: GHG emission mitigation cost curves, biomass supply curves and overall 

supply curves for GHG emission mitigation assuming scenario V4 
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4.4 Comparison of scenarios 

Figure 6.11 depicts the ‘integral’ GHG emission mitigation cost supply curves for the dif-
ferent scenarios, i.e. for each amount of biomass used, the cheapest biomass material or 
energy option of the considered technologies is applied.  
 

'Integral' GHG mitigation cost supply curves for the different scenarios
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Figure 6.11: Comparison of overall GHG emission mitigation supply curves for the 
different scenarios 

 
The specific GHG emission reduction, i.e. Mg CO2eq avoided per unit of biomass use, dif-
fers only slightly between the technologies used for GHG emission mitigation in the sce-
narios. Therefore, the shape of the ‘integral’ GHG emission mitigation supply curves per 
unit of biomass used (left part of Figure 6.11) and per unit of GHG emissions avoided 
(right part of Figure 6.11) differs hardly. 
 
In the V1, V3 and V4 scenario, in the first instance electricity production from biomass is 
preferred for GHG emission mitigation as long as electricity prices stay constant. Second, 
methanol production from biomass is used for the part of the market volume in which 
methanol prices stay constant. Finally, MDF, electricity and methanol production are ap-
plied in the last part of the integral GHG emission mitigation supply curve. The use of the 
different technologies alternates. This is due to the fact that with increasing use of one 
technology its GHG emission mitigation costs increase and, finally, exceed the GHG emis-
sion mitigation costs of another technology. In the V2 scenario, first MDF production is 
applied for a small part of GHG emission mitigation. Second and third, methanol and 
electricity production are used.  
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GHG emission mitigation costs in the V1 and V2 scenario are relatively low. In the V1 sce-
nario about 49 and 34 million Mg CO2eq are avoided for costs below 50 and 0 €/Mg CO2eq, 

respectively. In the V2 scenario, these amounts are about 18 and 13 million Mg CO2eq 
avoided. In the V3 and V4 scenario, however, biomass production costs are relatively high, 
especially at large scales of biomass production. As a consequence, GHG emission mitiga-
tion costs in these scenarios are higher and no GHG emissions are avoided at costs below 0 
€/Mg CO2eq. Moreover, in the V3 and V4 scenario about 34 and 20 million Mg CO2eq, re-
spectively, are avoided at costs below 50 €/Mg CO2eq.  
 
To show the impact of the large-scale introduction of biomass, shadow curves of GHG 
emission mitigation costs are depicted in the right part of figure 6.11. These curves show 
the GHG emission mitigation costs in the different scenarios without considering market 
price changes of materials, energy carriers and increasing costs of biomass supply. The 
same amount of each technology, i.e. MDF, PLA, methanol or electricity, is used for the 
shadow curves as in the respective scenarios. The shadow curves show, that market 
mechanisms and increasing biomass supply costs lowers the GHG emission reduction 
potential at low costs considerable. The potential GHG emission reduction at costs below 
50 €/Mg CO2eq decreases from 67 to 49 million Mg CO2eq in the V1 scenario, from 33 to 18 
million Mg CO2eq in the V2 scenario, from 39 to 34 million Mg CO2eq in the V3 scenario and 
from 68 to 20 million Mg CO2eq in the V4 scenario.  
 
Poland is a country with large biomass production potential. While the total primary en-
ergy consumption of Poland in 2000 is about 3.8 EJ (IEA, 2002a), the total biomass supply 
(short rotation wood) in the different scenarios varies between 1.1 and 2.0 EJ. 27However, 
at relatively low GHG emission mitigation costs of below 50 €/Mg CO2eq only about a half 
to two third of this biomass can be used with the options considered in this study. As bio-
materials have only a small potential of GHG emission mitigation at low cost, the pro-
duction of other bio-energy carriers, e.g. heat, would be necessary to use a larger part of 
this biomass potential. 

 

4.5 Sensitivity analysis 

In a sensitivity analyses, the influences of assumptions about the material and energy 
market on the integral GHG emission mitigation costs supply curves are analysed. Also, 
many other factors influence the final GHG emission mitigation supply costs, e.g. biomass 

                                                 
27 In these potentials agricultural and forestry residues are not included, which amount to about 0.2 to 0.6 EJ. 
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production costs, efficiency of material production, the reference system and market 
prices. In this study, however, our main interest is the possible change of GHG emission 
mitigation costs through the variability of market prices if biomass material and/or energy 
uses are introduced on a large scale. Therefore, only the main factors influencing these 
markets, i.e. elasticity, the total market volume and the Polish market shares are investi-
gated here. An overview of the variation of parameters in the sensitivity analysis is given 
in Table 6.6. For illustration, this sensitivity analysis is carried out for the V1 scenario that 
has the largest GHG emission mitigation potential at low costs. 
 
Table 6.6: Variation of elasticity factors and market volumes in the sensitivity analysis of 
scenario V1 

 Land  MDF board  PLA  Methanol  Electricity 
Base elasticity  -0.45 -1.11 -0.55 -0.23 -0.15 
Range elasticity  -0.03 to –0.64 -0.5 to –1.8 -0.5to –2.5 -0.05 to –1.36 -0.1 to –0.2 
Base market volume  N/a 15.2 million Mg 0.14 million Mg 58.7 EJ 45.6 EJ 
Range market volume N/a ±10% of volume ±10% of volume ±10% of volume ±10% of volume 
Range market share N/a +100%/-50%  

of share 
+100%/-50%  

of share 
+100%/-50%  

of share 
+100%/-50%  

of share 
 
As discussed in Section 3, values of elasticity for the different markets are quite uncertain 
and various estimates exist. These often-broad ranges are used for the sensitivity analysis. 
For land markets the range of elasticities presented in Finke et al. (1984) is assumed. For all 
kind of bio-materials, Gielen et al. (2000) estimate own-price elasticity to be –0.5. This 
value is used as higher range for MDF board and PLA. The lower range of elasticity for 
MDF is the lowest value derived from historical data. For PLA, the lower value has been 
derived from price and volume forecast from producers in Crank et al. (2004); see also 
Chapter 5 of this thesis. For methanol, the range of elasticity found in the meta-analysis of 
Espey (1998) is used.28 Finally, for electricity the values estimated by Wolfram (1999) and 
SEO (1998) are used as ranges.  
 
Market volumes of materials and energy carriers in our analysis may vary because the 
total demand changes without related market price changes, e.g. by income variations. 
Also the market share of Poland on the respective market may increase or decrease de-
pending strongly on the competitiveness of Polish production. To account for these possi-
ble changes, a variation of the market volume of 10% and a variation of market shares 
from half to twice the value is considered for the sensitivity analysis.  
 

                                                 
28 The lowest value of gasoline elasticity is zero (Espey, 1998). However, we use a value of -0.05 close to zero that allows 
for calculation with the elasticity function. 
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Scenario V1- elasticities
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Figure 6.12: Variation of integral GHG emission mitigation cost supply curves (of scenario 
V1) due to the variation of elasticity factors and market volumes 

 
In Figure 6.12, the influence of the variation of elasticities (left part of Figure 6.12), market 
volumes and market shares (right part of Figure 6.12) on the integral GHG emission miti-
gation costs in scenario V1 is presented. The sensitivity analysis shows that the own-price 
elasticity of the land demand has a strong influence on the GHG emission mitigation costs. 
If this elasticity is in the upper range, GHG emission mitigation costs increase rapidly re-
ducing the potential of GHG emissions that can be avoided at costs below 50 €/Mg CO2eq 
by 80%. The influence of elasticity factors on the integral GHG emission mitigation costs is 
limited to the part of the curve in which market prices are not constant. With low own-
price elasticities, the increase of GHG emission mitigation costs with increasing scale of 
biomass use is slightly less than in the base case, while the opposite applies to high own-
price elasticities. At GHG emission mitigation costs of about 100 €/Mg CO2eq the GHG 
emission potentials varies about 0.01 to 10% through the variation of own-price elasticities 
of materials and energy carriers. The variation of market volumes and market shares has a 
large influence on the integral GHG emission mitigation costs. A higher market volume or 
share increases the amount of GHG emissions that can be reduced without a decrease of 
market prices of bioenergy carrier significantly, while a lower market volume decreases 
this amount of GHG emissions. If the Polish market share is doubled, the potential GHG 
emission reduction at costs below 50 €/Mg CO2eq also doubles. 
 
 

5 Discussion 

The method used in this chapter is suitable to highlight the possible influences of large-
scale introduction of biomass material and energy systems on market prices of materials 
and energy carriers and their feedback to GHG emission reduction costs. To determine the 
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amount of GHG emission reduction costs for various scenarios, input data on technology 
performance and biomass production costs play a crucial role. The data used in this study 
give an estimation of possible costs. Even though technology development until 2015 will 
be limited and the possible differences in the developments of biomass production sys-
tems have been included in the scenario analysis, uncertainties in these input data may 
remain. For example, CO2 intensities of electricity generation may change in the medium-
term future due to e.g. the increased use of renewable energies and the replacement of less 
efficient fossil energy uses. These uncertainties, however, have not been explored in this 
analysis.  
 
Instead, our analysis concentrates on the influence of market volumes, market shares and 
own-price elasticity of demand on the GHG emission mitigation costs. It has been shown 
in the sensitivity analysis that own-price elasticities of demand of agricultural land and 
market volumes of bioenergy carriers influence the GHG emission mitigation costs of bio-
material and bioenergy utilisation strongly.  
 
However, not all uncertainties in the developments of markets could be addressed. Elas-
ticity factors in literature for land, materials and energy carriers show a very broad range. 
Moreover, own-price elasticity for MDF and PLA had to be estimated by a simple 
regression analysis. The influence of other factors than own-price elasticity on demand 
and market prices—e.g. developments in markets of substituting goods—could not be 
identified in this regression analysis. For this purpose, an econometric analysis would be 
necessary, which is beyond the scope of the study. For PLA, the results for PLA produc-
tion may be pessimistic as the market is still developing and may grow. 
 
For market volumes and Polish market shares of bio-energy carriers it has been assumed 
that the current volume of alternative energy carriers can be substituted. However, this 
substitution depends on the competitiveness of bio-energy production with other energy 
carriers and on the competitiveness of Polish bio-energy production with the production 
in other countries. This competitiveness may be evaluated by establishing supply curves 
for energy production. However, such an analysis is beyond the scope of this study. 
 
While in principle the effects of increased bio-material and bio-energy production on their 
market prices have been included in our approach, other interactions between the large-
scale introduction of biomass systems and GHG emission mitigation costs have not been 
included. For example, with increasing agricultural land prices, food prices increase as 
well, which may lead to a loss of welfare. Also, it has been assumed that bio-materials and 
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bioenergy carriers substitute reference materials and energy carriers without accounting 
for any net effects of consumer or producer surpluses.  
 
It may also be possible that the production of reference materials and energy carriers do 
not equally decrease with the production of biomass applications. Moreover, reference 
systems may change at large scales of biomass utilisation. For instance PLA may substitute 
poly(ethylene) first, and if this substitution potential is used, PLA may substitute paper 
packaging. As a result, the amount of GHG emissions reduced by biomass utilisation 
changes. Finally, the substitution of different amounts and kinds of reference materials 
and energy carrier may influence the shape of demand curves for biomass applications. To 
include these types of interaction a more detailed top-down model would be necessary, 
which is beyond the scope and objective of this study.  
 
Also the time dimension of the large-scale introduction of biomass use has not been in-
cluded in our study. The results depict the GHG emission mitigation costs in relation to 
the scale of biomass production at a certain fictive moment in time, i.e. the year 2015. To 
implement biomass systems on a large scale, however, will take a certain time span. Dur-
ing this implementation period, technological learning is likely to take place, lowering the 
resulting GHG emission mitigation costs. These effects have not been considered, because 
the main objective of this study was to analyse GHG emission mitigation cost changes due 
to a large-scale utilisation of biomass in a country rather than technological development 
during implementation strategies. Moreover, the time until the year 2015 is a rather short 
period for substantial learning to take place.  
 
 

6 Conclusions 

This study evaluates the possible influences of a large-scale introduction of biomass mate-
rial and energy systems and their market volumes on market prices of land, materials and 
energy carriers and subsequently on GHG emission reduction costs. In first instance, it can 
be concluded that GHG emission mitigation costs from biomass on a country level may 
increase considerable with the scale of biomass production and utilisation. The potential 
for GHG emission mitigation below costs of 50 €/Mg CO2eq for the four biomass applica-
tions considered is 49 million Mg CO2eq in the V1 scenario (related to SRES scenario family 
A1), 18 million Mg CO2eq in the V2 scenario (related to SRES scenario family A2),  
34 million Mg CO2eq in the V3 scenario (related to SRES scenario family B1) and 20 million 
Mg CO2eq in the V4 scenario (related to SRES scenario family B2). Without the influence of 
a large-scale introduction on the development of biomass supply costs and market prices 
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of land, materials and energy carriers, the GHG emission reduction potential at costs 
below 50 €/Mg CO2eq would be about 13-70% higher, depending on the scenarios.  
 
The increase of GHG mitigation costs depends mainly on biomass supply curves, the in-
crease of agricultural land costs and the decrease of market prices of material and energy 
carriers. Biomass supply costs increase between 20 and 100 €/Mgdry in the different sce-
narios, if all land that is not necessary for food production is used for biomass production. 
Additionally, the increase of agricultural land rents due to increased biomass production 
adds up to 50 to 100 €/Mgdry to biomass production costs at large scales. At large scales of 
biomass use that exceed the volumes of current markets for energy carriers, GHG emission 
mitigation costs increase rapidly due to changes of market prices of material and energy 
carriers. At these scales, GHG emission mitigation cost levels rise to very high values.  
 

Bio-material production covers only a small part of GHG emission mitigation at low costs. 
This is due to relatively small material markets and the subsequent strong decrease of 
market prices of bio-materials at large scale of production. Instead, mainly bio-energy pro-
duction is applied for GHG emission mitigation as energy markets are comparably large 
and alternative energy carriers can be substituted at a large scale without decreasing mar-
ket prices. Therefore, both supply and demand of materials and especially energy carriers 
should be analysed jointly to quantify the amounts that realistically can be used in a 
country/region. 

 
GHG emission mitigation costs depend strongly on own-price elasticity of land and mar-
ket volumes of bio-energy carriers. To a lesser degree, GHG emission mitigation costs also 
depend on the own-price elasticity of materials and energy carriers and market volumes of 
bio-materials. However, literature estimates of own-price elasticities are highly uncertain 
and market volumes of biomass applications depend on their competitiveness.  
 
This analysis shows the importance to consider both biomass supplies and potential 
demands and markets simultaneously to get a more realistic picture of optimal biomass 
utilisation strategies for GHG emission mitigation. Hence, it would be ideal to combine the 
bottom-up approach demonstrated here with an analysis of market effects using top-down 
modelling.  
 
 
 



 

 

Summary and conclusions 
 
 
 
 
 
 
 

Biomass can play a role in mitigating greenhouse gas emissions by substituting con-
ventional materials and supplying biomass based fuels. However, currently only a modest 
amount of biomass is used for these applications in industrialised countries. Main reason 
for the low share of biomass applications in Europe (about 6 EJ in the EU-15) is their often-
high production costs, among others due to the relatively low availability of agricultural 
land. Therefore, in the short to medium term more efficient and cost effective routes for 
the introduction of biomass are needed. One of these routes may be the further develop-
ment of multi-functional biomass systems and the shift of biomass production to more fa-
vourable areas, for example, Central Eastern Europe. Multi-functional biomass systems 
use the concepts of ‘multi-product use’ and ‘cascading’. Multi-product use is defined as 
using biomass for different applications, while cascading is the subsequent use of biomass 
for a number of applications, i.e. materials, recycling of materials and energy recovery. 
Important parameters for the efficiency of multi-functional biomass systems are savings of 
non-renewable energy consumption, GHG (greenhouse gas) emission reduction, (agri-
cultural) land use and total costs of the system. However, only very few studies have ex-
plicitly addressed multi-functional biomass systems analysing these parameters quantita-
tively. Therefore, the central research question of this thesis is: What is the potential of multi-
functional biomass systems to improve the costs and the land use efficiency of saving non-renewable 
energy consumption and reducing GHG emissions in quantitative terms? Two main aspects play 
an important role in answering this central question. First, methodologies to account for 
costs, land use, GHG emissions and non-renewable energy consumptions need to be 
adapted for the evaluation of multi-functional biomass systems. Particularly, issues of 
allocation of environmental impacts and costs or system expansion, accounting for the 
time dimension and the integration of market price changes due to the large-scale intro-
duction of biomass systems deserve special attention. Second, the potential benefits de-
pend on the kind of biomass system regarded and the mechanism of this dependence have 
to be studied in order to identify promising multi-functional biomass systems.  
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In this thesis, the performance of multi-functional biomass systems with regard to GHG 
emissions, non-renewable energy consumption, agricultural land use and costs is quanti-
fied. This analysis is carried out by several case studies of multi-functional biomass sys-
tems that appeared to be promising from a first review. The case studies are situated in 
Europe and concentrate on Poland. In such a way the potential of biomass production in 
Central Eastern Europe can be investigated, because these states have (at present) large 
areas of agricultural land, potentially high to medium crop yields and comparably low 
costs of land and labour. 
 
Chapter 2 investigates the concept of multi-product crops. Multi-product crops, i.e. using a 
crop partially for energy and partially for material purposes, can possibly create additional 
incomes as well as additional GHG emission reductions. In this chapter, the benefits of 
multi-product crop systems in comparison to energy crop systems are investigated 
systems, focussed on the primary biomass fuel costs and GHG emission reductions per 
area of biomass production. For this analysis a case study approach is followed and the 
sensitivity of the results is investigated by means of a Monte-Carlo analysis. The multi-
product crops studied are wheat, hemp and poplar in the Netherlands and Poland. GHG 
emission reductions of these multi-product systems are found to be between 0.2 and 2.4 
Mg CO2eq per hectare per year in Poland and between 0.9 and 7.8 Mg CO2eq per hectare per 
year in the Netherlands, while primary biomass fuel costs range from –4.1 to –1.7 €/GJ in 
the Netherlands and from 0.1 to 9.8 €/GJ in Poland. Results show that the economic at-
tractiveness of multi-product crops depends strongly on material market prices, crop pro-
duction costs and crop yields. Net annual GHG emission reductions per hectare are influ-
enced strongly by the specific GHG emission reduction of material use, reference energy 
systems and GHG emissions of crop production. Multi-product use of crops can signifi-
cantly decrease primary biomass fuel costs. However, this does not apply in general, but 
depends on kind of crops and material uses. For the examples analysed here, net annual 
GHG emission reductions per hectare are not lowered by multi-product use. Conse-
quently, multi-product use of crops is not a priori an option to increase the performance of 
bioenergy systems.  
 
Chapter 3 has a twofold aim: (1) to select and develop a coherent methodological frame-
work for the comparison of different biomass cascading chains in terms of costs, land de-
mand and CO2 emission reductions and (2) to identify key parameters and issues that in-
fluence the efficiency of biomass cascading chains using the methodology developed. For 
the second purpose, the approach is applied to a case study. A number of cascading chains 
of short rotation poplar wood are compared to each other on basis of literature data. 
Results for these chains vary strongly, namely, from net benefits of CO2 mitigation of 200 
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€/Mg CO2 to net costs of CO2 mitigation of 2200 €/Mg CO2, and from net CO2 emission 
reductions per hectare of biomass production of 28 Mg CO2 per hectare per year to net CO2 
emissions of 8 Mg CO2 per hectare per year. Using a present-value approach to determine 
CO2 emissions and costs affects the performance of long-term cascading chains signifi-
cantly, i.e. cost and CO2 emission reduction are decreased. Throughout, cascading has the 
potential to improve both CO2 emission reduction per hectare and CO2 mitigation costs of 
biomass usage. However, this strongly depends on the biomass applications combined in 
the cascading chain. Parameters that significantly influence the results are market prices 
and gross energy requirements of substituted materials and energy carriers, and the effi-
ciency of biomass production. The method presented in this study is suitable to quantify 
land use, CO2 emission reduction and economic performance of biomass cascading sys-
tems, and highlights the possible impact of time on the attractiveness of specific cascading 
chains. 
 
Chapter 4 compares savings of non- renewable energy consumption and greenhouse gas 
(GHG) emission reductions of bio-based polymers with those of bioenergy on a per unit of 
agricultural land-use basis. In view of policy goals to increase the energy supply from 
biomass and current efforts to produce bio-based polymers in bulk, the amount of 
available land for the production of non-food crops could become a limitation. Hence, 
given the prominence of energy and greenhouse issues in current environmental policy, it 
is desirable to include land demand in the comparison of different biomass options. Over 
the past few years, numerous life-cycle assessment (LCA) studies have been prepared for 
different types of bio-based polymers, but only a few of these studies address the aspect of 
land use. Therefore, this chapter extends existing LCA studies by taking into account land 
requirements in the analysis of energy savings and GHG emission reductions. The results 
show that referring energy savings and GHG emission reduction of bio-based polymers to 
a unit of agricultural land, instead of to a unit of polymer produced, leads to a different 
ranking of options. If land use is chosen as the basis of comparison, natural fibre com-
posites and thermoplastic starch score better than bioenergy production from energy 
crops, whereas poly(lactides) score comparably well and poly (hydroxyalkaonates) score 
worse. If the use of agricultural residues for energy purposes is included, the en-
vironmental performance of bio-based polymers improves significantly. Moreover, it is 
very likely that higher production efficiencies will be achieved for bio-based polymers in 
the medium term. Bio-based polymers thus offer interesting opportunities to reduce the 
utilisation of non-renewable energy and to contribute to GHG emission mitigation in view 
of potentially scarce land resources. 
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Chapter 5 analyses the potential quantitative benefits of multi-functional bio-refinery sys-
tems with regard to GHG emission reductions, savings of non-renewable energy con-
sumption and costs in relation to production scale and market volumes. For this analysis a 
case study of bio-refinery systems for poly lactic acid (PLA) production is carried out. The 
systems include multi-functional use of biomass resources, i.e. use of agricultural residues 
for energy production, use of by-products, recycling, and waste-to-energy recovery. We 
evaluate the performance of these systems per kilogram of bio-based polymer produced 
and per hectare of biomass production. The evaluation is done using data of Poland as-
suming that biomass and PLA production is embedded in a European energy and material 
market. First, the performance of different bio-refinery systems is investigated by means of 
a bottom-up chain analysis. Second, an analysis is applied that derives market prices of 
products and land by means of the own-price elasticities. Thus, costs of the bio-refinery 
systems are determined depending on the demand of land and materials. It is found that 
all PLA bio-refinery systems considered lead to net savings of non-renewable energy con-
sumption of 70 to 220 GJ per hectare per year and to net GHG emission reductions of 3 to 
17 Mg CO2eq per hectare per year. Most PLA bio-refinery systems considered in this study 
lead to net costs of the overall system of up to 4600 € per hectare per year. On the contrary, 
PLA production from short rotation wood leads to net benefits of about 1100 € per hectare 
per year if a high amount of a high-value product, i.e. synthetic fibres, is produced. Multi-
functionality is necessary to ensure the viability of PLA bio-refinery systems from biomass 
with regard to energy savings and GHG emission reduction. However, with regard to 
costs, the multi-functional use of biomass does not contribute much to overall incomes. 
Own-price elasticity of the demand for materials influences the overall costs of the bio-re-
finery system strongly. The own-price elasticity of land demand could become important 
if biomass systems are introduced on a large scale. 
 
Chapter 6 evaluates the possible influences of the large-scale introduction of biomass mate-
rial and energy systems and their market volumes on land, material and energy market 
prices and their feedback to GHG emission mitigation costs. GHG emission mitigation 
supply curves for large-scale biomass use are compiled using a methodology that com-
bines a bottom-up analysis of biomass applications, biomass cost supply curves and mar-
ket prices of land, bio-materials and bioenergy carriers. These market prices depend on the 
scale of biomass use and the market volume of materials and energy carriers and are esti-
mated using own-price elasticities of demand. The methodology is demonstrated for a 
case study of Poland in the year 2015. The case study applies different scenarios on eco-
nomic development and trade in Europe that impact biomass supply and markets of land, 
materials and energy carriers. For the key technologies considered, i.e. medium density 
fibreboard, poly lactic acid, electricity and methanol production, and for the scenarios 
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investigated in this chapter, GHG emission mitigation costs increase strongly with the 
scale of biomass production. It is found that the influence of a large-scale introduction on 
the development of biomass supply costs and market prices of land, materials and energy 
carriers, reduces the GHG emission reduction potential at costs below 50 €/Mg CO2eq with 
about 13—70% depending on the different scenarios. Bio-material production accounts for 
only a small part of the total GHG emission mitigation potential at low costs. This is due to 
relatively small material markets, that lead to a strong decrease of market prices of bio-
materials at large scale of production. GHG emission mitigation costs depend strongly on 
biomass supply curves, own-price elasticity of land and market volumes of bioenergy 
carriers. Our analysis shows that these effects should be taken into account for the devel-
opment of strategies to implement the use of biomass. However, literature estimates of 
own-price elasticities are highly uncertain and market volumes of biomass applications 
depend on the competitiveness of the applications. To counteract these uncertainties, a 
combination of a bottom-up analysis with an analysis of market effects is recommended.  
 
Summarising, we have analysed various multi-functional biomass systems and their po-
tential benefits with regard to GHG emission reduction, energy savings, land use and 
costs. Results for the different systems vary considerable from plain benefits to no distinct 
advantage of multi-functional biomass use. The benefits of multi-functional biomass 
systems are influenced by many factors. These factors depend on the one hand on the type 
and structure of the biomass systems such as type of material or energy carrier produced 
or efficiency and costs of production. On the other hand, these factors depend on external 
circumstances, like market volumes and prices of materials or the CO2 intensity of 
reference systems.  
 
Most multi-functional biomass systems regarded in this thesis, however, increase the po-
tential benefits of biomass use in terms of costs, GHG emission reductions and agricultural 
land use. In comparison to single bioenergy systems, the multi-product systems investi-
gated in chapter 2, decrease primary biomass fuel costs by about 5 to more than 
 50 €/GJLHV in cases of very high-value material applications. (For comparison, primary 
biomass fuel costs of bioenergy systems are about 2—15 €/GJLHV, while coal prices are 
about 2 €/GJLHV.) With regard to GHG emission reductions, these multi-product systems 
lower the reductions with about 3—10 Mg CO2eq per hectare per year of biomass produc-
tion. The systems of cascading of short rotation wood that are analysed in chapter 3 show 
a very broad range of results. Due to cascading, the GHG emissions avoided alter by about 
–13 to 23 Mg CO2 per hectare per year and modify GHG mitigation costs by about –300 to 
2000 €/Mg CO2 compared to single energy use. For comparison, the use of short rotation 
wood for bio-electricity production results in avoided emissions of about 5 Mg CO2 per 
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hectare per year at costs of about 100 €/Mg CO2. The use of agricultural residues for 
energy production that is investigated in Chapter 4 increases the benefits of bio-based 
polymers production, i.e. GHG emission reductions increase by up to 15 Mg CO2eq per 
hectare per year. Finally, multi-functional biomass use in the PLA bio-refinery systems 
analysed in Chapter 5 leads to additional benefits of about 4-12 Mg CO2eq per hectare per 
year and 0-200 €/Mg biomass input.  
 
In addition, it can be concluded that within the structure of biomass systems, the main 
material application has the largest influence on the overall performance of multi-func-
tional biomass systems. Also, the utilisation of agricultural residues for energy production 
can significantly improve the performance of biomass systems. Of course, the evaluation 
of multi-functional biomass systems depends strongly on the alternative reference sys-
tems. The type of materials and energy carriers that are substituted and the waste man-
agement system have proven to be crucial for costs as well as for GHG emission reduc-
tions obtained for biomass systems.  
 
In the case of bio-materials that have a relatively long lifetime, time dimensions of  carbon 
storage in these materials can play an important role. For example, if time is considered by 
using a present value approach, net GHG emission reductions of cascading systems de-
crease. Also, market prices of land, materials and energy carriers influence the economic 
performance of multi-functional biomass systems strongly. Research in Chapter 6 indi-
cates that with a growing use of biomass for materials and energy, GHG emission mitiga-
tion costs of these options may increase. While many multi-functional biomass systems 
already have quite high GHG emission mitigation costs, the economic potential of these 
systems to mitigate GHG emissions might even be further limited by these market effects. 
This is especially the case for bio-materials that have comparably small markets. More-
over, it should be noted that market interactions can influence the type of reference mate-
rials and energy carriers, e.g. the type of fossil fuel, that are substituted.  
 
Also, methodological lessons can be learned from the analyses in this thesis. It can be con-
cluded that the inclusion of agricultural land use in the comparison of biomass systems 
may provide valuable insights in their ranking. Because often bio-based materials, for 
which land is used for their production, are substituted in the reference system, it is neces-
sary to account for this land use in the reference system as well. The approach used in this 
thesis, i.e. the assumption of alternative production of bioenergy on this land, is suitable 
for the comparison of biomass systems. However, an agreement on a standard methodol-
ogy how to deal with this issue in scientific research would be desirable. Also, a standard 
methodology needs to be developed for the inclusion of the time dimension in GHG emis-
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sion balances, because bio-material systems may store carbon for a relatively long time. 
Our analysis using a present-value approach shows the potentially large influence of the 
time dimension on the results. Finally, the scale of biomass production and use influences 
the costs of the system as well as GHG emission balances due to changes of prices and of 
substituted reference applications. The bottom-up analysis combined with a simple analy-
sis of land, material and energy demands presented in this thesis shows important trends 
for the dependency of biomass systems on the scale of biomass use.  
 
In conclusion, to use biomass efficiently in terms of GHG emission reduction, (agricul-
tural) land use and total costs of the system, multi-functional biomass systems can be an 
attractive option if carefully designed, depending on reference systems and land, material 
and energy markets. The best multi-functional biomass systems analysed in this thesis in-
crease the GHG emission reduction per unit of agricultural land used by a factor 5 com-
pared to single biomass uses and decrease the total systems costs by about the same factor. 
However, for the performance of biomass systems at a large scale of biomass use, the 
interactions of biomass use with land, material and energy markets need to be better 
understood. Therefore, further research on optimal biomass systems for GHG emission 
mitigation should combine bottom-up information of biomass system with knowledge on 
market mechanisms from top-down analyses.



 

 

Samenvatting en conclusies 
 
 
 

 
Biomassa kan een rol in de vermindering van broeikasgas-emissies spelen, zowel door 
conventionele materialen te substitueren als door bio-brandstoffen te leveren. In geïn-
dustrialiseerde landen wordt momenteel echter slechts weinig biomassa gebruikt voor 
deze toepassingen. Een belangrijke reden hiervoor is dat de productiekosten van bio-
massatoepassingen vaak hoog zijn, onder andere door de relatief lage beschikbaarheid van 
landbouwgrond. Voor de introductie van biomassa op de korte tot middellange termijn 
zijn dus efficiëntere en meer kosteneffectieve routes nodig. Deze routes kunnen de ont-
wikkeling van aantrekkelijke multifunctionele biomassasystemen en de verplaatsing van 
biomassaproductie naar gunstigere gebieden, b.v. Centraal-Oost-Europa, zijn. Multifunc-
tionele biomassasystemen behelzen de concepten ‘multiproductgebruik’ en ‘cascadering’. 
Multiproductgebruik wordt gedefinieerd als het gebruik van de geproduceerde biomassa 
voor verschillende toepassingen, terwijl cascadering het opeenvolgend gebruik van bio-
massa voor meerdere toepassingen is, dat wil zeggen, materialen, materiaalrecycling en 
het terugwinnen van energie. Belangrijke parameters voor de efficiency van multifunc-
tionele biomassasystemen zijn de besparing op niet-hernieuwbaar energiegebruik, de 
vermindering van broeikasgas-emissies, het gebruik van (landbouw-)grond en de totale 
kosten van het systeem. Slechts weinig onderzoekers hebben multifunctionele biomassa-
systemen op deze punten kwantitatief geanalyseerd. Daarom is de centrale onderzoeks-
vraag van dit proefschrift: wat is, kwantitatief het potentieel van multifunctionele biomassa-
systemen om de kosten en landgebruik-efficiency van de besparing op niet-hernieuwbare energie en 
de vermindering van broeikasgas-emissies te verbeteren? Twee aspecten spelen een belangrijke 
rol in het beantwoorden van deze centrale vraag. Ten eerste moeten methodes om kosten, 
landgebruik, broeikasgas-emissies en niet-hernieuwbaar energiegebruik te berekenen, 
worden aangepast voor de evaluatie van multifunctionele biomassasystemen. In het 
bijzonder verdienen vraagstukken van allocatie van millieuimpacts en kosten en systeem-
uitbreiding, van het meenemen van de tijdsdimensie in berekeningen, en van het meene-
men van marktprijsveranderingen door grootschalige introductie van biomassasystemen 
hierbij aandacht. Ten tweede hangen de potentiële voordelen van een multifunctioneel 
biomassasysteem af van het specifieke systeem in kwestie; om veelbelovende systemen te 
kunnen identificeren moeten de mechanismen van deze afhankelijkheid worden be-
studeerd.  
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In dit proefschrift worden broeikasgas-emissies, niet-hernieuwbaar energiegebruik, ge-
bruik van landbouwgrond en kosten van multifunctionele biomassasystemen gekwantifi-
ceerd. Hiervoor worden meerdere case studies van multifunctionele biomassasystemen 
die in eerste instantie veelbelovend lijken uitgevoerd. De case studies zijn gesitueerd in 
Europa en concentreren zich op Polen. Op deze manier kan het potentieel van biomassa-
productie in Centraal-Oost-Europa worden onderzocht, waar staten (momenteel) over 
grote hoeveelheden landbouwgrond beschikken, potentieel gemiddelde tot hoge gewas-
opbrengsten kunnen bereiken, en relatief lage kosten van land en arbeid kennen. 
 
Hoofdstuk 2 onderzoekt het concept van multiproductgebruik van landbouwgewassen, dat 
wil zeggen, het gedeeltelijk gebruiken van een gewas voor energieproductie en gedeelte-
lijk voor materiële toepassingen. Multiproductgebruik van gewassen kan wellicht tot toe-
gevoegde inkomsten leiden, evenals tot additionele verminderingen van broeikasgas-
emissies. In dit hoofdstuk worden de voordelen van multiproductsystemen boven enkel-
voudige bio-energiesystemen onderzocht. De efficiëntie van de multiproductsystemen 
wordt uitgedrukt in kosten van primaire bio-brandstoffen en in verminderingen van 
broeikasgas-emissies per hectare biomassaproductie. Deze analyse wordt door middel van 
een case study uitgevoerd, en de gevoeligheid van de resultaten wordt middels een 
Monte-Carlo analyse onderzocht. De beschouwde gewassen zijn tarwe, hennep en korte-
omloop populier. De multiproductsystemen worden voor Nederland en voor Polen on-
derzocht. De vermindering van broeikasgas-emissies van deze systemen bedraagt tussen 
0,2 en 2,4 Mg CO2eq per hectare per jaar in Polen en tussen 0,9 en 7,8 Mg CO2eq per hectare 
per jaar in Nederland. De kosten van primaire bio-brandstof voor deze systemen liggen 
tussen -4,1 en -1,7€/GJ in Nederland en tussen 0,1 en 9,8 €/GJ in Polen. De resultaten laten 
zien dat de economische aantrekkelijkheid van multiproductgewassen sterk van de 
marktprijzen van materialen, van de kosten van biomassaproductie en van de gewasop-
brengsten afhangt. De netto vermindering van broeikasgas-emissies per hectare landge-
bruik per jaar wordt daarentegen sterk beïnvloed door de specifieke vermindering van 
broeikasgas-emissies van de materiaaltoepassing, van het referentie-energiesysteem en 
van de broeikasgas-emissies gedurende de biomassaproductie. Multiproductgebruik van 
gewassen kan de kosten van primaire bio-brandstoffen beduidend verminderen. Dit geldt 
echter niet algemeen, maar hangt af van het gewas en de materiaaltoepassing. De netto 
broeikasgas-emissie per hectare per jaar wordt door de toepassing van multiproduct-
gebruik niet verminderd in de systemen die in dit hoofdstuk geanalyseerd zijn. Derhalve 
is multiproductgebruik van gewassen niet a-priori een mogelijkheid om de prestaties van 
bio-energiesystemen te verbeteren. 
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Hoofdstuk 3 heeft een tweeledig doel: (1) het ontwikkelen van een coherent methodologisch 
kader voor het vergelijken van verschillende biomassa-cascade-systemen in termen van 
kosten, landgebruik en CO2-emissieverminderingen, en (2) het identificeren van belang-
rijke parameters en aspecten, die de efficiëntie van het cascadegebruik van biomassa beïn-
vloeden. Voor het tweede doeleinde wordt de in dit hoofdstuk ontwikkelde methode op 
een case study toegepast. Op basis van literatuurgegevens worden cascades voor hout van 
korte-omloop populier met elkaar vergeleken. De resultaten van deze cascades variëren 
sterk, namelijk, van een opbrengst voor de vermindering van CO2-emissies van 200 €/Mg 
CO2 tot kosten van 2200 €/Mg CO2, en van netto verminderingen van CO2-emissies van 28 
Mg CO2 tot netto toename van CO2-emissies van 8 Mg CO2 per hectare per jaar biomassa-
productie. De toepassing van een netto-contante-waarde methode om CO2-emissies en 
kosten te bepalen beïnvloedt de uitkomsten voor lange-termijn cascades aanzienlijk. In dit 
geval zijn de kosten en de CO2-emissiereductie lager. Dikwijls zijn cascades geschikt om 
zowel de vermindering van CO2-emissies per hectare gebruikte landbouwgrond van 
biomassagebruik te vergroten als de kosten van CO2-emissiereducties te verlagen. Dit 
hangt echter sterk af van de biomassatoepassingen die in de cascades gecombineerd wor-
den. Parameters die de resultaten sterk beïnvloeden zijn de marktprijzen en het gecumu-
leerde energiegebruik van de gesubstitueerde referentiematerialen en -energiedragers, en 
de efficiency van biomassaproductie. De onderzoeksmethode die in dit hoofdstuk wordt 
voorgesteld is geschikt om het landgebruik, de vermindering van CO2-emissies en de 
economische prestaties van biomassa-cascades te kwantificeren. Bovendien kan deze me-
thode worden gebruikt om de mogelijke effecten van de tijdsdimensie op de aantrekke-
lijkheid van specifieke cascades in beeld te brengen. 
 
Hoofdstuk 4 vergelijkt besparingen op het niet-hernieuwbaar energiegebruik en vermin-
deringen van broeikasgas-emissies voor de productie van kunststoffen uit biomassa met 
de productie van bio-energie voor hetzelfde doel op basis van het landgebruik. Gezien de 
politieke doelstelling om het gebruik van biomassa in de energievoorziening te verhogen 
en de huidige inspanningen om grootschalig kunststoffen uit biomassa te produceren, zou 
de hoeveelheid beschikbaar landbouwgrond voor de productie van non-food-gewassen 
een beperking kunnen gaan vormen. Vanwege het belang dat vraagstellingen rondom 
energie en broeikasgas-emissies in het huidige milieubeleid hebben, is het derhalve wense-
lijk om het gebruik van landbouwgrond in de vergelijking van verschillende biomassa-
systemen mee te nemen. In de afgelopen jaren zijn talrijke levenscyclus-analyses van 
kunststoffen uit biomassa uitgevoerd, maar slechts enkele van deze studies houden reke-
ning met landgebruik. Daarom breidt dit hoofdstuk bestaande levencyclusanalyses uit 
door landgebruik in de analyse van de besparing van energie en de vermindering van 
broeikasgas-emissies mee te nemen. De resultaten tonen dat een vergelijking van ener-
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giebesparingen en vermindering van broeikasgas-emissies van kunststoffen uit biomassa 
op basis van de hoeveelheid gebruikte landbouwgrond tot een andere rangorde leidt dan 
een vergelijking op basis van de hoeveelheid geproduceerde kunststof. Als landgebruik de 
basis van de vergelijking is, presteren de productie van natuurvezel-composieten en ther-
moplastisch zetmeel beter dan de productie van bio-energie uit energiegewassen, terwijl 
de productie van polymelkzuur vergelijkbaar en de productie van polyhydroxyalkaonaten 
slechter presteren. Indien het gebruik van landbouwresiduen voor energieproductie in de 
analyse wordt meegenomen, verbeteren de energiebesparingen en de CO2-emissiereduc-
ties van de kunststoffen uit biomassa sterk. Bovendien lijkt het waarschijnlijk dat de pro-
ductie van kunststoffen uit biomassa op de middellange termijn nog efficiënter zal wor-
den. De productie van kunststoffen uit biomassa biedt dus, gezien de mogelijk geringe 
beschikbaarheid van landbouwgrond, interessante mogelijkheden om aan de vermin-
dering van het gebruik van niet-hernieuwbare energiedragers en de vermindering van 
CO2-emissies bij te dragen.  
 
Hoofdstuk 5 analyseert de potentiële kwantitatieve voordelen van multifunctionele bio-
raffinaderij-systemen met betrekking tot de vermindering van broeikasgas-emissies, be-
sparingen op het niet-hernieuwbaar energiegebruik en de verlaging van kosten. Tevens 
wordt de afhankelijkheid van deze voordelen van de schaal van productie en van markt-
volumes onderzocht. Voor dit onderzoek wordt een case study van bioraffinaderijsyste-
men voor polymelkzuurproductie uitgevoerd. De systemen behelzen een multifunctioneel 
gebruik van biomassa, dat wil zeggen, gebruik van landbouwresiduen voor energie-
opwekking, gebruik van bijproducten, recycling, en herwinning van energie uit afval. De 
prestaties van deze systemen worden per kilogram geproduceerd polymelkzuur en per 
hectare biomassaproductie geëvalueerd. De berekeningen zijn gebaseerd op gegevens van 
Polen, onder de aanname dat zowel biomassa- als polymelkzuurproductie in een Europese 
energie- en materiaalmarkt zijn ingebed. Eerst worden de prestaties van de verschillende 
bioraffinaderijsystemen middels een ketenanalyse bottom-up onderzocht. Vervolgens 
worden marktprijzen van polymelkzuurproducten, bijproducten en land met behulp van 
de prijselasticiteit afgeleid van de productiecapaciteit. Aldus worden de kosten van de 
bioraffinaderijsystemen bepaald, gerelateerd aan de vraag naar landbouwgrond en ma-
terialen. Alle in dit hoofdstuk beschouwde bioraffinaderijsystemen voor polymelkzuur-
productie leiden tot netto besparingen op het gebruik van niet-hernieuwbare energiedra-
gers van 70 tot 220 GJ per hectare per jaar en tot netto verminderingen van broeikasgas-
emissies van 3 tot 17 Mg CO2eq per hectare per jaar. De meeste beschouwde bioraffina-
derijsystemen resulteren in netto kosten van het totale systeem oplopend tot 4600 € per 
hectare per jaar. Daarentegen leidt polymelkzuurproductie uit korte-omloop hout tot een 
netto winst van ca. 1100 € per hectare per jaar mits een hoogwaardige product, in dit geval 
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kunstvezel, een groot aandeel van de productie uitmaakt. Multifunctionaliteit is nood-
zakelijk om energiebesparing en vermindering van broeikasgas-emissies van bioraffina-
derijsystemen voor polymelkzuurproductie te waarborgen. Echter, aan de vermindering 
van kosten draagt het multifunctioneel gebruik van biomassa nauwelijks bij. De prijselas-
ticiteit van materialen beïnvloedt de kosten van bioraffinaderijsystemen sterk. De prijs-
elasticiteit van land zou een belangrijke rol kunnen spelen als biomassasystemen op grote 
schaal worden geïntroduceerd. 
 
Hoofdstuk 6 evalueert de mogelijke invloed van grootschalige introductie van biomassa-
materiaal- en -energiesystemen en hun marktvolumes op marktprijzen van land, materiaal 
en energie. Ook wordt de terugkoppeling van deze effecten naar de kosten van broeikas-
gas-emissiereductie beoordeeld. In dit hoofdstuk worden daartoe kosten-aanbod-curves 
voor broeikasgas-emissiereductie opgezet voor biomassagebruik op grote schaal. Dit 
wordt gedaan middels een methode die een bottom-up analyse van biomassatoepassin-
gen, biomassa-aanbod-curves, en marktprijzen van land, biomaterialen en bio-energie-
dragers combineert. Deze marktprijzen hangen af van de schaal van het biomassagebruik 
en van het marktvolume van materialen en energiedragers en ze worden geschat met be-
hulp van prijselasticiteiten. De methode wordt gedemonstreerd door middel van een case 
study gericht op Polen met als zichtjaar 2015. In deze case study wordt gebruik gemaakt 
van verschillende scenario's voor economische ontwikkeling en handel in Europa die het 
aanbod van biomassa en de markten van land, materialen en energiedragers beïnvloeden. 
De beschouwde technologieën zijn de productie van vezelplaat, polymelkzuur, elektrici-
teit en methanol. Voor deze technologieën geldt dat in de scenario's de kosten van broei-
kasgas-emissiereducties sterk met de schaal van biomassaproductie stijgen. Er is gevon-
den, dat de invloed van een grootschalige introductie van het gebruik van biomassa op de 
aanbodkosten van biomassa en de marktprijzen van land, materiaal en energiedragers het 
potentieel van de vermindering van broeikasgas-emissies bij kosten onder 50 €/Mg CO2eq 
met ca. 13-70% verlagen, afhankelijk van de verschillende scenario's. De productie van 
biomateriaal blijkt slechts weinig bij te dragen tot goedkope vermindering van broeikas-
gas-emissies. Dit is toe te schrijven aan de tamelijk kleine materiaalmarkten, die zorgen 
voor een sterke prijsdaling van biomaterialen bij grootschalige productie. De kosten van 
broeikasgas-emissiereductie hangen sterk van de biomassa-aanbod-curves, de prijselasti-
citeit van land en de marktvolumes van bio-energiedragers af. Onze analyse toont aan dat 
met dergelijke effecten rekening moet worden gehouden bij het ontwikkelen van stra-
tegiën voor implementatie van biomassagebruik. De schattingen van prijselasticiteiten in 
de wetenschappelijke literatuur zijn echter onzeker, en marktvolumes van biomassatoe-
passingen hangen af van hun concurerend vermogen. Om deze onzekerheden het hoofd te 
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bieden wordt een combinatie van een bottom-up analyse met een analyse van markten 
geadviseerd. 
 
Samenvattend: we hebben diverse multifunctionele biomassasystemen en hun potentiële 
voordelen met betrekking tot vermindering van broeikasgas-emissie, besparingen op het 
gebruik van niet-hernieuwbare energiedragers, landgebruik en systeemkosten geanaly-
seerd. De resultaten voor de verschillende systemen variëren aanzienlijk, van geen tot 
duidelijke voordelen van multifunctioneel biomassagebruik. De efficiëntie van multi-
functionele biomassasystemen wordt door vele factoren beïnvloed. Enerzijds hangen deze 
factoren af van de structuur van het biomassasysteem, zoals het soort geproduceerde ma-
teriaal en energiedrager, of de efficiëntie en de kosten van de productie. Anderzijds han-
gen deze factoren ook af van externe omstandigheden, zoals marktvolumes en prijzen van 
materialen, of de CO2-intensiteit van het referentiesysteem. 
 
De meeste multifunctionele biomassasystemen die wij beschouwd hebben verhogen echter 
de efficiëntie van biomassagebruik voor wat betreft kosten, vermindering van broeikas-
gas-emissies en landbouwgrondgebruik. In vergelijking met bio-energieproductie vermin-
deren de multiproductsystemen die onderzocht zijn in hoofdstuk 2 de primaire kosten van 
bio-brandstof met ongeveer 5 tot ruim 50 €/GJLHV, waarbij de grootste vermindering al-
leen bereikt wordt met een zeer hoogwaardige materiële toepassing (ter vergelijking: de 
primaire kosten van bio-brandstof in de bio-energiesystemen zijn ca. 2—15 €/GJLHV, ter-
wijl de prijzen voor steenkool ca. 2 €/GJLHV zijn). Voor wat betreft broeikasgas-emissies 
verlagen deze multiproductsystemen de reductie daarvan  met 3—10 Mg CO2eq per hec-
tare per jaar biomassateelt. De resultaten betreffende de cascades van korte-omloop hout 
die in hoofdstuk 3 onderzocht zijn hebben een grote bandbreedte. Door cascadering veran-
deren, in vergelijking met bio-energieproductie, de vermeden broeikasgas-emissies met ca. 
-13 tot 23 Mg CO2 per hectare per jaar, en de kosten van broeikasgas-emissiereducties met 
ca. -300 tot 2000 €/Mg CO2. Ter vergelijking: het gebruik van korte-omloop hout voor bio-
elektriciteitsproductie resulteert in vermeden emissies van ca. 5 Mg CO2 per hectare per 
jaar en in kosten van ongeveer 100 €/Mg CO2. Het gebruik van landbouwresiduen voor 
energieproductie, zoals onderzocht in hoofdstuk 4, verhoogt de efficiëntie van de pro-
ductie van kunststof uit biomassa. Dat wil zeggen, de vermindering van broeikasgas-emis-
sies stijgt met waarden tot 15 Mg CO2eq per hectare per jaar. Tot slot leidt multifunctioneel 
biomassagebruik in de bioraffinaderijsystemen voor polymelkzuurproductie, zoals geana-
lyseerd in hoofdstuk 5, tot een efficiëntieverhoging van 4-12 MgCO2eq per hectare per jaar 
en 0-200 €/Mg biomassa input.  
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Daarnaast kan geconcludeerd worden dat binnen de structuur van biomassasystemen de 
materiële hoofdtoepassing de grootste invloed op de prestaties van multifunctionele bio-
massasystemen heeft. Bovendien kan het gebruik van landbouwresiduen voor energiepro-
ductie de prestaties van biomassasystemen beduidend verbeteren. De waardering van 
multifunctionele biomassasystemen hangt uiteraard sterk af van de referentiesystemen. 
Het soort materiaal en energiedrager dat wordt gesubstitueerd en het afvalverwerkings-
systeem blijken essentieel, zowel voor de kosten als voor de vermindering van broeikas-
gas-emissies van biomassasystemen.  
 
In het geval van biomaterialen met een relatief lange levensduur kan de tijdsdimensie van 
de koolstofopslag in deze materialen een belangrijke rol spelen. Wanneer bijvoorbeeld tijd 
middels een netto-contante-waardemethode in de berekeningen meegenomen wordt, 
verminderen de netto broeikasgas-emissiereducties van biomassacascades. Ook beïnvloe-
den de marktprijzen van land, materialen en energiedragers de economische prestaties 
van multifunctionele biomassasystemen sterk. Het onderzoek in hoofdstuk 6 wijst aan dat 
met een toenemend gebruik van biomassa voor materialen en energie, de kosten van deze 
opties voor broeikasgas-emissiereductie kunnen stijgen. Omdat veel multifunctionele bio-
massasystemen toch al tamelijk hoge kosten voor broeikasgas-emissiereductie met zich 
meebrengen, zou daardoor het economische potentieel van deze systemen om broeikas-
gas-emissies te verminderen verder worden beperkt. Dit geldt vooral voor biomaterialen 
met relatief kleine markten. Voorts moet worden opgemerkt dat marktmechanismen de 
soorten referentietoepassingen die worden gesubstitueerd kunnen beïnvloeden (bijvoor-
beeld, de soort fossiele energiedrager). 
 
Uit de analyses in dit proefschrift kunnen ook methodologische lessen worden getrokken. 
Er kan worden geconcludeerd dat het meenemen van landbouwgrondgebruik in de ver-
gelijking van biomassasystemen waardevolle inzichten in de rangschikking van deze 
systemen op hun effectiviteit kan verschaffen. Omdat vaak biomaterialen, waarvoor voor 
de productie land gebruikt wordt, gesubstitueerd worden in het referentiesysteem, is het 
noodzakelijk ook in het referentiesysteem dit landgebruik in rekening te brengen. De be-
nadering die in dit proefschrift wordt gehanteerd, dat wil zeggen, de aanname dat op dat 
land anders biomassa voor energie-opwekking geproduceerd zou worden, is geschikt om 
een vergelijking van biomassasystemen mogelijk te maken. Evenwel zou overeenstem-
ming in de wetenschap over een standaardmethodologie voor het omgaan met dit pro-
bleem wenselijk zijn. Ook zou er een standaardmethodologie ontwikkeld moeten worden 
voor het meenemen van de tijdsdimensie in de berekening van broeikasgas-emissiebalan-
sen, omdat biomateriaalsystemen koolstof relatief lang kunnen opslaan. Onze analyse, die 
een netto-contante-waardemethode gebruikt, toont de potentieel grote invloed van de tijd 
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op de resultaten aan. Tenslotte beïnvloedt de schaal van biomassaproductie en -gebruik 
zowel de kosten als de broeikasgas-emissiebalans van biomassasystemen. Dit is toe te 
schrijven aan veranderingen van prijzen en van gesubstitueerde referentietoepassingen. 
De combinatie van een bottom-up analyse en een eenvoudige analyse van de vraag naar 
land-, materiaal- en energie die in dit proefschrift wordt voorgesteld, toont belangrijke 
strekkingen van de afhankelijkheid van biomassasysteemkosten van de schaal van bio-
massagebruik. 
 
Ter conclusie: mits zorgvuldig ontworpen, rekening houdend met referentiesystemen en 
met land-, materiaal- en energiemarkten, zijn multifunctionele biomassasystemen een 
goede keuze om biomassa efficiënt te gebruiken voor wat betreft de vermindering van 
broeikasgas-emissies, gebruik van (landbouw-)grond en totale systeemkosten. De beste 
multifunctionele biomassasystemen die in dit proefschrift zijn onderzocht, verhogen de 
broeikasgas-emissiereductie per eenheid gebruikte landbouwgrond met een factor vijf in 
vergelijking met enkelvoudig gebruik van biomassa, en verlagen de totale systeemkosten 
eveneens met een factor vijf. Nochtans, voor de evaluatie van (multifunctionele) biomassa-
systemen bij grootschalig biomassagebruik moeten de interacties tussen biomassagebruik 
en land-, materiaal- en energiemarkten beter begrepen worden. Daarom zou verder onder-
zoek naar optimale biomassasystemen voor vermindering van broeikasgas-emissies 
bottom-up informatie over complexe biomassasysteem moeten combineren met kennis 
van marktmechanismen uit top-down analyses. 
.



 

 

Zusammenfassung und Schlussfolgerungen 
 
 
 

Biomasse kann einen Beitrag zur Vermeidung von Treibhausgas (THG) -Emissionen 
leisten, indem entweder herkömmliche Materialien ersetzt oder Biobrennstoffe zur Verfü-
gung gestellt werden. In industrialisierten Ländern wird gegenwärtig jedoch nur wenig 
Biomasse für derartige Zwecke genutzt. Eine Hauptursache für diesen geringen Anteil 
von Biomassenutzungen in Europa sind ihre oft hohen Produktionskosten, welche u.a. auf 
die verhältnismäßig geringe Verfügbarkeit landwirtschaftlicher Flächen zurückzuführen 
ist. Kurz- bis mittelfristig werden daher effizientere und kostengünstigere Alternativen 
zur Einführung der Biomassenutzung benötigt. Solche Alternativen könnten die weitere 
Entwicklung multifunktionaler Biomassesysteme sowie die Verlagerung der Biomasse-
produktion in vorteilhaftere Gebiete, z.B. Osteuropa, sein. Multifunktionale Biomasse-
systeme umfassen die Konzepte der “Mehrfachproduktnutzung“ und der “Kaskadie-
rung”. Die Definition von Mehrfachproduktnutzung ist die Verwendung  einer Biomasse-
ressource für verschiedene Zwecke, während Kaskadierung die aufeinander folgende 
Nutzung von Biomasse für mehrere Zwecke, d.h. Materialien, Materialrecycling und 
Energierückgewinnung, beinhalten. Wichtige Indikatoren für die Effizienz multifunk-
tionaler Biomassesysteme sind die Einsparung nicht erneuerbarer Energie, die Vermei-
dung von THG-Emissionen, der Bedarf an (landwirtschaftlicher) Fläche und die Gesamt-
kosten des Systems. Bisher haben jedoch nur wenige Studien zu multifunktionalen Bio-
massesystemen diese Parameter quantitativ analysiert. Die zentrale Frage dieser Disserta-
tion lautet daher: Wie groß ist das Potential multifunktionaler Biomassesysteme zur Verringe-
rung der Kosten und zur Verbesserung der Flächennutzungseffizienz in Bezug auf sowohl die 
Einsparung nicht erneuerbarer Energien als auch die Verringerung von THG-Emissionen. Zwei 
Aspekte spielen eine wichtige Rolle bei der Beantwortung dieser Frage. Erstens ist es nötig 
die Methoden zur Berechnung von Kosten, Flächennutzung, THG-Emissionen und dem 
Verbrauch nicht erneuerbaren Energien den Erfordernissen der Bewertung multifunktio-
naler Biomassesysteme anzupassen. Insbesondere Herangehensweisen zur Allokation von 
Umwelteinflüsse und Kosten oder der Systemerweiterung, zur Einbeziehung der Zeitdi-
mension in die Berechnungen und zur Integration von Marktpreisveränderungen auf 
Grund der Einführung von Biomassesystemen in großem Maßstab verdienen besondere 
Aufmerksamkeit. Zweitens hängt der potenzielle Vorteil von der Art des betrachteten 
Biomassesystems ab. Um viel versprechende multifunktionale Biomassesysteme identifi-
zieren zu können, müssen daher die Mechanismen dieser Abhängigkeit untersucht 
werden. 
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In dieser Dissertation wird die Effizienz multifunktionaler Biomassesyteme hinsichtlich 
der THG-Emissionen, des Verbrauchs nicht erneuerbarer Energien, des Bedarfs an land-
wirtschaftlichen Flächen und der Kosten quantitativ bestimmt. Hierfür werden mehrere 
Fallstudien zu multifunktionalen Biomassesystemen, die in einer ersten Analyse viel vers-
prechend erschienen, ausgeführt. Die Fallstudien sind in Europa angesiedelt, wobei insbe-
sondere die Verhältnisse in Polen näher untersucht wurden. Auf diese Weise kann das 
Biomasseproduktionspotenzial in Osteuropa erforscht werden, wo die Staaten über 
(gegenwärtig) große landwirtschaftliche Gebiete, potenziell durchschnittliche bis hohe 
landwirtschaftliche Erträge und vergleichsweise geringe Landnutzungs- und Arbeits-
kosten verfügen. 
 
Kapitel 2 untersucht das Konzept der Mehrfachproduktnutzung landwirtschaftlicher Pflan-
zen, d.h. der teilweisen Nutzung einer Pflanze  als Energieträger und als Rohstoff für Ma-
terialien. Mehrfachproduktnutzung kann womöglich sowohl eine zusätzliche Einkom-
mensquelle darstellen als auch für weitere Verminderungen von THG-Emissionen sorgen. 
In diesem Kapitel werden die Vorteile von Mehrfachproduktsystemen gegenüber der aus-
schließlichen Produktion von Bioenergie analysiert. Die Effizienzen der Mehrfachprodukt-
systeme werden dargestellt als Kosten primärer Biobrennstoffe und THG-Emissionsre-
duktionen pro Hektar landwirtschaftlicher Nutzfläche. Für diese Analyse wird eine 
Fallstudie durchgeführt und mit einer Monte-Carlo-Analyse die Sensitivität der Ergebnis-
se untersucht. Die betrachteten Pflanzen sind Weizen, Hanf und Pappeln in Kurzumtriebs-
plantagen. Die Mehrfachproduktsysteme werden für die Niederlande und Polen unter-
sucht. Die Reduktion von THG-Emissionen dieser Mehrfachproduktnutzungssysteme 
betragen ca. 0,2 bis 2,4 Mg CO2-Äq per Hektar und Jahr in Polen und 0,9 bis 7,8 Mg CO2-Äq 
per Hektar und Jahr in den Niederlanden. Die Bereitstellungskosten primärer Biobrenn-
stoffe liegen zwischen 0,1 und 9,8 €/GJ in Polen und –4,1 und –1,7 €/GJ in den Nieder-
landen. Die Ergebnisse zeigen, dass der wirtschaftliche Vorteil von Mehrfachprodukt-
systemen stark von den Marktpreisen für Biomaterialien, den  Biomasseproduktionskos-
ten und den Biomasseerträgen abhängt. Die Nettoreduktion von THG-Emissionen per 
Hektar und Jahr wird dagegen durch die spezifische THG-Emissionsreduktion der Ma-
terialanwendung, das Referenzenergiesystem und die THG-Emissionen der landwirt-
schaftlichen Produktion stark beeinflusst. Die Mehrfachproduktnutzung landwirtschaftli-
cher Pflanzen kann die Kosten für primäre Biobrennstoffe deutlich verringern. Dies gilt 
jedoch nicht im Allgemeinen, sondern hängt von der Art der Pflanze und der Material-
nutzung ab. Durch die Mehrfachproduktnutzung ergibt sich keine Nettoreduktion der 
THG-Emissionen für die Biomassesysteme, die in diesem Kapitel betrachtet wurden. 
Demnach ist die Mehrfachproduktnutzung nicht von vorneherein geeignet um die Effi-
zienz von Bioenergiesystemen zu verbessern.  
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Kapitel 3 hat eine zweifache Zielsetzung: (1) die Auswahl und Entwicklung einer kohären-
ten Methode zum Vergleich von Biomassekaskaden im Hinblick auf den Flächenbedarf, 
die Potenziale zur Verminderung von CO2-Emissionen und die Gesamtkosten des Systems 
und (2) die Identifizierung wichtiger Parameter und Aspekte, die die Effizienz von Bio-
massekaskaden beeinflussen. Für letzteres wird die hier entwickelte Methode in einer Fall-
studie angewendet, in der verschiedene Kaskaden von Pappelholz aus Kurzumtriebs-
plantagen auf der Grundlage von Literaturdaten miteinander verglichen werden. Die Er-
gebnisse für die betrachteten Kaskaden variieren stark und reichen von Gewinnen für die 
CO2-Emissionsreduktion von 200 €/Mg CO2 zu Kosten für die CO2-Emissionsreduktion 
von 2200 €/Mg CO2, sowie von einer Nettoreduktion von CO2-Emissionen pro Hektar 
und Jahr Pappelanbau von 28 Mg CO2 zu Netto-CO2-Emissionen von 8 Mg CO2 pro Hektar 
und Jahr. Die Berechnung von CO2-Emissionen und Kosten mittels Kapitalwertmethode 
verändert die Ergebnisse für Langzeitkaskaden deutlich. In diesem Fall verringern sich die 
Kosten und nehmen die CO2-Emissionen zu. Im Allgemeinen kann Kaskadierung sowohl 
die CO2-Emissionsreduktion pro Hektar und Jahr Biomasseproduktion als auch die 
Kosten für diese CO2-Emissionsreduktion verbessern. Dies hängt jedoch von den Bio-
massenutzungen, die in der Kaskade kombiniert werden, ab. Parameter, die diese Ergeb-
nisse stark beeinflussen, sind die Marktpreise und der kumulierte Energiebedarf der 
substituierten Referenzmaterialien und –energieträger und die Effizienz der Biomassepro-
duktion. Die Methode, die in diesem Kapitel präsentiert wird, ist geeignet, um den Bedarf 
an landwirtschaftlicher Fläche, die CO2-Emissionsreduktion und die Gesamtkosten bzw. -
gewinne von Biomassekaskaden zu quantifizieren und hebt den möglichen Einfluss der 
Zeitdimension auf die Attraktivität einzelner Kaskaden hervor.  
 
Kapitel 4 vergleicht die Einsparung nicht erneuerbaren Energien und die Verminderung 
von THG-Emissionen der Produktion von Kunststoffen aus Biomasse mit der Produktion 
von Bioenergie auf der Basis des Flächenbedarfs. Angesichts der politischen Zielsetzungen 
zur Erhöhung des Einsatzes von Biomasse für die Energieversorgung und den gegenwär-
tigen Bemühungen Kunststoffe aus nachwachsenden Rohstoffen en gros zu produzieren, 
könnte die Verfügbarkeit landwirtschaftlicher Flächen für die Produktion von industriel-
len Nutzpflanzen zu einem limitierendem Faktor werden. Im Hinblick auf die Bedeutung, 
die der Energie- und THG-Problematik in der gegenwärtigen Umweltpolitik beigemessen 
wird, ist es wünschenswert, den Bedarf an landwirtschaftlicher Fläche in den Vergleich 
verschiedener Biomassenutzungen mit einzubeziehen. In den letzten Jahren sind zahl-
reiche Ökobilanzen für Kunststoffe aus Biomasse erstellt worden, von denen jedoch nur 
wenige die landwirtschaftliche Flächennutzung berücksichtigen. Deswegen werden in 
diesem Kapitel bestehende Ökobilanzen durch eine Analyse des Bedarfs an landwirt-
schaftlicher Fläche, bezogen auf die Einsparungen nicht erneuerbarer Energien und THG-
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Emissionsreduktionen, erweitert. Die Ergebnisse zeigen, dass die Vorzüglichkeit verschie-
dener Optionen der Produktion von Biokunststoffen bezüglich der Höhe der Energieein-
sparungen und THG-Emissionsreduktionen eine andere Rangfolge einnimmt wenn sie auf 
Basis des Bedarfs an landwirtschaflticher Fläche anstatt auf Basis einer Einheit produzier-
ten Kunststoffes verglichen werden. Mit dem Bedarf an landwirtschaftlicher Fläche als 
Grundlage des Vergleiches schneiden naturfaserverstärkte Kunststoffe und thermo-
plastische Stärke besser, Polymilchsäure vergleichbar und Polyhydroxyalkaonate schlech-
ter ab als die Produktion von Bioenergie. Wenn zusätzlich die bioenergetische Nutzung 
von Ernterückständen in die Analyse miteinbezogen wird, verbessern sich die Energieein-
sparungen und THG-Emissionsreduktionen der Biokunststoffe erheblich. Auch erscheint 
es wahrscheinlich, dass mittelfristig die Produktion von Kunststoffen aus Biomasse effi-
zienter wird. Daher bietet die Produktion von Kunststoffen aus Biomasse angesichts einer 
möglicherweise geringen Verfügbarkeit landwirtschaftlicher Flächen interessante Mög-
lichkeiten, um zur Verminderung des Verbrauchs nicht erneuerbarer Energien und zur 
Reduktion von THG-Emissionen beizutragen.  
 
Kapitel 5 analysiert die möglichen quantitativen Vorteile multifunktionaler Bioraffinerie-
systeme hinsichtlich der Einsparung an Energie, der Reduktion von THG-Emissionen und 
der Kosten. Ebenfalls wird die Abhängigkeit dieser Vorteile vom Produktionsumfang und 
Marktvolumen untersucht. Für diese Analyse wird eine Fallstudie von Bioraffineriesyste-
men zur Produktion von Polymilchsäure durchgeführt. Die Systeme beinhalten multi-
funktionale Nutzungen von Biomasseresourcen, d.h. die energetische Nutzung von 
Ernterückständen, die Nutzung von Nebenprodukten, Materialrecycling und Energierück-
gewinnung aus Abfall. Die Leistung dieser Systeme wird sowohl per Kilogramm Kunst-
stoffproduktion als auch per Hektar Biomasseproduktion betrachtet. Die Berechnungen 
werden auf der Grundlage von polnischen Daten und unter der Annahme, dass Biomasse- 
und Kunststoffproduktion in einem europäischen Energie- und Materialmarkt eingebettet 
sind, durchgeführt. Zuerst werden die Leistungen verschiedener Bioraffineriesysteme mit 
Hilfe einer Bottom-up-Analyse der einzelnen Prozessschritte untersucht. Darauf folgend 
werden die Marktpreise der Polymilchsäureprodukte, der Nebenprodukte und der land-
wirtschaftlichen Flächen, ausgehend von der Produktionskapazität, an Hand der Preis-
elastizität der Nachfrage bestimmt. Auf diese Weise werden die Kosten der Bioraffinerie-
systeme in Abhängigkeit von der Nachfrage nach landwirtschaftlicher Fläche und Ma-
terialien berechnet. Sämtliche Bioraffineriesysteme zur Produktion von Polymilchsäure 
führen zu Nettoeinsparungen des nicht erneuerbaren Energieverbrauchs von 70 bis 220 GJ 
pro Hektar und Jahr und zu Nettoreduktionen von THG-Emissionen von 3 bis  
17 Mg CO2-Äq pro Hektar und Jahr. Die meisten der untersuchten Bioraffineriesysteme 
resultieren in Nettokosten des Gesamtsystems von bis zu 4600 € pro Hektar und Jahr. Da-
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hingegen hat die Polymilchsäureproduktion aus Kurzumtriebsholz Nettogewinne des Ge-
samtsystems von ca. 1100 € pro Hektar und Jahr zur Folge, wenn eine relativ hochwertiges 
Produkt, in diesem Fall Kunstfasern, einen großen Anteil der Produktion einnimmt. Multi-
funktionalität ist notwendig, um Energieeinsparungen und THG-Emissionsreduktionen 
von Bioraffineriesystemen zur Produktion von Polymilchsäure zu gewährleisten. An der 
Verringerung der Kosten hat die multifunktionale Nutzung von Biomasseresourcen 
jedoch nur einen kleinen Anteil. Die Preiselastizität der Nachfrage nach Materialien beein-
flusst die Kosten der Bioraffineriesysteme stark. Die Preiselastizität der Nachfrage nach 
Land bekäme eine große Bedeutung, wenn Biomassesysteme in einem großen Umfang 
eingeführt würden.  
 
Kapitel 6 evaluiert den möglichen Einfluss der Einführung von Biomasse zur stofflichen 
und energetischen Nutzung in großem Umfang und ihrer Marktvolumen auf die Markt-
preise von Land, Material und Energie. Weiterhin wird die Rückkoppelung dieser Ein-
flüsse auf die Kosten der Verminderung von THG-Emissionen betrachtet. In diesem Ka-
pitel werden Angebotskurven von Kosten der Verminderung von THG-Emissionen für 
eine Nutzung von Biomasse im großem Maßstab aufgestellt Dies geschieht mit Hilfe einer 
Methode, die eine Bottom-up-Analyse von Biomassenutzungen, Angebotskurven von 
Biomassekosten und Marktpreise von landwirtschaftlichen Flächen, Biomaterialien und 
Bioenergie kombiniert. Letztere Marktpreise hängen von der Größenordung der Biomasse-
nutzung und vom Marktvolumen der Materialien und Energieträger ab und werden mit 
Hilfe Preiselastizitäten geschätzt. Die Methode wird für eine Fallstudie in Polen im Jahre 
2015 demonstriert. In dieser Fallstudie werden unterschiedliche Szenarien für die ökono-
mische Entwicklung und den Handel in Europa, die sowohl die Angebotskurven von Bio-
massekosten als auch die Land-, Material- und Energiemärkte beeinflussen, untersucht. 
Die Technologien, die in diesem Kapitel betrachtet werden, sind die Produktion von Holz-
faserplatten, Polymilchsäure, Elektrizität und Methanol. Für diese Technologien gilt, dass 
innerhalb der untersuchten Szenarien die Kosten von THG-Emissionsreduktionen stark 
mit dem Umfang der Biomasseproduktion ansteigen. Der Einfluss einer Einführung von 
Biomassenutzungen en gros, auf die Kosten des Biomasseangebots und die Marktpreise 
von Land, Material und Energieträgern, verringern das Potenzial zur Verminderung von 
THG-Emissionen unter Kosten von 50 €/Mg CO2-Äq um ca. 13-70% in den verschiedenen 
Szenarien. Die Produktion von Biomaterialien trägt nur geringfügig zum kostengünstigen 
Reduktionspotenzial von THG-Emissionen bei. Die Ursache hierfür ist der verhältnis-
mäßig kleine Umfang von Materialmärkten und die daraus folgende starke Abnahme der 
Marktpreise von Biomaterialien mit steigendem Produktionsumfang. Die Kosten der Re-
duktion von Treibhausgasemissionen hängen stark von den Angebotskurven von Bio-
masse, der Preiselastizität der Landnachfrage und den Marktvolumen von Bioenergieträ-
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gern ab. Unsere Analyse zeigt, dass diese Einflüsse bei der Entwicklung von Strategien zur 
Implementierung von Biomassenutzungen berücksichtigt werden sollten. Jedoch sind die 
Schätzwerte für Preiselastizitäten, welche  in der wissenschaftlichen Literatur vorhanden 
sind, unsicher und die Marktvolumen von Biomasseprodukten hängen von ihrer jeweili-
gen Wettbewerbsfähigkeit ab. Um diesen Ungewissheiten entgegenzuwirken, ist eine 
Kombination von einer Bottom-up Analyse mit einer Analyse von Märkten zu empfehlen. 
 
Zusammenfassend haben wir verschiedene multifunktionale Biomassesysteme und ihre 
potenziellen Vorteile hinsichtlich der Reduktion von THG-Emissionen, der Energieeinspa-
rungen, des Flächenbedarfs und der Kosten analysiert. Die Ergebnisse für die unterschied-
lichen Systeme variieren beträchtlich und reichen von keinen bis zu deutlichen Vorteilen 
multifunktioneller Biomassesysteme. Die Effizienz multifunktionaler Biomassesysteme 
wird durch viele Faktoren beeinflusst. Diese Faktoren hängen einerseits von der Struktur 
des Biomassesystems, z. B. von der Art der produzierten Materialien und Energieträger 
oder deren Effizienz und Kosten Produktion, und andererseits von äußeren Umständen, 
z.B. den Marktvolumen und Preisen von Materialien oder CO2-Intensitäten der Referenz-
systeme, ab. 
 
Die meisten multifunktionellen Biomassesysteme, die wir untersucht haben, erhöhen je-
doch die mögliche Effizienz der Nutzung von Biomasse in Bezug auf die Kosten, die Re-
duktion von THG-Emissionen und den Bedarf an landwirtschaftlicher Fläche. Im Ver-
gleich zur Produktion von Bioenergie verringern die Mehrfachproduktsysteme, die in Ka-
pitel 2 betrachtet werden, die Kosten von Primärbrennstoffen um 5 bis zu mehr als  
50 €/GJLHV, wobei die größten Kostenreduktionen nur mit einer sehr hochwertigen Mate-
rialanwendung erreicht werden. (Die Kosten von Primärbrennstoffen in Bioenergiesys-
temen liegen vergleichsweise bei ca. 2—15 €/GJLHV, während die Preise von Kohle bei ca. 
2 €/GJLHV liegen.) Hinsichtlich der THG-Emissionen vermindern diese Mehrfachprodukt-
systeme deren Reduktion um ca. 3-10 Mg CO2-Äq pro Hektar und Jahr Biomasseanbau. Die 
Resultate für die Kaskaden von Holz aus Kurzumtriebsplantagen, die in Kapitel 3 unter-
sucht werden, zeigen eine sehr große Bandbreite. Im Vergleich zur alleinigen Nutzung 
von Biomasse für die Energieproduktion verändern sich durch die Kaskadierung die 
verminderten THG-Emissionen um ca. -13 bis 23 Mg CO2 pro Hektar und Jahr und die 
Reduktionskosten von THG-Emissionen um ca. -300 bis 2000 €/Mg CO2. Im Vergleich 
dazu  führt die Nutzung von Holz aus Kurzumtriebsplantagen zur Elektrizitätsproduk-
tion zu einer Vermeidung von THG-Emissionen von ca. 5 Mg CO2-Äq pro Hektar und Jahr 
bei Kosten von ca. 100 €/Mg CO2. Die energetische Nutzung landwirtschaftlicher Rest-
stoffe, die in Kapitel 4 betrachtet wird, erhöht den Nutzen der Herstellung von Kunststof-
fen aus Biomasse, so erhöht sich die Reduktion von THG-Emissionen um ca. 15 Mg CO2-Äq 
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pro Hektar und Jahr. Schließlich führt die multifunktionale Biomassenutzung in Bioraffi-
neriesystemen zur Polymilchsäureproduktion, die in Kapitel 5 analysiert werden, zu 
Vorteilen von ca. 4-12 Mg CO2-Äq pro Hektar und Jahr und 0-200 €/Mg Biomasseinput ge-
genüber der nicht multifunktionalen Biomassenutzung.  
 
Weiterhin kann geschlossen werden, dass ausgehend von der Struktur der Biomassesyste-
me, die materielle Hauptanwendung den größten Einfluss auf die Effizienz multifunktio-
naler Biomassesysteme hat. Außerdem kann die energetische Nutzung landwirtschaft-
licher Reststoffe zur Energieproduktion die Effizienz der Biomassesysteme erheblich ver-
bessern. Die Bewertung multifunktionale Biomassesysteme hängt natürlich stark von den 
alternativen Referenzsystemen ab. Sowohl die Art der Materialien und Energieträger, die 
substituiert werden, als auch das Abfallwirtschaftssystem sind entscheidend für die durch 
Biomassesysteme entstandenen Kosten und erzielten THG-Emissionsreduktionen.  
 
Bei Biomaterialien mit einer verhältnismäßig langen Lebensdauer kann die Zeitdimension 
der temporären Speicherung von Kohlenstoff in diesen Materialien eine wichtige Rolle 
spielen. Wenn die Zeitdimension zum Beispiel durch die Anwendung einer Kapitalwert-
methode berücksichtigt wird, sinken die Nettoreduktionen von THG-Emissionen durch 
die Kaskadierung. Marktpreise von Land, Materialien und Energieträgern beeinflussen die 
ökonomische Effizienz von multifunktionalen Biomassesystemen ebenfalls stark. Die 
Analyse in Kapitel 6 deutet darauf hin, dass sich mit einer zunehmenden Verwendung 
von Biomasse für Materialien und Energie die Kosten von THG-Emissionsreduktionen 
erhöhen können. Während viele multifunktionale Biomassesysteme bereits recht hohe 
Reduktionskosten von THG-Emissionen mit sich mitbringen, könnte ihr ökonomisches 
Potenzial zur Reduktion von THG-Emissionen hierdurch zusätzlich eingeschränkt wer-
den. Dies gilt insbesondere für Biomaterialien, die durch vergleichsweise kleine Märkte 
charakterisiert sind. Außerdem sollte zur Kenntnis genommen werden, dass Marktmecha-
nismen auch die Art der substituierten Referenzmaterialien und –energieträger, z.B. die 
Art fossiler Brennstoffe, beeinflussen. 
 
Auch methodische Lektionen können aus den Analysen in dieser wissenschaftlichen Ar-
beit gelernt werden. Es kann geschlossen werden, dass die Einbeziehung der Nutzung 
landwirtschaflicher Flächen in den Vergleich von Biomassesystemen wertvolle Erkennt-
nisse über deren relative Vorzüglichkeit verschaffen kann. Da häufig Biomaterialien im 
Referenzsystem substituiert werden, ist es notwendig, auch die Landnutzung für deren 
Produktion im Referenzsystem zu berücksichtigen. Die Methode, die in dieser Dissertation 
verwendet wird, nämlich die Annahme, dass alternativ Biomasse für die Energieproduk-
tion auf diesen Flächen produziert wird, ist für den Vergleich von Biomassesystemen ge-
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eignet. Jedoch wäre ein Einvernehmen über eine standardisierte Methode, für den Um-
gang mit dieser Problemstellung, in der wissenschaftlichen Forschung wünschenswert. 
Auch ist die Entwicklung einer Standardmethode für die Einbeziehung der Zeitdimension 
in die Berechnung von THG-Emissionsbilanzen erforderlich, weil Biomaterialsysteme 
Kohlenstoff für verhältnismäßig lange Zeiträume speichern können. Unsere Analyse, die 
eine Kapitalwertmethode verwendet, zeigt den potenziell großen Einfluss der Zeitdimen-
sion auf die Ergebnisse. Schließlich beeinflusst die Größenordung der Biomasseproduk-
tion und –nutzung sowohl die Systemkosten als auch die THG-Emissionsbilanzen durch 
die Veränderung von Marktpreisen und Referenzsystemen. Die Kombination einer 
Bottom-up-Analyse mit einer einfachen Analyse der Nachfrage nach Land, Material und 
Energieträgern, wie sie in dieser Dissertation vorgestellt wird, zeigt bedeutende Tenden-
zen der Abhängigkeit von Biomassesystemen von der Größenordung der Biomasse-
nutzung. 
 
Abschließend kann geschlossen werden, dass multifunktionale Biomassesysteme eine gute 
Alternative sind um Biomasse effizient im Hinblick auf die Reduktion von THG-Emissio-
nen, den Bedarf an (landwirtschaftlicher) Fläche und die Gesamtkosten des Systems zu 
nutzen, sofern sie sorgfältig unter Berücksichtigung der Referenzsysteme und der Land-, 
Material- und Energiemärkten ausgewählt werden. Die besten der hier untersuchten 
multifunktionalen Biomassesysteme erhöhen die Reduktion von THG-Emissionen pro 
Einheit landwirtschaftlicher Fläche bis zu einem Faktor fünf verglichen mit einfachen 
Biomassenutzungen. Ebenfalls verringeren sie die Gesamtkosten der Biomassesystem um 
bis das Fünffache. Um jedoch (multifunktionale) Biomassesysteme für großangelegte 
Biomassenutzungen bewerten zu können, müssten die Wechselwirkungen zwischen der 
Biomassenutzung und den Land-, Material- und Energiemärkten besser verstanden 
werden. Weitergehende Untersuchungen über optimale Biomassesysteme für die Vermin-
derung von THG-Emissionen sollten daher Informationen aus Bottom-up-Analysen kom-
plexer Biomassesysteme mit Erkenntnissen über Marktmechanismen aus Top-down-
Analysen kombinieren. 
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