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Abstract

This report discusses optimal use of biomass in Western Europe for greenhouse gas emission
mitigation. The analysis is based on the MARKAL MATTER4.2 energy and materials systems
engineering model. The results show that biomass strategies can contribute up to 400 Mt CO,
equivalents of emission reduction in 2030. Biomass use for transportation fuels and feedstocks,
energy recovery from waste and afforestation seem the most promising options. Biomass use for
energy and materials will increase from 250 Mt in the base case to 600 Mt in case of 75% emis-
sion reduction in 2030. Based on the modelling results it is recommended to apply generic
pricing instruments, provide a long-term policy target to all market parties and avoid premature
technology selection.
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PREAMBLE

This report provides the background information and the results for the MARKAL MATTER4.2
model calculations that have been done in the framework of the BRED project. A draft version
of this report has been reviewed at an expert workshop in Brussels, 6-7 December 1999. The
general feeling regarding the draft report was that it contained a lot of useful information, but it
was not sufficiently accessible. On one hand, there was interest in more detail by some experts,
on the other hand there was a request for a more comprehensive report by policy makers. It is
virtually impossible to accommodate both wishes in one single report.

A two-way approach has been selected. On one hand, this report contains separate summaries
for separate target groups. The target groups are: policy makers, industry, farmers and forest in-
dustries and scientists. Each summary contains a reader’s guideline that indicates the most rele-
vant chapters for the specific target group in the opinion of the authors. Some examples have
been added to the discussion of the modelling results, but for a more comprehensive discussion
of the model structure and the model input data one is referred to the Internet
(http://www.ecn.nl/unit_bs/bred). On the other hand, papers focusing on specific target groups
are currently being written by the project team. This report can also be considered as a back-
ground document for these separate papers.
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SUMMARY FOR POLICY MAKERS

This report discusses the results of task 8 of the BRED project (Biomass for greenhouse gas
emission REDuction), funded by the European Commission, DG Research, in the framework of
the Environment and Climate Programme. The BRED project focuses on the optimal use of
Western European biomass for greenhouse gas emission mitigation on the long term. While the
European Kyoto target of 8% emission reduction in the period 2008-2012 will only have limited
impact, ambitious long-term emission reduction targets of 50-75% would have a much more
significant impact on the economy. This study analyses the impact of such ambitious long-term
policy targets.

The increased use of biomass as substitute for fossil energy and materials and the storage of
carbon in natural organic materials have been documented extensively in many earlier European
studies. This study adds a few elements to the existing body of knowledge. Regarding meth-
odological issues, biomass strategies are compared to other emission mitigation strategies on the
basis of discounted costs. Interactions of emission mitigation measures are considered explic-
itly. Technological change is considered explicitly. The competing land use for food and fodder
production is considered in detail. This combination of elements has not been considered in
many preceding studies. Regarding scope, this study considers afforestations, carbon storage in
soils and the production of materials on top of bioenergy applications. This is a much broader
scope than earlier studies that have mainly focused on bioenergy alone.

The results differ considerably from earlier studies. The results indicate a significant land use
for afforestations and limited energy and materials crops. Up to 30 Mha land can be made avail-
able for GHG policies. However, the results show that it is cost-effective to use three quarters of
this land for afforestation, because sufficient cost-effective biomass applications are lacking.
Wood recovery from forests can be increased by 30%. Depending on the GHG policy targets,
biomass use ranges from 200 Mt dry matter to 650 Mt dry matter. The more ambitious the emis-
sion mitigation targets, the higher is the biomass use. This biomass is used for transportation fu-
els and for feedstocks for plastics and other synthetic organic materials. Energy recovery from
waste is also relevant. Electricity production from clean biomass is not an attractive strategy be-
cause of the large number of cost-effective competing alternatives for emission mitigation in
this market.

The contribution to GHG emission mitigation is elaborated in Table S.1. The table shows that
the technical potential is significantly higher than the economic potential. The former one is
based on bottom-up estimates, the latter one is based on MARKAL MATTER 4.2 calculations.
The difference between both potentials is very significant. This difference can be attributed to
the consideration of competing land use options, the consideration of competing emission miti-
gation options and the consideration of interactions between emission mitigation options (e.g.
increased energy efficiency reduces the potential for emission reduction in energy supply). The
results show the importance of taking these factors into account. Neglecting these factors results
in an overestimation of the emission reduction potential by a factor three.

ECN-C--00-001 9



Table S.1 The relevance of biomass GHG strategies: techno-economic potentials, 2030

Strategy Technological potential’ Economic potential®
[Mt CO; eq] [Mt CO; eq]
Afforestation/soil carbon 180 150
Carbon storage in products 105 25
Energy substitution 400 100
Materials substitution 500 100
Energy recovery from waste 100 25
Total 1285 400

The economic biomass emission reduction potential of 400 Mt CO, equivalents still represents
9% of the 1990 emissions.

A number of cases have been analysed, based on a mix of different policy instruments. The re-
sults show that the selection of appropriate policy instruments is a decisive factor with regard to
the development of future biomass strategies. Pricing instruments seem more appropriate than
specific regulations, given the flexibility but uncertainties with regard to optimal technology
selection and biomass availability. Significant costs can be saved and significant efficiency
gains are possible in case the appropriate approach is selected. The gains can amount to 100 bil-
lion EURO and 500 Mt emission reduction in 2030. According to the model calculations the
optimal biomass use for energy and materials ranges from 250-350 Mt dry matter in the base
case up to 525-600 Mt at a penalty level of 200 EURO/t CO,.

Significant efforts have been put into the techno-economic characterisation of the technologies
that must be developed in order to develop biomass strategies successfully. The inventory
shows that significant technological progress is imminent in a number of biomass supply and
demand areas. However, a number of competing technologies are being developed simultane-
ously. In many cases it is uncertain as of yet which technology will be the best. For this reason it
is recommended to apply generic pricing policy instruments instead of regulations that prescribe
specific technologies. A clear and reliable long term policy target is recommended in order to
enable a timely industrial change to appropriate GHG extensive production tech-nologies.
Moreover the international carbon leakage problem must be solved before these policies can be
applied in practice.

Biomass strategies are influenced by many conflicting policy areas. In this case it involves GHG
policies, other environmental policies, agricultural policies and industry policies. For example
the European agricultural subsidy scheme, currently representing half of the annual budget, will
be significantly affected by GHG policies. If 20% of the agricultural land area would be affor-
ested, as the model calculations suggest, this would have major impacts on rural development,
especially in Southern Europe. Integrated policy development is recommended in order to pre-
vent undesirable side effects.

! Estimated on the basis of 10 Mha biomass crops, current reference system, not considering costs or interactions.
? Characterised by the GHG emission mitigation contribution at a permit price of 200 EUR/t CO,.
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SUMMARY FOR INDUSTRY

Greenhouse gas (GHG) emission mitigation is currently one of the main environmental policy
problems. While the actual dangers of climate change are still unclear as of yet, policies are cur-
rently being developed to reduce GHG emissions in order to decrease the risk of undesirable
environmental impacts on the long term. While the European Kyoto target of 8% emission re-
duction in the period 2008-2012 will only have limited impact, ambitious long-term emission
reduction targets of 50-75% would have a more serious impact. This study analyses the impact
of such ambitious long-term policy targets.

One possible group of strategies to reduce GHG emissions is based on the introduction of bio-
mass as a substitute for fossil energy carriers and materials. Bioenergy can be applied for heat-
ing, as a feedstock for transportation fuels and for electricity production. Biomass can also be
used for materials, e.g. the production of paper, for construction materials and as a feedstock for
plastics and other synthetic organic products.

A large number of studies exists that focus on biomass for GHG emission mitigation. However
the scope of these studies is limited: they do not consider costs and they do not account for al-
ternative emission mitigation options. In order to solve these shortcomings, a new method has
been developed. This method is based on an integrated energy and materials systems engineer-
ing model for Western Europe, called MARKAL MATTER 4.2.

The relevance of individual biomass strategies has been assessed. The potential is elaborated in
Table S.2. The column with technological potentials is based on bottom-up estimates, the col-
umn with economic potentials is based on MATTER model calculations. The results show a
considerable difference between the technological potentials and the economic potentials. En-
ergy and materials substitution together are of similar importance as carbon storage in new for-
ests and carbon storage in soils.

Table S.2 The relevance of biomass GHG strategies: techno-economic potentials, 2030

Strategy Technological potential® Economic potential®
[Mt CO, eq] [Mt CO, eq]
Afforestation/soil carbon 180 150
Carbon storage in products 105 25
Energy substitution 400 100
Materials substitution 500 100
Increased production efficiency 100 Pm
Energy recovery from waste 100 25
Recycling/reuse 100 Pm

Regarding bioenergy, the development of bio-transportation fuels seems a promising strategy
for GHG emission reduction. The production of ethanol and Ethyl Tertiary Butyl Ether (ETBE)
from lignocellulose biomass, as well as a new type of biodiesel based on Hydro Thermal Up-
grading (HTU) are promising technologies according to the model. However methanol and Di-
Methyl Ether (DME) come close to these promising technologies with regard to cost-
effectiveness. Fischer Tropsch biodiesel seems less attractive. Rapeseed Methyl Ester (RME)
and ethanol from sugar crops seems no viable long-term strategy because of the high costs of
the resources.

3 Estimated on the basis of 10 Mha biomass crops, current reference system, not considering costs or interactions.
* Characterised by the contribution at a permit price of 200 EUR/t CO,.
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Energy recovery from processing waste and energy recovery from post-consumer waste seems
also an attractive strategy. Gasification of black liquor and energy recovery from kitchen waste,
from waste wood and from waste paper can contribute significantly to emission reduction.

Regarding biomaterials, the introduction of biomass feedstocks as a substitute for fossil fuel
feedstocks for petrochemical products seems an attractive strategy. This introduction can be
based on a combination of flash pyrolysis technologies and fermentation technologies. The in-
troduction of more wood building materials and the introduction of paper packaging materials
seems of secondary importance.

However, any such ambitious emission mitigation target poses a danger of international trade
distortions. This is the first problem that must be solved before such comparatively costly emis-
sion mitigation strategies can be introduced. Moreover, because of the long life of industrial
capital equipment, the introduction of such strategies will require a period of decades. However
it seems appropriate to start R&D timely. In case the relevance of GHG emission mitigation in-
creases in the future, the industries that are prepared will benefit significantly and biomass can
pose an attractive business opportunity. Many technologies which have been identified in this
study are not yet applied on a commercial scale. It remains to see which technologies will suc-
ceed eventually and who will reap the benefits.
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SUMMARY FOR FARMERS AND FOREST INDUSTRIES

This study focuses on the long-term impact of significant greenhouse gas (GHG) emission re-
duction on the structure of the Western European economy. Agriculture and forestry are closely
linked to the natural carbon cycle, because atmospheric carbon is stored in forests and in agri-
cultural crops. Contrary to the combustion of fossil fuels such as coal, oil and natural gas, agri-
cultural and forestry products do not add to the global CO, emissions: the CO, emission in the
product life is the same as the initial CO, storage in living biomass. This feature can be used for
development of emission reduction strategies (called ‘biomass strategies’). The agricultural and
forestry sector can contribute significantly to emission reduction and can benefit significantly
from such environmentally friendly activities.

On one hand, the carbon pool in agriculture and forestry and their products can be increased.
Because of the carbon uptake from the atmosphere, CO, concentrations in the atmosphere will
be reduced. This net increase of the carbon pool can be booked as a reduction of CO, emissions.
This fact is the basis for ‘carbon storage’ strategies: carbon storage in afforestations (new forests
on formerly agricultural land), carbon storage in soils and carbon storage in an increasing prod-
uct volume in the economy.

On the other hand, agricultural products and forestry products can be used for substitution of
fossil fuels. These products can be used directly for substitution of fossil fuels and they can be
used for substitution of other materials. Because the production of other materials such as plas-
tics and steel requires significant amounts of fossil energy, this results indirectly also in a sig-
nificant emission reduction. Biomass can also be used in a cascade of applications: first as a
material, next as an energy carrier.

The application of these strategies is limited by the availability of land and it is limited by the
productivity of this land. The availability of agricultural land depends on the land requirements
for food and fodder production, which will remain the dominant agricultural land use type.

Biomass strategies must compete with a number of other emission reduction strategies. For ex-
ample in electricity production, biomass must compete with other renewable energy sources
such as wind energy, solar energy, etc.. Not only competition, but also interactions of emission
mitigation strategies must be considered for proper assessment. For example if the energy effi-
ciency of steel production improves, the emission reduction which can be achieved through
steel substitution decreases.

Competition exists for scarce biomass and land resources. Competition exists also between
biomass strategies and other non-biomass related emission reduction strategies. Moreover all
types of emission reduction options interact. Because of these reasons an integrated assessment
of GHG emission mitigation strategies is required, beyond the agriculture and forestry sector.
For this purpose a so-called energy and materials systems engineering model has been applied,
called MARKAL MATTER 4.2. This model covers the life cycle of all energy carriers and ma-
terials ‘from cradle to grave’ and selects emission reduction strategies on the basis of cost-
effectiveness. The model has been applied for the analysis of long term strategies for the period
2000-2050.

A detailed agricultural module has been added to the model, covering all types of land use, in-
cluding food and fodder. A significant effort has been put into the characterization of existing
and future productivity and costs of crops, short rotation forest plantations and afforestations, as
well as the conversion of these resources to energy carriers and materials. These ‘technology
data’ have been added to the existing database.

14 ECN-C--00-001



The results are shown in Table S.3. Biomass strategies are listed, and their contribution to emis-
sion mitigation is listed in two columns. The first column is based on back-of-the-envelope cal-
culations, the second column is based on the model calculations. The model calculations show
an emission reduction potential which is reduced compared to the first column, but which is still
very substantial. The total emission reduction potential is 400 Mt, which equals 9% of the 1990
emissions. Carbon storage in afforestations and soils dominates, followed by energy substitution
and materials substitution. The other strategies are of secondary importance from a GHG emis-
sion reduction point of view. The afforestations dominate in Southern European areas with low
quality soils.

Table S.3 The relevance of biomass GHG strategies: techno-economic potentials, 2030

Strategy Technological potential’ Economic potential®
[Mt CO; eq] [Mt CO, eq]

Afforestation/soil carbon 180 150

Carbon storage in products 105 25

Energy substitution 400 100

Materials substitution 500 100

Energy recovery from waste 100 25

The results show a significant change in land use. Between 25 Mha and 30 Mha, 17-20% of the
agricultural land, can be used for biomass strategies. However this land becomes only available
when high incentives like 200 EUR/t CO, are given. More than three quarters of this land is
used for afforestations, because there is no need for additional biomass use for energy or materi-
als substitution. This shows that biomass availability does not pose a main problem, but the
cost-effectiveness of energy and materials substitution does. Between 4 Mha and 10 Mha will
be used for energy and materials crops. The area depends on the GHG policy ambitions and the
policy instruments that are selected. This land is especially used for Eucalyptus plantations and
other perennial forest plantations and crop types. Such land use is different from the current an-
nual food and fodder crop rotations. It will require a major change of attitude in the agricultural
sector. This is a significant barrier for the implementation of any of these land use change
strategies.

The results indicate a switch to afforestation in Southern Europe, but only limited change of
land use in Middle Europe. This would imply a serious change of farming practices in Southern
Europe. This is typically the region where small scale, labour intensive farming still dominates.
It remains to see if such drastic changes are acceptable to society. Anyway such policies cannot
be implemented without accompanying social policy measures.

Regarding the application of biomass for energy and materials, transportation fuels and feed-
stocks for synthetic organic materials seem attractive. These new markets require co-operation
with the petrochemical industry and refineries, parties that are not accustomed to agricultural
practices. It is recommended to develop pilot projects of sufficient scale to establish such prac-
tices timely.

The value of land will increase significantly if GHG permit prices are introduced. This is bene-
ficial for land owners, but it will also result in an increase of the production costs in Europe.
Emission permit prices of 100 EUR/t and higher can seriously affect the competitive position of
the European agriculture and forestry industry, if foreign producers are not affected by similar
policies.

> Estimated on the basis of 10 Mha biomass crops, current reference system, not considering costs or interactions.
® Characterised by the contribution at a permit price of 200 EUR/t CO,.
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In conclusion, especially agriculture will be affected significantly by GHG policies. The land
requirements for GHG policies can result in a decreasing competitive position of the European
agricultural sector, if the wrong incentives are applied and accompanying policy measures are
lacking. The impacts of forestry are predominantly positive: the increasing quantity of wood
available from existing forests can be sold at attractive prices. The biomass contribution to GHG
emission mitigation is significant, representing 9% emission mitigation compared to 1990 lev-
els. This is significant contribution, but it is not the single solution to the GHG problem. The
contribution could increase further if large scale plantations and afforestations are introduced in

other world regions.
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SUMMARY FOR SCIENTISTS

This study focuses on the long term impact of significant greenhouse gas (GHG) emission re-
duction on the structure of the Western European economy. Agriculture and forestry are closely
linked to the natural carbon cycle, because atmospheric carbon is stored in forests and in agri-
cultural crops. Contrary to the combustion of fossil fuels such as coal, oil and natural gas, agri-
cultural and forestry products do not add to the global CO, emissions: the CO, emission in the
product life is the same as the initial CO, storage in living biomass. This feature can be used for
development of emission reduction strategies (called ‘biomass strategies’).

On one hand, the carbon pool in agriculture and forestry and their products can be increased.
Because of the carbon uptake from the atmosphere, CO, concentrations in the atmosphere will
be reduced. This net increase of the carbon pool can be booked as a reduction of CO, emissions.
This fact is the basis for ‘carbon storage’ strategies: carbon storage in afforestations (new forests
on formerly agricultural land), carbon storage in soils and carbon storage in an increasing prod-
uct volume in the economy.

On the other hand, agricultural products and forestry products can be used for substitution of
fossil fuels. These products can be used directly for substitution of fossil fuels and they can be
used for substitution of other materials. Because the production of other materials such as plas-
tics and steel requires significant amounts of fossil energy, this results indirectly also in a sig-
nificant emission reduction. Biomass can also be used in a cascade of applications: first as a
material, next as an energy carrier.

The application of these strategies is limited by the availability of land and it is limited by the
productivity of this land. The availability of agricultural land depends on the land requirements
for food and fodder production, which will remain the dominant agricultural land use type.

Biomass strategies must compete with a number of other emission reduction strategies. For ex-
ample in electricity production, biomass must compete with other renewable energy sources
such as wind energy, solar energy, etc.. Not only competition, but also interactions between
emission mitigation strategies must be considered for proper assessment. For example if the en-
ergy efficiency of steel production improves, the emission reduction which can be achieved
through steel substitution decreases.

Competition exists for scarce biomass and land resources. Competition exists also between
biomass strategies and other non-biomass related emission reduction strategies. Moreover all
types of emission reduction options interact. Because of these reasons an integrated assessment
of GHG emission mitigation strategies is required, beyond the agriculture and forestry sector.
For this purpose a so-called energy and materials systems engineering model has been applied,
called MARKAL MATTER 4.2. This model covers the life cycle of all energy carriers and ma-
terials ‘from cradle to grave’ and selects emission reduction strategies on the basis of cost-
effectiveness. The model has been applied for the analysis of long term strategies for the period
2000-2050.

A detailed agricultural module has been added to the model, covering all types of land use, in-
cluding food and fodder. A significant effort has been put into the characterisation of existing
and future productivity and costs of crops, short rotation forest plantations and afforestations,
and the conversion of these resources to energy carriers and materials. These ‘technology data’
have been added to the existing database.

ECN-C--00-001 17



The results are shown in Table S.4. Biomass strategies are listed, and their contribution to emis-
sion mitigation is listed in two columns. The first column is based on back-of-the-envelope cal-
culations, the second column is based on the model calculations. The model calculations show
an emission reduction potential which is reduced compared to the first column, but which is still
very substantial. The total emission reduction potential is 400 Mt, which equals 9% of the 1990
emissions. Carbon storage in afforestations and soils dominates, followed by energy and materi-
als substitution. The other strategies are of secondary importance from a GHG emission reduc-
tion point of view. The afforestations dominate in Southern European areas with low quality
soils.

Table S.4 The relevance of biomass GHG strategies: techno-economic potentials, 2030

Strategy Technological potential’ Economic potential®
[Mt CO, eq] [Mt CO, eq]

Afforestation/soil carbon 180 150

Carbon storage in products 105 25

Energy substitution 400 100

Materials substitution 500 100

Energy recovery from waste 100 25

The results differ significantly from earlier studies. The differences can be attributed to a num-
ber of distinct methodological features:

cost accounting,

cost discounting,

endogenisation of technological change,

endogenisation of co-production and market volumes,
endogenisation of life span capital equipment,

electricity load curve and heat demand load curve accounting,
consideration of competing emission reduction options,
consideration of afforestation,

consideration of materials strategies.

The bulk of the surplus agricultural land is used for afforestation. However this land becomes
only available in case high incentives of 200 EUR/t CO, are given. More than three quarters of
this land is used for afforestations, because there is no need for additional biomass use for en-
ergy substitution of materials substitution. This shows that biomass availability does not pose a
main problem, but the cost-effectiveness of energy and materials substitution does.

Regarding the application of biomass for energy and materials, transportation fuels and feed-
stocks for synthetic organic materials seem attractive. R&D conclusions on a more specific level
are limited by data quality, technology upscaling results and uncertainties regarding future poli-
cies. It is thus recommended to develop competing techniologies and decide at a later stage
which one is the most promising.

7 Estimated on the basis of 10 Mha, current reference system, not considering costs or interactions.
8 Characterised by the contribution at a permit price of 200 EUR/t CO,
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1. INTRODUCTION

1.1 The climate change policy issue

This study is a contribution to the problem of greenhouse gas (GHG) emission reduction. The
background and structure of the study will be discussed in this chapter. The global climate
change problem will be explained first of all. GHG emissions are at the root of the climate
change problem. A number of strategies have been proposed to reduce these emissions. Signifi-
cant GHG emission reduction will be both difficult and costly. As a consequence, it is worth-
while searching for new emission reduction strategies. A major part of the GHG emissions, es-
pecially a significant part of the carbon dioxide (CO,) emissions, can be reduced through
changes in energy and materials production and consumption. This study analyses to what ex-
tent biomass strategies can contribute to cost-effective GHG emission reduction on a West
European scale over the next few decades, and which technologies must be developed to
achieve such a reduction. The study has been funded by the European Commission, DG Re-
search, in the framework of the Environment and Climate programme and by the Netherlands
Energy Research Foundation ECN. This report is the product of task 8 of the BRED project: the
integrated model analysis.

The greenhouse effect is caused by atmospheric trace gases that permit incoming solar radiation
to reach the Earth’s surface unhindered, but restrict the outward flow of infrared radiation.
These atmospheric trace gases are referred to as greenhouse gases. They absorb and reradiate
this outgoing radiation, effectively storing some of the heat in the atmosphere, thus producing a
net warming of the surface. Greenhouse gases have always been important for the earth’s cli-
mate. Without this effect, the earth would be much colder. Mankind has added significant
amounts of greenhouse gases to the atmosphere since the start of the industrial revolution. The
concentration of these gases in the atmosphere has increased significantly over the past 100
years. For example the atmospheric concentration of CO, has increased by 30% since pre-
industrial times (i.e. since about 1750) (see p. 16 the Intergovernmental Panel on Climate
Change IPCC (Houghton et al, 1996). Because of the greenhouse effect, a rising greenhouse gas
concentration in the atmosphere could result in a significant increase in global mean surface air
temperature. The assumption is that this climate change will result in a number of detrimental
effects for humans and for the environment. Higher sea water levels, desertification of large re-
gions, and a decreased diversity of flora and fauna are examples of potential negative conse-
quences. In other regions, positive effects may occur such as an increased agricultural produc-
tion.

However, climate change effects have not been proven as yet, and the consequences of climate
change are even more uncertain. Research has shown an increase in the average global tem-
perature over the last 100 years. Global mean surface air temperature has increased by between
0.3 and 0.6°C since the late 19th century (according to IPCC: Houghton et al, 1996). However,
there is still no conclusive evidence that this temperature increase is the result of the increased
concentration of greenhouse gases. Especially the extent of the temperature increase that can be
attributed to the increased concentration of greenhouse gases is under debate. Moreover the
global mean surface temperature is only an indicator for climate change. Regional temperature
changes can differ substantially from the global mean value. The regional impacts on precipita-
tion and ecosystems are still not clear. This regional variability complicates the validation of
climate models and the validation of models of climate change consequences on the basis of
historical climate data. However, IPCC states that ‘the balance of evidence suggests a discerni-
ble human influence on global climate’ IPCC (Houghton et al., 1996).
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The majority of the scientists and many policy-makers agree that in order to reduce the risk of
significant climate change major emission reduction makes sense. In the spring of 1997 national
governments of 165 countries agreed to strive for greenhouse gas emission reduction. These ef-
forts are co-ordinated by the United Nations Framework Convention on Climate Change
(UNFCCC). This convention has been signed by all industrialised countries. The ultimate ob-
jective is ‘...stabilisation of greenhouse gas emissions at a level that would prevent dangerous
anthropogenic interference with the climate system. Such a level should be achieved within a
time frame sufficient to allow ecosystems to adapt naturally to climate change, to ensure that
food production is not threatened and to enable economic development to proceed in a sustain-
able manner’. In December 1997, a treaty was drafted regarding the reduction of West Euro-
pean, North American and Japanese emissions in the period 2008-2012 by 6-8%, compared to
the emissions in the reference year 1990 or 1995 (UNFCCC, 1997b). Such an emission reduc-
tion can have a significant impact on the economy. Because of this treaty and its economic con-
sequences, GHG emission mitigation is currently an important issue on the political agenda.

Six categories of GHG emissions are considered under the UNFCCC protocol signed in Kyoto
in December 1997:

carbon dioxide (CO,),

methane (CHy),

nitrous oxide (N,0),

perfluorocarbons (PFCs),

hydrofluorocarbons (HFCs),

sulphurhexafluoride (SFj).

The countries of the European Union (EU) agreed to an 8% reduction in their total emissions of
GHGs in the period 2008-2012, compared to the emissions in the reference year (i.e. 1990 for
CO,, CH4 and N,O; 1995 for PFCs, HFCs and SFs). Table 1.1 shows the emissions for the ref-
erence years.

Table 1.1 West European emissions of greenhouse gases in the reference year 1990 /1995 (CO,,
CH,, N>O based on (UNFCCC, 1997a); PFC, HFC and SFs based on (Gielen, Kout-
staal, Kram and Van Rooijen, 1998), additional data estimated in (UNFCCC, 1997c¢)

CO, CH,4 N,O PFC HFC SFs TOTAL Land area
1990 1990 1990 1995 1995 1995
[Mt CO,eq] [MtCOseq] [MtCO,eq] [MtCO,eq] [MtCO,eq] [MtCO;eq] [MtCO;eq] [1000 km]
Austria 62 12 4 0.0 0.3 1.3 80 83.9
Belgium 106 13 10 0.1 0.6 0.5 130 30.5
Denmark 52 9 11 0.0 1.0 0.4 73 43.1
Finland 53 5 6 0.0 0.1 0.1 64 338.1
France 378 63 56 0.7 1.9 0.5 500 544.0
Germany 1003 119 70 1.7 32 6.0 1203 357.0
Greece 84 9 5 0.7 1.0 0.4 100 132.0
Ireland 31 17 9 0.0 0.5 0.3 58 70.3
Italy 410 49 51 0.1 3.1 0.3 514 301.3
Luxembourg 13 0.5 0.2 0.0 0.1 0.1 14 2.7
Netherlands 161 27 20 24 6.7 1.5 219 41.5
Norway 36 9 5 1.4 0.2 0.6 52 3239
Portugal 45 17 4 0.0 0.9 0.4 67 92.4
Spain 208 46 29 45 6.5 0.2 294 506.0
Sweden 56 7 3 0.4 0.2 1.2 68 450.0
Switzerland 45 5 4 0.1 0.3 0.7 55 413
UK 580 93 63 0.6 154 0.7 753 244.1
Total 3323 500 350 12.7 42.0 15.2 4250 3602.1

The Kyoto Protocol can be considered as a first step towards GHG emission control. It is an in-
dication that some governments are willing to reduce emissions, in spite of potentially serious
economic consequences. However, further emission reductions are required in industrialised
countries beyond the Kyoto Protocol time horizon. The Kyoto negotiation result may even be a
mixed blessing because it can obscure the focus on significant emission reduction on the long
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term (Jacoby, Prinn and Schmalensee, 1998). It is still unclear as of yet if the Kyoto Protocol
will be ratified. This uncertainty however, is not relevant for this analysis. This study focuses on
the long term perspective for the first half of the 21 century. It will show how significant emis-
sion reductions can be achieved on the long term at acceptable costs.

1.2 The relation between the natural carbon cycle and GHG emissions

Biomass is produced by plants that fix CO, from the atmosphere. Renewable biomass is a CO,
neutral resource. Nowadays, biomass is the basis of many economic activities. Biomass can be
used for energy applications and for materials. Biomass represents currently approximately 13%
of the global primary energy use, mainly fuel wood in developing countries. Biomass is also
widely applied for building materials and materials such as paper. Apart from energy and mate-
rials, the production of food represents a very dominant part of the physical economy. For ex-
ample in Western Europe, food production represents a mass flow of approximately 1000 Mt
dry matter per year, compared to 165 Mt steel or 500 Mt oil. All these biomass based activities
constitute a sustainable and largely CO, neutral part of the economy, a fact which is often ne-
glected in the sustainability discussion.

Living biomass is an important carbon stock. The total global biomass carbon quantity is ap-
proximately 500-600 Gt C (equivalent to 1830-2200 Gt CO,). The bulk of this carbon (81%) is
stored in forests. Another 1200-1900 Gt C (equivalent to 4400-7000 Gt CO,) is stored in soil
carbon (Kohlmaier et al., 1998). Net emissions from changes in tropical land use account for 1.6
+ 1.0 Gt C per year (5.9 Gt CO,). Uptake by Northern Hemisphere forest regrowth accounts for
a net storage of 0.5 £ 0.5 Gt C per year (1.8 Gt CO,).

New forests on formerly agricultural soil and on degraded land can constitute an important
strategy for carbon storage. A global plantation program as proposed by Nilsson and
Schopthauser (Nilsson and Schopthauser, 1995) can result in 1 Gt C storage per year (3.7 Gt
CO, per year). However the carbon storage strategy for GHG emission mitigation must compete
with bioenergy and biomaterial strategies. This competition will be further elaborated in this
study.

These high global potential estimates for biomass related activities for GHG emission mitiga-
tion must be moderated for Western Europe. This region represents 2.4% of the global land area
(note the different country land areas in Table 1.1, an indicator of the relevance of countries to
European biomass strategies). Its population, approximately 350 million people, represents 7%
of the global population. The land area limits the potential for land intensive biomass strategies,
while the population poses additional limitations because of competing land use for food pro-
duction, production of materials such as paper and competing land use for buildings and infra-
structure. At the same time the Western European per capita GHG emissions are high: approxi-
mately 9% of the global GHG emissions arise in Western Europe (mid-1990’s figure).

Despite their limited potential, biomass strategies deserve special attention because of important
secondary benefits. Apart from GHG emission reduction, the introduction of biomass strategies
can enhance the sustainability of our economy and increase the European economic competi-
tiveness if the appropriate policy goals are set. Moreover, biomass production can sustain rural
communities that are currently threatened by reduction of European subsidies, overproduction
and market liberalisation.

Biomass constitutes the only renewable carbon source. Carbon is a vital element for our econ-
omy. The bulk of carbon is currently used as an energy carrier (in fossil fuels: gas, oil and coal).
Important quantities of carbon are used for engineering applications: in plastics, as a building
material, for paper, as chemical reduction agent in iron production, etc.. While the energy func-
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tion can largely be satisfied without carbon, the engineering applications require carbon input.
Biomass can play a very important role as a renewable carbon source in a sustainable economy.

1.3  Biomass GHG emission accounting in the framework of the Kyoto
Protocol

The definitions in the Kyoto Protocol have consequences for the relevance of biomass strategies
for GHG emission reduction. The definitions in the Kyoto Protocol regarding biomass are not
clear. A detailed analysis of possible interpretations is currently on its way in the IPCC special
report on forestry and land-use change, scheduled for May 2000 (Marland and Schlamadinger,
forthcoming). Only stock changes in forests (possibly including forest soils) caused by the di-
rect human activities afforestation, reforestation and deforestation, and taking place in the ‘first
commitment period’ (2008-2012) are of interest. Credits are limited to projects initiated since
1990. For actions taken as part of the ‘clean development mechanism’ (CDM) for developing
countries, banking of emission reductions is allowed from the year 2000 until 2008. CDM im-
plies that Annex 1 countries (that signed the UN Framework Convention on Climate Change
FCCC) can obtain from non-Annex 1 countries ‘certified emission rights’, which they can apply
to achieve compliance with their reduction commitments. The current definitions suggest that
certified emission reduction credits could be generated through prevention of deforestation in
tropical countries. This is a potential loophole in the protocol because the definition of the base-
line is not clear (Schmidt, 1998). However, this part of the biomass issues relating to the Kyoto
Protocol are not considered in this study which focuses on Western Europe. More important for
this study is that stock changes related to products and waste disposal sites seem to be excluded
(Schlamadinger and Marland, 1998; Marland and Schlamadinger, 1998). Moreover the signifi-
cant net carbon storage due to the increasing wood volume in the existing Western European
forest stock cannot be accounted because these forests have been planted before 1990.

Biomass Biomass Biomass Biomass
CO; Growing Growing Growing Growing
Materials Materials N Materials Materials
Production Production CO, Production Production
Product co, » Product Product Product
Assembly Assembly Assembly Assembly
Product Product Product Product
Use Use Use Use
Product Product » CO, Product Product
Disassembly Disassembly Disassembly Disassembly
ggz +Disposal Incineration +co2 CH, + Disposal Incineration | Disposal Incineration [» €O, | Disposal | Incineration
4
Reality Building Synthetic Biofuels
Materials Organic

Figure 1.1 Biomass GHG emission accounting according to the IPCC emission accounting
guidelines, short rotation plantations on agricultural land

According to these vague definitions, different biomass carbon flows must be treated differently
with regard to carbon accounting. This is illustrated for products from short rotation agricultural
plantations in Figure 1.1. The accounting differs substantially from the real GHG flows. Moreo-
ver, different product types are treated differently which adds to the confusion. The figure illus-
trates the complexity of carbon flow accounting, a potential source of errors and policy miscon-
ceptions.
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In the BRED project, the general approach for accounting is to split carbon storage accounting
for biomass growing and carbon storage accounting for biomass products (in line with the IPCC
approach). Biomass growing can be split into short rotation crops, long rotation plantations, af-
forestations and existing forests. For short rotation crops, carbon storage is not accounted be-
cause the quantities are negligible. For long rotation plantations and afforestations, the carbon
uptake in trees and soil is considered as carbon storage, which is released at the moment the
trees are harvested (at the end of the plantation life). For wood from existing indigenous forests,
no carbon storage or carbon release is modelled if no net deforestation occurs on a national scale
(in line with the Kyoto Protocol). For imports of wood from other regions which results in de-
forestation, some of these emissions can be allocated to the timber industry’.

In conclusion, the IPCC definitions are important for the carbon accounting and for biomass
strategies. However, definitions in the Kyoto Protocol are still not clear. Moreover, they may
change in the period beyond 2012. For this reason, some flexibility must be applied regarding
the implications of the definitions in the Kyoto Protocol for the current modelling study. This is
part of the sensitivity analysis (see Chapter 10).

1.4 Western European GHG emissions and their relation with biomass

Primary biomass resources can be split into two categories: forestry derived biomass and agri-
cultural biomass. West European forests represent a net carbon sink. The situation is different
outside Western Europe. Especially tropical rainforests are still used in a non-renewable man-
ner, among other reasons for timber production'®. Part of this timber is exported to Western
Europe. This deforestation results in a net CO, emission. Because the materials consumption
takes place in Europe, these emissions can be attributed to West European consumption''.

The relevance of biomass for the greenhouse gas balance extends beyond CO, emissions. Sig-
nificant amounts of CH,4 are produced in landfill sites and during manure storage. This methane
results from the anaerobic digestion of biomass by micro-organisms. Ruminants use basically
the same process for their digestion. This emission source will not be discussed in more detail as
it can be allocated to food production. The bulk of the N,O emissions arises in agriculture. Mi-
cro-organisms in the soil convert part of both natural nitrogen fertilisers and synthetic nitrogen
fertilisers into N,O. CH4 and N,O are on a weight unit basis more powerful greenhouse gases
than CO,. Based on a time horizon of 100 years, the global warming potential (GWP) for CHy is
21 and the GWP for N,O is 310" Table 1.2 shows the greenhouse gas balance of biomass pro-
duction and biomass use in Western Europe. All emissions (within Western Europe and abroad)
that relate to Western European materials consumption have been considered. The table shows
that the use of biomass results in a net CO, emission reduction (due to carbon storage and due to
substitution of fossil fuels). The emission reduction of 440 to 565 Mt per year must be com-
pared to a Western European CO, emission of approximately 3300 Mt: the net emission reduc-
tion caused by the biomass chain represents 13 to 17% of the total emissions. One must add that
the 340 Mt annual net storage in existing forests cannot be accounted in the national emission
balances, as these forests planted before 1990 are excluded from the Kyoto Protocol (see Sec-
tion 1.3).

° This practice will stop on the long term, either because sustainable forestry management is introduced or because
the forests disappear. As a consequence, the relevance of this emission source will decrease on the long term. For
this reason it has not been analysed in great detail. Sustainable management of the remaining tropical forests is
highly recommended for many other reasons but GHG emission mitigation.

19 Tropical deforestation accounts for 1.7 Gt C per year, equivalent to approximately 20% of the global CO, emis-

sions.

' Note that such relations are not accounted for in the Kyoto Protocol.

12 The GWPs differ for a 20 and 500 year time horizon. This affects the selection of optimal emission reduction

strategies (see also Chapter 10).
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However, the positive effect on the CO, emissions is balanced by the net emission of CH4 and
N;O. CHy4 and N,O emissions are nowadays largely related to food production and food use
(e.g. N,O emissions from pastures used for cattle grazing; CH4 emissions from cattle raising and
emissions caused by disposal of kitchen waste). These emissions are not directly related to bio-
mass in the sense of this study. The figures for the food chain are included here in order to indi-
cate that a life cycle approach can reveal that biomass is not always a GHG neutral resource.
The figures in Table 1.2 indicate that both CH4 and N>O must be considered in a proper analysis
of the potential of biomass strategies for greenhouse gas emission reduction. Moreover biomass
strategies may affect emissions in food and fodder production, an interaction which must be
considered in the strategy assessment.

Table 1.2 The relevance of West European biomass production for greenhouse gas emissions
(GWP 100 years), 1994 (European Environmental Agency, 1999; Nabuurs,
Pdivinen, Sikkema and Mohren, 1997)

CO, CH,4 N,O
[Mt CO, /year] [MtCO, eq/year] [Mt CO, eq/year]

Increasing forest stock/land use change -340 - -
Fertiliser use - - 200
Imported wood products' 25-50 - -
Increasing product stock -75 - -
Landfills -25 140 -
Enteric fermentation - 140

Manure management - 40

Energy production/recovery -50 - -150 - -
Total -440 - -565 320 200

1.5 Analysis of biomass strategies: state-of-the-art

The amount of literature regarding biomass for GHG emission mitigation is impressive (see e.g.

Waupotitsch, Schlamadinger and Madlener, 1999). It is not possible to discuss all studies in de-

tail. Looking at the conclusions there seem to be some national differences. These differences

depend on resource availability, demand structure of the economy and other factors in the sys-
tem that is studied. In the European GHG emission mitigation strategies the following can be
noted:

e Biomass for energy has received most attention.

e Within this category, biomass use for electricity production is favoured (see e.g. European
Commission, 1997b).

e Within this category, gasification is favoured (see e.g. ETSU, 1997a).

e Biomass based transportation fuels are of secondary importance (see e.g. International En-
ergy Agency, 1994).

e Biomaterials production has not yet been analysed on a national or supra-national level, and
existing studies have been done on a product level LCA approach (see e.g. Borjesson and
Gustavsson, forthcoming).

e Afforestation has not yet received a lot of attention. The estimates for storage potentials dif-
fer considerably (see e.g. Department of Energy, 1999).

e Soil carbon is often mentioned, but the estimates of emission mitigation potentials for West-
ern Europe vary tremendously from 50 to 450 Mt per year (see e.g. Nabuurs et al., 1999,
I’ Academie d’Agriculture de France, 1999).

"3 The bulk of the emissions associated with wood products is related to deforestation abroad. Allocation of wood
production, agriculture, road building, etc. is problematic. This figure represents a lower estimate.
14 Compared to average European power production with 0.1 t CO,/GJe, assuming 25% efficiency in conversion.
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e Many preceding studies often have been done from a very limited perspective, focusing on
one sector or one technology (see e.g. Faaij, 1997). This is an important source of differing
conclusions.

e Studies are inconsistent regarding the marginal costs of biomass strategies, ranging from
very cheap to very expensive (see e.g. Hall, 1994, Ybema et al., 1999).

France, with its electricity production largely based on CO, free nuclear power, focuses on bio-
mass use for transportation fuels and afforestations. Sweden, with its ample wood resources, is
also seriously considering bioethanol production. Denmark and the Netherlands on the other
hand, both countries with large coal fired power plants, focus on biomass use for electricity pro-
duction. Finland and Austria, both countries with ample biomass resources and a largely rural
population, focus on biomass use for residential heating.

The different conclusions can to a large extent be attributed to the analysis method applied in
relation to the special biomass system characteristics. Biomass strategies have special features
with regard to the long time period of forestry rotations. Often strong emphasis is put on tech-
nologies which are not yet proven on a commercial scale. A more comprehensive approach is
required if the results must be used for GHG policies that encompass the whole economy.

1.6  Project goal and research questions

Starting from the EU policy goal for greenhouse gas emission reduction, the objective of the
BRED project is: Analyse the optimal use of indigenous biomass for energy and materials ‘from
cradle to grave’ in the Western European (EU+EFTA) economy, in order to achieve cost-effective
greenhouse gas emission reduction on the long term (period 2000-2050). The goal is to provide a
consistent and scientifically well founded set of recommendations for RD&D and investment
policies for policy makers and for industry.

A regional systems analysis approach is applied in this study, covering the countries of the Euro-
pean Union and the European Free Trade Association'”. The analysis is based on calculations with
an extended version of a Western European integrated energy and materials systems MARKAL
model.

A number of strategies have been proposed to reduce greenhouse gas emissions. With regard to
biomass the substitution of CO, intensive energy carriers and materials as well as carbon storage
in a biomass stock (either forests or products) have been recommended (e.g. Dewar and Cannel,
1992; Hall, Woods and House, 1992; Marland and Marland, 1992; Patel, Korell, Kopf and The-
iss, 1998). In this study, all strategies involving biomass and alternative land use practices are
referred to as ‘biomass strategies’. However, the applicability of these strategies in Western
Europe is limited by the land availability and the biomass yields per hectare. This limits the po-
tential of the biomass strategy for CO, emission reduction.

The following questions will be answered in this study:

What are current biomass flows in the Western European economy (Chapter 2)?

Which strategies exist to reduce GHG emissions with biomass (Chapter 3)?

What are the techno-economic characteristics of biomass supply and demand (Chapter 4)?
What is the potential of biomass strategies to reduce GHG emissions (Chapters 3 and 8)?
Which technologies must be developed for these strategies (Chapters 7 and 8)?

What is the impact of the changing reference system for GHG emission reduction (Chapters
6 and 9)?

I e

15 This study covers Austria, Belgium, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Italy, Luxem-
bourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland and the United Kingdom.
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7. Can an integrated energy and materials biomass strategy increase the penetration of bio-
energy (Chapters 7 and 8)?

What policies should be initiated (Chapters 10 and 11)?

9. How should uncertainties be treated in decision-making (Chapters 5, 10 and 11)?

*®

1.7 Structure of the analysis

Figure 1.2 summarises the project structure and the contributions of the project partners. The data
collection has been split into three parts:

e competing food production and energy production,

e forestry and wood products,

e agricultural energy and materials crops and feedstocks for petrochemicals.

These data have been integrated into the existing MATTER MARKAL model for Western Europe
(see Chapter 4).

ECN BFH NTUA
Energy crops Wood crops Agricultural feedstock
land availability crops
v v v
Energy applications Structural wood Feedstock
applications applications

Model generation

Comparison of life cycle emissions and modeling results

v v v v

Strategy development / workshop

Figure 1.2 General project structure

Morgan and Henrion (1990) propose the following ‘commandments’ for good policy analysis:
1. Do your homework with literature, experts and users,

Let the problem drive the analysis,

Make the analysis as simple as possible, but not simpler,

Identify all significant assumptions,

Be explicit about decision criteria and policy strategies,

Be explicit about uncertainties,

Perform systematic sensitivity and uncertainty analysis,

Iteratively refine the problem statement and the analysis,

Document clearly and completely.

XN RO

These guidelines have been followed in this project, both in the project structure design and in
the reporting of the MARKAL modelling study. On a more abstract level, this project is one in a
long series of biomass assessment studies of the Policy Studies unit of ECN, based on
MARKAL modelling (e.g. Bos, 1991, Gielen and Van Doorn, 1995, Gielen, Lako, Dinkelbach
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and Van Ree, 1998). This sequence can be considered as an iterative approach. Based on the
comments on one study, the modelling approach and databases for the next study are refined.

1.8  Structure of the reporting

This report discusses results for the MARKAL model analysis. A very significant part of the
project efforts have been put at the collection of the proper model input data. These data have an
important value by themselves. They can also be used for other environment-economy studies.
Moreover, the reports with input data contain important background information such as data
sources, data selection and data quality information. The analysis following in Chapter 2 (mate-
rial flow analysis) and Chapter 3 (model structure for biomass) provides an abstract of the in-
formation in the background reports. Chapter 4 contains a description of the MARKAL MAT-
TER model characteristics. Chapter 5 contains a discussion of the treatment of uncertainties in
this study. Chapters 6-9 contain the discussion of the modelling results, split into a discussion of
economic changes caused by GHG policies (Chapter 6, the framework in which biomass strate-
gies must operate). The biomass supply side (Chapter 7) and the demand side (Chapter 8) are
discussed separately. Chapter 9 contains an explanation of the most remarkable MARKAL re-
sults. Chapter 10 covers the uncertainties in the analysis and their consequences for the conclu-
sions. Finally, Chapter 11 contains conclusions and policy recommendations. Figure 1.3 pro-
vides an overview of the structure of the reporting.

SYSTEM ANALYSIS STRATEGY BIOMASS POLICY
CHARACTERISATION ~ METHOD ASSESSMENT  RECOMMENDATIONS

BIOMASS FLOW ANALYSIS CHAPTER 2

BIOMASS STRATEGY INVENTORY

& CHARACTERISATION CHAPTER 3

STRATEGY ASSESSMENT METHOD

MODEL DESIGN CHAPTER 4

POLICY SIMULATION
AND UNCERTAINTY CHAPTER 5

TREATMENT

RESULTS COMPETING POLICIES CHAPTER 6

BIOMASS STRATEGIES
SUPPLY IMPACTS CHAPTER 7
DEMAND AND
GHG IMPACTS CHAPTER 8

EXPLANATION OF
NEW INSIGHTS CHAPTER 9

UNCERTAINTY CHAPTER 10
QUANTIFICATION
AND VALUATION

CONCLUSIONS CHAPTER 11

Figure 1.3 Structure of the reporting
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More detailed information can be found in the following documents:

Model input data and model structure characterisation

Land availability

o T. Gerlagh: Biomass for greenhouse gas emission reduction: Western European Land avail-
ability. ECN-C--98-109. ECN, Petten, December 1998.

o T. Gerlagh, D.J. Gielen: MATTER2.0. An agriculture and food module characterisation.
ECN-C--99-048, ECN, Petten, July 1999.

Agricultural crops
N. Diamantidis, E.G. Koukios: Biomass for Greenhouse Gas Emission Reduction. Agriculture
as a Source of Biomass in Western Europe. NTUA, Athens, 1999.

Forestry, afforestations
M. Scharai-Rad, V. Sasse, J. Welling: Biomass for Greenhouse Gas Emission Reduction. For-
estry and Forest Products Use in Western Europe. BFH, Hamburg, 1999.

Wood products and their applications

M. Scharai-Rad, J. Welling: Biomass for greenhouse gas emission reduction Task 4-6. BFH,
Hamburg, 1999.

Feedstock applications
E.G. Koukios, N. Diamantidis: Biomass for greenhouse gas emission reduction Task 4-6.
Techno-economic characterisation of biomaterials production. NTUA, Athens, 1999.

Energy applications
M.A.P.C. de Feber, D.J. Gielen: Biomass for greenhouse gas emission reduction. Task 7: En-
ergy technology characterisation. ECN-C--99-078, ECN, Petten, December 1999.

Model structure characterisation

D.J. Gielen, T. Gerlagh, A.J.M. Bos: MATTER1.0. A MARKAL energy and materials system
model characterisation. ECN-C--98-065. ECN, Petten, September 1998.

D.J. Gielen, T. Gerlagh, A.J.M. Bos: Biomass for Energy or Materials? A western European
MARKAL MATTERI1.0 model characterisation. ECN-C--98-066. ECN, Petten, November
1998.

Results

D.J. Gielen, T. Gerlagh, A.J.M. Bos: Biomass for greenhouse gas emission reduction (BRED).
Paper presented at the Conaccount meeting, 21 November 1998, Amsterdam.

D.J. Gielen, A.J.M. Bos, T. Gerlagh: The MARKAL Systems Optimisation Model for Dynamic
Life Cycle Analysis of Biomass Strategies for GHG Emission Reduction. In: D. Ceuterick (ed.):
International conference on life cycle assessment in agriculture, agro-industry and forestry.
Conference proceedings, 3-4 December 1998, Brussels. VITO, Mol.

D.J. Gielen, A.J.M. Bos, M.A.P.C. de Feber, T. Gerlagh: Reduction de I’émission de gaz a effet
de serre en agriculture et foresterie. C.R. Acad. Agric. Fr., 1999, no. 6, Séance du 18 mai 1999.
N. Diamantidis, A.J.M. Bos, M.A.P.C. de Feber, D.J. Gielen, E.G. Koukios: Agricultural land
availability for biomass production in Southern Europe as affected by the GHG emission reduc-
tion strategies. Forthcoming.

E.G. Koukios: Bio-products and the greenhouse effect: Results from ongoing research activity.
IENICA newsletter number 6, February 1999.

D.J. Gielen, A.J.M. Bos, M.A.P.C. de Feber, T. Gerlagh: Biomass for energy or materials? The
European BRED project. In: IEA Bioenergy Task 25 workshop proceedings, 27-30 September
1999, Gatlinburg, USA. Forthcoming.
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D.J. Gielen, T. Gerlagh, M.A.P.C. de Feber, A.J.M. Bos: Bioethanol for GHG emission mitiga-
tion. A western European systems engineering perspective. Biofuels conference, Brussels, Oc-
tober 1999.

D.J. Gielen, A.J.M. Bos, M.A.P.C. de Feber, T. Gerlagh: Biomass for greenhouse gas emission
reduction. Task 8: Optimal emission reduction strategies for Western Europe. (this report).
A.J.M. Bos (ed.): Biomass for greenhouse gas emission reduction. Task 9: workshop proceed-
ings. ECN, Petten, forthcoming.

During the project, it was concluded that proper analysis of biomass strategies requires more
insight into the total agricultural system. For this purpose, the model has been extended with a
full agricultural module, beyond the scope of the original project plan (see Section 2.1). Moreo-
ver, a BRED internet site has been developed (http://www.ecn.nl/unit_bs/bred). All publications
can be directly downloaded and printed from this site. The complete model input database is
available via the internet site, as well as the model output files. In this way, maximum transpar-
ency and validation of the complex MATTER model are allowed.

1.9  Expert review of the study

This study was reviewed during an expert workshop in Brussels on 6 and 7 December 1999
(Bos, forthcoming). In total, 25 experts from the European Commission, from industry and from
science participated in this meeting. The goal of the meeting was to discuss the model results
and the development policy strategies on the basis of this study.

The experts concluded that the study reflects the complexity of the biomass problem very well.
It is felt that the model contributes to an improved understanding of the complexity of the bio-
mass issue. Within this study, fragmented biomass research and fragmented markets are treated
in an integrated manner. This is an important value added of this study. This study gives insight
in the interaction of competing land use options, competition between energy and materials use
of biomass and competition of biomass strategies and other GHG emission reduction strategies.

The EU has an ambitious GHG Kyoto target and this study can help to accomplish this goal.
The fact that the research is funded by the Environment and Climate programme results in a
positive connotation to this study for the general public and for many policy makers, which
should be used in the dissemination. The 5" framework programme aims for key actions and
sustainability, this study should be applied in this framework.

Regarding the results, the general opinion is that the application of the results in the next 5 years
is not likely. The value added of the study is especially its thought provoking character, but a
number of conclusions require further analysis before policies can be formulated. For example
problems exist with regard to the other environmental impacts, which have not been considered
(e.g. the high water consumption of miscanthus and Eucalyptus was mentioned). Moreover, the
institutional framework deserves more attention (e.g. the German laws that forbid the conver-
sion of afforested land back into cropland or pasture). The general opinion is that the results for
afforestation overestimate the willingness of landowners and farmers to change the land use.
According to one of the participants, the results for electric cars seem not in line with current
activities on the development of fuel cell technology. Social issues (equity, unemployment) and
non-GHG environmental issues of land use change have not yet been considered in detail. Is-
sues such as trade balance and the impact of permit prices on the trade, habits, cash flow and
investment risks have not been considered.

It was recommended to identify ‘threshold values’for the introduction of bio-electricity (e.g.
biomass costs, investment costs, efficiencies) and for afforestation (investment costs).
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The results on the technology level are in a number of cases not robust (see Chapter 10). Con-
siderable effort has been put into the identification of uncertainties and into the assessment of
the consequences of these uncertainties. The results of the study should not be considered as
blueprints for the future or a ‘technology shopping list’ for policy makers, but as a comprehen-
sive view on the possible role of biomass in Western Europe on the long term.
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2. CURRENT FOOD, BIOENERGY AND BIOMATERIAL FLOWS:

SYSTEM ANALYSIS STRATEGY BIOMASS POLICY
CHARACTERISATION  METHOD ASSESSMENT ~ RECOMMENDATIONS
BIOMASS FLOW ANALYSIS CHAPTER 2
BIOMASS STRATEGY INVENTORY
& CHARACTERISATION CHAPTER 3
STRATEGY ASSESSMENT METHOD
MODEL DESIGN CHAPTER 4
POLICY SIMULATION
AND UNCERTAINTY CHAPTER 5
TREATMENT

—>|CHAPTER 6
RESULTS | COMPETING POLICIES

BIOMASS STRATEGIES

SUPPLY IMPACTS CHAPTER 7
DEMAND AND
GHG IMPACTS CHAPTER 8
EXPLANATION OF
NEW INSIGHTS CHAPTER 9
UNCERTAINTY CHAPTER 10
QUANTIFICATION
AND VALUATION

CONCLUSIONS CHAPTER 11

Current statistics regarding production and consumption of biomass are scattered and often un-
reliable. One of the main reasons is that the analysis takes generally place from a non-biomass
perspective (e.g. a sector activity analysis) or from an economic perspective (in monetary units).
Biomass measurements in weight units are also complicated by the fact that the water content of
different biomass types can differ significantly. Moreover, the chemical composition and the
energy content of biomass type such as straw and meat will obviously differ significantly. From
a carbon or CO; perspective, it makes sense to compare biomass mass flows in tonnes, because
the bulk of the biomass has a carbon content in the range of 40-50% (per unit of dry matter
weight). As a consequence, biomass flow data pose a good indicator of carbon flows within the
economy. Considerable effort has therefore been put into the consistent mass flow analysis of
all three market segments:

e food production,

e materials,

e cnergy.

The results of the mass flow analyses are discussed in the next three Sections 2.1-2.3. The
analysis shows that the total flows are in the range of 1000-1200 Mt, more significant than all
fossil energy carriers added together. Given the energy content (which is approximately 30% of
the average energy content of fossil energy carriers) the biomass flows (especially in the food
chain) represent an energy flow in the range of 25-30% of the fossil fuel energy flow. Compared
to other materials, steel production and cement production are one order of magnitude smaller
than biomass production (in mass terms). These comparisons show the relevance of biomass,
even in the current situation. This insight is relevant because it indicates that the existing
knowledge and the existing infrastructure regarding biomass can kick-start this technology tra-
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jectory, an important advantage of biomass strategies compared to other emission mitigation
strategies.

2.1  Production and consumption of food and fodder

The bulk of the agricultural crops is used for animal products (see Figure 2.1). Total production
of crops amounts to 765 Mt (dry matter, excluding residual straw), 630 Mt of which is used for
animal breeding. Given these quantities, the adjustment of the product mix, especially with re-
gard to animal products, is another important strategy to reduce GHG emissions. Such a strategy
can simultaneously reduce CH4 and N,O emissions and make land available for biomass crops.
However such strategies are beyond the techno-economic optimisation in this study (but for the
demand scenario parameters, see Chapter 5).
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Figure 2.1 Material flows in Western European agriculture (EU+EFTA), 1994. All stream
quantities are given in Mt dry matter per year. Accuracy + 20% (Gerlagh and
Gielen, 1999)

2.2 Production and consumption of bioenergy

Table 2.1 shows biomass use for energy (Radetzki, 1997). One must add that the amount of
1016 PJ includes peat, wood, wood waste, municipal waste, vegetal waste, industrial waste and
black liquor. Assuming an average energy content of 15 GJ/t, Table 2.1 suggests a total con-
sumption of 66 Mt biomass for energy purposes. This is a lower estimate since IEA states: ‘Data
under this heading are often based on small sample surveys or other incomplete information.
The data give only a broad impression of developments, and are not strictly comparable be-
tween countries. In some cases complete categories of vegetal fuel are omitted due to lack of
information’.

A bottom-up estimate confirms this statement. Estimates for black liquor consumption are in the
range of 20-25 Mt dry matter (dm) per year (based on Confederation of European paper Indus-
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tween countries. In some cases complete categories of vegetal fuel are omitted due to lack of
information’.

A bottom-up estimate confirms this statement. Estimates for black liquor consumption are in the
range of 20-25 Mt dry matter (dm) per year (based on Confederation of European paper Indus-
tries, 1994). Peat production in Western Europe amounted to 17 Mt in 1995 (however the water
content relating to this figure is not clear (US Bureau of Mines, 1997). Some peat is used for
heating, but a certain fraction is used for soil improvement (and is not included in IEA statis-
tics). The paper content of MSW that is incinerated is approximately 5 Mt. The amount of in-
cinerated kitchen waste is approximately 5 Mt dm. The total of these categories leaves no room
for wood waste incineration by industry, straw boilers in agriculture and wood heating in the
residential sector. However, these are important categories. As a consequence, a total biomass
use for energy production of approximately 100 Mt seems more likely. One should add that the
bioenergy use constitutes less than 2% of the total energy consumption in Western Europe'® Its
relative insignificance is probably the main reason for the high uncertainties.

Table 2.1 Biofuel consumption in OECD Europe according to IEA statistics, 1993 (Olivier et

al., 1996)
Country Residential Industrial Total Total
[PJ] [PJ] [PJ] [Mt dm]
Solid biomass 209 706 915 60
Biogas + liquids 0 0 0 0
Municipal waste 4 0 4 0
Industrial waste 14 83 97 6
Total 227 789 1016 66

In 1996, France produced 0.06 Mt bioethanol on 28.000 ha (equivalent to 1.8 PJ) (Gaouyer,
1997). Bioethanol production for the transportation sector in other European countries was neg-
ligible. Moreover, approximately 20 PJ] RME was produced in the same year in a number of
Western European countries (Korbitz, 1997).

2.3 Production and consumption of biomaterials

It has been stated before that approximately 25% of the global CO, emissions are caused by
tropical deforestation. The causes for deforestation are manifold and differ per region. However
in parts of Asia and in Aftrica the production of timber is an important cause of deforestation.
Moreover the production of certain cash crops such as palm oil is rapidly expanding causing
large scale deforestation. The emissions related to this biomaterials production must be ac-
counted for proper assessment of the carbon balance of biomass strategies.

A preliminary analysis of pulp and paper and building and construction material flows that
serves as reference for the calculations is shown in Figure 2.2. Paper consumption amounted in
1992 to 65 Mt per year. Wood consumption for building and construction materials amounted to
82 Mt. Biochemicals and natural fibres are of secondary importance (together less than 10 Mt).

A more thorough analysis of wood flows and wood product flows has been done by BFH in the
framework of the BRED project (Scharaid-Rad, Welling and Sasse, 1999). This analysis has
shown that current flow statistics are inadequate, many statistical data are mere estimates. The
analysis showed also that the data in Figure 2.2 are within 10% accuracy with regard to the
wood supply and forestry products. Data for waste are generally of low quality (within 25% ac-
curacy).

16 According to the IEA statistics, this excludes food and biomass feedstocks for materials production.
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Figure 2.2 Wood balance for Western Europe (figures indicate material flows in Mt per year;
paper and pulp figures refer to the fibre content); 1992/1993; WIR= Wood In the
Rough (all wood removed from forests and from trees outside the forests) (Gielen,
1999a)

2.4  Post consumer waste flows

Data for waste flows in Western Europe are not consistent. In (APME, 1993) the amount of
Municipal Solid Waste (MSW) is estimated to be 141 Mt in 1990. According to this source, 34
Mt waste was incinerated in 1992. 83% of the combustion capacity was equipped with energy
recovery. The total MSW arising in Western Europe amounted to 225.3 Mt in 1993 according to
(Schwager, 1995). According to this second source, 17% of this waste (38 Mt) was incinerated.
The amount that is incinerated is similar according to both sources, but the amount of MSW dif-
fers. The difference is probably accounted for by a different definition of MSW. A recent analy-
sis showed that different national definitions before 1994 are a major cause of inconsistent
waste figures (Van Beek, 1997). A proper comparison for 1994, based on consistent definitions,
showed MSW figures for 8 Western European countries between 460 and 585 kg per person per
year, with an average of 537 kg per person per year. Assuming that this figure can also be ap-
plied to the other countries, results in an estimate of 190 Mt MSW in Western Europe for 1994.
This figure is in between both earlier estimates. Municipal construction and demolition waste
not originating from households is excluded from the survey in Van Beek (1997). Some of this
waste may also be considered MSW in a broader definition. This narrower definition may ex-
plain the gap with the high estimate.

The energy content ranges from 9 to 13 GJ per tonne for individual countries. The MSW heat-
ing value is largely determined by the plastic content, the paper content and the amount of
kitchen waste. In some countries, separate collection and recycling for these flows has reached
high levels. A typical MSW waste composition for Western Europe is shown in Figure 2.3. The
problem with the use of this type of figures for modelling purposes is however (again) the un-
clear definition of MSW.
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Figure 2.3 Average European MSW composition, 1994 (Warmer Bulletin, 1994)

Another approach for estimation of waste quantities is based on a balance for individual materi-
als:

Waste arising =  Materials consumption - losses - stock increases in the product use phase

A combination of both approaches has been used for Table 2.2. Note that the definition of recy-
cling in Table 2.2 differs from the definition in some other statistics in order to generate compa-
rable data for different materials. The definition that is applied here is: the amount of waste in-
put into production processes divided by the waste arising. The waste arising is defined as the
total of recycling, incineration and disposal (this excludes all kinds of ‘losses’and excludes the
increasing materials stock in the use phase).

For some natural organic materials, the amount of waste is considerably lower than the materi-
als consumption due to net exports of semi-finished and finished products, increasing product
stocks, losses in the use phase due to oxydation, etc..

The heating value of the total waste flows is indicated. The total energy content is approxi-
mately 2700 PJ, approximately 2 EJ is of natural origin. Total current Western European pri-
mary energy use is approximately 55,000 PJ per year. Comparison of both figures shows that
waste materials can cover 5% of the primary energy consumption. However, recycling makes
often more sense, as both feedstock energy and process energy use can be reduced. The selec-
tion of the best strategy from an environmental and cost point of view depends on the policy
goals and the systems configuration.
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Table 2.2 Waste balance for important groups of materials, Western Europe (EU+EFTA),
1993/1994 (APME, 1995; CEPI, 1994, UN-ECE,1997; Van Duin, 1997)

Material Apparent Waste Energy Energy Recycling'” Incineration'® Disposal
consumption arising content value [%] [%] [%]
[Mt/year] [Mt/year] [GI] [Pl/year]

Paper and board 67 60 15 900 50 10 40
Kitchen + garden waste 68 68 8 544 10 15 75
Glass 24 20 - - 40 12 48
Metals 175 100 - - 80 4 16
Plastics 25 16 35 560 5 16 79
Textiles 9 9 25 225 30 15 55
Wood products 82 34 16 544 15 26 59
Total 2773

Apart from waste statistics, the amount of kitchen waste can also be estimated on the basis of
consumption data, based on the mass balance principle (consumption = waste arising, if losses
and changing stocks are neglected).

The total food supply to the consumer is 218 Mt according to the data in Figure 2.1. Basically
there are three ways in which these flows can be released into the environment: CO,, the sewage
system and kitchen waste management systems. Assuming that 25% of this quantity is released
as kitchen waste, this would equal 55 Mt, a figure that corresponds with the 68 Mt kitchen waste
and garden waste in Table 2.2. Assuming an energy conversion efficiency of 25% for the re-
maining food intake (which is released as CO,), the quantity of biomass in the sewage system is
125 Mt. However the bulk of this biomass waste cannot be used for energy recovery. Part of it
is directly released (untreated sewage). An increasing fraction is treated, part of it ends up in the
sewage treatment plant as sewage sludge. Some of this sludge is already used for energy recov-

ery.

2.5 Summary: overview of flows

The most significant biomass flows are related to the food chain (approximately 900 Mt). For-
estry products follow in a considerable distance (200 Mt). The current biomass system consists
of a number of cascades: manure is used for fertilisation, waste paper is recycled, energy is re-
covered from process waste and from post-consumer waste. The total quantity of waste equals
the total production: 1100 Mt. However the system losses (CO,, directly applied manure, sew-
age systems) represents at least 600 Mt. A total quantity of S00 Mt waste available for recycling
and energy recovery seems a maximum. This includes straw by-products from agricultural crops
(100-200 Mt), manure (100-200 Mt), processing waste (100-200 Mt, both food processing and
materials processing) and post-consumer waste (50-100 Mt).

'7 Includes anaerobic digestion (for food/garden waste) and recycling abroad (e.g. for textiles).
18 Both with and without energy recovery.
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Energy and materials biomass strategies for greenhouse gas emission mitigation can be split
into:

carbon storage in new forests (i.e. afforestation),

carbon storage in soils,

carbon storage in products,

substitution of fossil fuels for energy and feedstocks,

substitution of CO, intensive materials by renewable biomaterials,

increased efficiency of production,

increased energy recovery from waste biomass,

increased recycling/reuse of biomaterials.

Based on data from literature, the engineering characteristics of these strategies will be dis-
cussed and their potential for emission reduction will be quantified.

3.1 Afforestation

The carbon storage potential in new forests is closely related to the land area that is available.
This area is limited in Europe in comparison to other regions. Nilsson and Schopfthauser (1995)
estimate that 8.1 Mha is available in (Eastern and Western) Europe, compared to 245 Mha
worldwide (3.3% of the worldwide area). Coupled to the comparatively high GHG emissions in
Western Europe, the potential of an afforestation strategy for GHG emission mitigation is lim-
ited in this region.

The amount of carbon that can be stored annually depends on the growth rate of the trees. The
total amount of carbon that can be stored depends on the carbon content of the mature forests.
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Generally speaking the trees with the lowest growth rate result in the highest carbon storage be-
cause their growing period is much longer. Some data for the European situation are shown in
Table 3.1. Apart from the tree species, the land quality and the climate conditions play an im-
portant role (Borjesson and Gustavsson, forthcoming)'. The annual storage can differ 50% in
case of much better or much worse conditions.

Table 3.1 Characteristics of different tree types for carbon storage (Sikkema and Nabuurs,
1995, Crabtree, 1997, Boswald, 1998)

Type Annual storage Average fixation Annual storage on 10 Mha land
[t COy/halyear] [t COy/ha] [Mt CO,/year]

Oak/beech 5-6.9 154-535 50-69

Spruce 9.7-13 229-510 97-130

Poplar, 15 years 13.1 95 131

Willow, 1 year 15-20 50 50

Because of the trade-off between carbon storage and biomass production, any afforestation
strategy must consider the purpose of the carbon storage closely: maximum biomass production
(short rotation with negligible carbon storage in biomass, to substitute energy and/or materials),
maximum medium term annual carbon storage for a limited period (to ‘buy time’ ) or maximum
long term total carbon storage (‘eternal carbon storage’). The second strategy is most relevant in
case the GHG problem is considered a temporary problem that will be solved in the next 5 dec-
ades. The third strategy is most relevant in case the GHG problem is considered a major prob-
lem for the very long term (more than 100 years).

An area of 10 Mha can store up to 131 Mt CO; per year. The 10 Mha is an average estimate of
the total amount of Western European surplus agricultural land which may become available for
afforestation in the next decades (Gerlagh, 1998b). The 131 Mt CO, are equivalent to 3.1% of
the Western European GHG emission in 1990. This quick estimate suggests that afforestation
can be important, but it will not get a dominant place in Western European GHG emission re-
duction strategies.

Some regional differences must be accounted. The tree growth rate depends on local conditions
such as climate, altitude, soil quality, environmental pollution, damage by animals, etcetera. The
yields in Sweden alone can range from 10 t roundwood/ha in the South to 1 t roundwood/ha in
the Northern part of the country. This complex issue has been considered in a simplified manner
(see Section 4.6).

3.2 Carbon storage in soils

Examples in the United Kingdom have shown that a conversion of agricultural land to decidu-
ous forest resulted in an increase of the soil organic matter (top 23 cm) by 50 gr/m2/yr over a
period of 100 years (1.83 t CO,/ha.yr). Conversion of agricultural land to planted grassland re-
sulted in a carbon storage (top 15 cm) of 75 gr/m2/yr over a period of 15 years (2.75 t
COy/ha/yr) (Watson, Zinyowera, Moss and Dokken, 1996a).

Large scale application of manure can increase soil C as much as can revision to natural vegeta-
tion. A UK example showed that the application of very high application rate of animal manure
of 35 t/ha increased the carbon soil (measured in the top 23 cm) over a period of 150 years from
0.92% to 2.8% (Watson, Zinyowera, Moss and Dokken, 1996b). Assuming a soil density of 2
t/m3, this equals an annual storage of 2 t COy/ha/yr.

19 The figures in Table 3.1 do not take into account the release of soil carbon in case peatlands are drained for forest
plantations (e.g. the case in Scotland and in Ireland). In case of a 2 m peat layer with 300 kg organic matter/m3,
the quantity of soil carbon is 11,000 t COy/ha. It is obviously not sensible to start afforestation projects on such
sites from a GHG perspective.
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The carbon pool in western European®’ countries in vegetation is approximately 22,000 Mt CO,,
the pool in soils is approximately 60,000 Mt CO, (Watson, Zinyowera, Moss and Dokken,
1996¢). These figures should be compared to the annual emission of 3,500 Mt CO, per year.

Carbon storage in agricultural soils that are converted to forests can amount to up to 500 t
COy/ha (Norway spruce) after a period of 75 years (hence 6.67 t CO,/ha/yr) (Sikkema and
Nabuurs, 1994).However this value is virtually reduced to zero if the trees are felled after this
period. For Norway spruce in central Europe, mixed deciduous forests in central Europe and
poplar plantations in Western Europe the long term average sequestering potential is 429, 385
and 275 Mt CO,/ha (Nabuurs, 1996).

Considering a surplus agricultural land area of 10 million ha, the potential for carbon storage in
soils is 20-67 Mt CO, per year (2-6.7 t/ha. yr, or cumulative 10,000 Mt CO, after 100 years, av-
erage 4 t/ha. yr). A realistic value is probably 50 Mt CO, per year or cumulative 2500 Mt CO,
(10 million ha, 5 t/ha. yr). This equals 1.4% of the annual CO, emissions.

This value is sufficient to warrant proper accounting in case of long rotation crops. In case of
short rotation crops, the net carbon storage is negligible.

3.3  Carbon storage in products

Products made from natural organic materials result in CO, storage during their life span. An
increase of the amount of natural organic materials in the economy poses a CO, storage strategy.
Table 3.2 gives an estimate of the current volumes stored and the potential for increased storage.

Table 3.2 Carbon stored in products, Western Europe, 1990s. Accuracy +25 %

Product category Current storage Potential storage Potential additional storage®'
[Mt CO,] [Mt CO,] [Mt CO,/year]
Buildings™ 5000” 10000 75
Infrastructure™ 1000 1500 20
Furniture 500 750 10
Wood in storage™ 500 500 -
Magazines/papers/books 50 50 -
Packaging® 157 15 -
Other™ 25 25 -
7090 12840 105

The table suggests an additional storage potential of approximately 100 Mt CO; per year, the
same order of magnitude as the storage potential for afforestation.

Apart from storage of carbon in products during their use, carbon can also be stored in waste
products (disposal sites). Estimates for current disposal of synthetic organic waste suggest a net
storage in the range of 20-30 Mt CO, per year (Gielen, 1999a). However the disposal of natural
organic materials is an important source of methane emissions. Moreover, the current policies

20 Figures for Eastern and Western Europe have been divided by 0.67 in order to generate an estimate for Western
Europe (factor based on land areas).

2! potential minus current storage divided by the average life span.

22 Includes all building types including floors, wall cladding, garden fences, storage facilities, etc.

 Estimate based on 350 million buildings, 10 t wood per building.

% Includes waterworks, sleepers, road facilities.

¥ Includes storage by industry, commerce and households.

%6 Includes pallets, crates, paper, etc.

27 350 million pallets of 25 kg.

28 Includes transportation equipment.
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aim for a reduction of waste disposal because of the ancillary negative environmental effects.
As a consequence, this strategy has not been considered in the analysis.

Carbon storage in products will be considered, especially for the product group buildings this
could be an interesting emission reduction strategy. A switch to product alternatives with a
higher wood content per functional unit will result in a net increase of the carbon storage (e.g. a
wood frame building instead of a concrete building).

The analysis requires care because the selection of building materials in the building sector can
influence the insulation and the thermal mass. These two variables can influence the amount of
energy that is required for heating and for cooling. A change of this so-called direct energy use
can influence the CO, emissions and must be considered for proper analysis. Earlier analyses
have shown that the impact can be substantial, because the direct energy use outweighs the indi-
rect energy use (for materials production) by a factor 5-10 (Gielen, 1999d).

3.4  Energy substitution with clean biomass and biomass process waste

The substitution of fossil fuels with biomass fuels has received a lot of attention because of the
GHG benefits of such a switch. The energy market is so large that the biomass supply poses
constraints for maximised biomass introduction, not the market potentials. The CO, impact of
bioenergy depends on the type of fossil fuel that is substituted. The CO, impact ranges from 56
kg CO,/GJ natural gas to 73 kg CO,/GJ oil and 94 kg CO,/GJ coal. Assuming 10 Mha biomass
crops, 20 t biomass per hectare, 15 GJ/t biomass and a substitution of oil on an energy par basis,
the potential is 3 EJ and 220 Mt CO, emission reduction, 5% of the GHG emissions in the refer-
ence year.

A number of bio-energy markets can be discerned:
e clectricity,

e heating,

e transportation fuels,

e gaseous fuels.

These markets are discussed below.

Electricity production

Electricity production has been split into co-combustion in large-scale plants separate dedicated
biomass fired power plants, and cogeneration plants primarily used for heat production with
electricity by-product.

A large number of dedicated concepts can be discerned. Most attention is currently paid to bio-
mass gasification and subsequent use of the gas for electricity production. The advantages of
this system are the higher energy efficiencies, lower cost and better gas cleanup possibilities
than for conventional biomass fired steam cycles.

Gasification can be split into atmospheric and pressurised gasification. The latter one is gener-
ally more cost-effective for large-scale systems. Pressurised gasification can be applied for co-
combustion in gas fired power plants (STAG, steam and gas power plants), co-combustion in
integrated coal gasification combined cycle (IGCC) power plants. The advantage of such sys-
tems is the higher electric efficiencies of large-scale systems. However biomass availability
poses often a problem. For this reason smaller scale (25-100 MW) stand-alone biomass power
plant do also receive a lot of attention. One must say that all these systems are not yet proven on
full scale, but a number of pilot plants exist around the world.
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Solid biomass can also be co-combusted in conventional coal fired power plants. This option is
already widely applied, e.g. in the Netherlands. For industrial use and for district heating small-
scale cogeneration plants (producing electricity and heat) exist, for example in Scandinavia and
in Austria.

Heating
In the heating market, a number of ovens and heating systems for industry, for agriculture and
for residential heating have been considered.

The most widely applied wood based heating system is the open fire. However its heating prop-
erties are not good, and in some cases even negative because it creates a draft that results in cold
air entering the buildings. Dedicated heating systems show a much better heat balance and ap-
proach efficiencies of 80-85%.

Industrial boilers are widely applied, especially in the woodworking industry. Heat production
from agricultural residues such as straw has been applied in Denmark, but the low energy con-
tent, storage problems and uneven supply during the year pose problems with regard to large
scale introduction of this technology.

Transportation fuels

Ethanol production on the basis of sugar is a well-established technology. The European pro-
duction amounts to 5 Mt ethanol per year, mainly for alcoholic beverages. However sugar is a
costly feedstock. The current R&D is aiming for lignocellulose feedstocks (wood and straw type
feedstocks). The cellulose and hemicellulose fractions can serve as feedstocks. Cellulose con-
version into ethanol is a proven technology, but the conversion of hemicellulose requires more
research. Ethanol is a well-established gasoline additive (99% pure) or gasoline substitute (95%
pure) in Brazil and in the United States.

Some ethanol for transportation is currently produced in France from sugarbeets. It serves as a
feedstock for the production of ethyl tertiary butyl ether (ETBE). ETBE is a good octane
booster. With the use of ETBE as an additive in gasoline vapour emissions are lowered. ETBE
can serve as a substitute for MTBE (methyl tertiary butyl ether), which is currently used as an
octane booster in lead-free gasoline. However, MTBE itself can off course also be produced
from biomethanol.

Methanol and DiMethyl ether (DME) are produced on the basis of biomass gasification and
subsequent synthesis. Methanol can be used as gasoline additive or gasoline substitute (used as
such in the United States). The technology is not yet applied on a commercial scale. DME is a
recent development and all DME engines and vehicles are still in an experimental phase. Before
being used as a fuel, DME was used as an ignition booster in methanol engines. The technology
is very similar to the methanol production, but DME has two important advantages: it is not
toxic (such as methanol) and the energy content is much higher (hence less refuelling is re-
quired). Because of its good ignition properties, DME is very suitable for use in diesel engines
(as a diesel substitute).

Fuels produced with the Fischer Tropsch (FT) process are of high quality (due to low aromatic-
ity and absence of sulfur) and can be used as blending agents for transportation fuels derived
from crude oil. Both FT-derived gasoline and FT-derived gasoil (diesel) can be produced, the
relative amounts of which are dependent on the process conditions (catalyst, temperature, etc.).
In the MATTER model, a process optimised for gasoline production is considered.

RME is a diesel substitute which has currently the largest market volume (20 PJ/year). However

its price is high. The main problem is the comparatively high cost of rapeseed oil (caused by the
low yield per hectare). Algae could be a source of oil feedstocks with a very high yield per hec-
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tare, but the production technology requires large costly ponds with a comparatively high en-
ergy use for aeration.

HTU oil production is based on pressurised cooking of biomass, yielding an oxygen free oil
type product. This oil can either be used directly for electricity production or it can be further
upgraded to biodiesel by removal of the remaining oxygen (through hydrogenation).

Flash pyrolysis of biomass can be applied for the production of pyrolysis liquids or bio-oil. The
difference with HTU oil is the high oxygen content of the oil (at up to 40-50% wt on a wet ba-
sis). Pyrolysis oil can also be catalytically upgraded to biodiesel (through hydrotreating) which
is proven in concept but not well developed. No technology is yet commercially available.

Production of gaseous fuels

Anaerobic digestion and production of biogas are processes which has been used widely for
many years. Biogas consists mainly of methane CH, (50-70%) and has a LHV of 19-27
MJ/Nm’. Anaerobic digestion of kitchen waste and manure are separately modelled, however
during the last decade a technological breakthrough has occurred (in Western Europe) regarding
animal manure co-digested with industrial organic waste and household waste.

Landfill gas (LFG) is a mixture of circa 50% methane and carbon dioxide, resulting from the
anaerobic degradation of organic landfilled waste. The gas is collected and cleaned and then ei-
ther burned to provide process heat or is used for electricity generation. Landfill gas recovery is
modelled as to produce methane.

Hydropyrolysis is gasification of carbon containing feedstocks in a hydrogen atmosphere. It has
been identified as a promising option for converting biomass and hydrogen to synthetic natural
gas (SNQ). Since the properties of SNG are very similar to natural gas, it is expected that the
existing gas infrastructure can be used for SNG distribution. At present, hydro-pyrolysis of
biomass is not yet applied on a commercial scale.

3.5 Materials substitution

Markets for biomaterials can be split into building and construction materials and biomass for
substitution of fossil fuel feedstocks and petrochemicals. Both segments will be discussed sepa-
rately.

Building and construction materials

Timber is the best known structural wood product. A number of other materials such as particle
board, fibre board and engineered wood products pose forest products of secondary importance
from a mass flow point of view. Wood products substitute concrete, steel or bricks in the build-
ing and construction sector.

Fossil fuel feedstocks and petrochemicals

Petrochemical products can be split into plastics, fibres, solvents, resins and a number of appli-
cations of lesser relevance. Plastics and fibres constitute the largest market segment (together
approximately 30 Mt per year, see Chapter 2 and (Okkerse and Van Bekkum, 1996). Within this
group, polyethylene, polypropylene, polyvinylchloride and polystyrene constitute three quarters
of the market. Substitution is possible on the level of intermediate petrochemicals and on the
level of end products. Intermediates like ethylene, propylene, butadiene and aromatic com-
pounds like benzene, xylenes or phenol can be produced from biomass through a combination
of pyrolysis and gasification technologies. Biomass consists of different substances: oils sugars,
starch, cellulosis, hemicellulosis and lignin. Each constituent poses other opportunities. Alco-
hols like methanol, ethanol, i-propanol and butanol, acetic acid and acetone can be produced
through biomass fermentation or through gasification and subsequent synthesis. Natural oils and
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resins can be used for detergent, lubricant and paint production. Charcoal is another pyrolysis
product from biomass. Coke and coal can be substituted by charcoal in blast furnace steel pro-
duction. Apart from the intermediates, plastics and resins can be substituted by natural plastics
and resins. For example natural rubber, which represents one third of the total rubber produc-
tion, constitutes the high quality segment in the rubber market. Cotton and natural cellulose
polymer fibres like rayon compete with synthetic organic fibres like nylon and polyester. The
packaging market seems most suited for substitution of traditional polymers by biopolymers.
Cellophane and new biopolymers like biopol can substitute conventional plastics. However their
properties and their price pose still a major obstacle for substitution. Biopol (a copolymer of
polyhydroxybutyrate PHB and polyhydroxyvalerate PHV), starch based plastics and polylactic
acid have been considered in the model calculations.

A number of tropical hardwood substitutes is promoted in order to reduce logging as a source of
tropical deforestation. The main advantages of tropical hardwoods that are used within Europe
is superior durability and superior textures etc.. In cases where durability matters, a number of
alternatives exists. This includes treated wood materials (e.g. engineered wood products, treated
wood) or non-wood alternatives (such as plastics and steel). The CO, benefit of such substitu-
tion depends on the emissions for tropical hardwood production. The extent to which the emis-
sions of tropical deforestation can be attributed to timber production are disputed and differ per
region (higher in Asia than in most parts of South America).

The market potential for increased wood use in 2030 has been estimated in an earlier analysis
(Gielen, 1995): 120 Mt sawn timber and board products in the building and construction market,
50 Mt biomass in the feedstock market. The CO, impact in the building sector is in the range of
50-125 Mt CO; (Gielen, 1999b), the impact of biomass in the feedstock market is 100 Mt CO,
(taking the carbon content of the biomass feedstocks into account).

3.6  Increased efficiency of production

A large number of design strategies can be discerned that can reduce materials requirements
(see e.g. Gielen, 1999c). A large number of these strategies can also be applied in the case of
wood products, in the building and construction sector and with regard to paper. Two examples
will be discussed:

e development of wood products with improved design features,

¢ increased product life.

Wood products with improved design features

The safety factors for the design of wood products are very high. The average strength is ten
times higher than the design strength. The reasons for this over-engineering are occasional ir-
regularities in the wood that must be considered in the design. However these irregularities are
less relevant in engineered wood products such as laminated beams. As a consequence, the same
constructions can be designed with less material.

Increased product life

Product life extension can be based on improved maintenance (e.g. in case of window frames),
modular design (e.g. floor cladding which can be removed and reapplied easily), and it can be
based on improved logistics (e.g. a trade system for second hand products) (Gielen, Kram and
Brezet, 1999). The split if increased product life and increased recycling and reuse is not clear-
cut. In this study, reuse of products and product parts is considered as increased product life,
while use of materials for different products and product parts is considered recycling and reuse.

44 ECN-C--00-001



3.7 Increased energy recovery from post-consumer waste

A number of energy recovery technologies from post-consumer waste is currently applied or is
being studied:

e landfill gas recovery,

anaerobic digestion of kitchen waste,

incineration in MSW grate incineration plants,

gasification,

pyrolysis,

incineration in cement kilns.

A number of technologies which is currently widely applied and promoted, such as co-
combustion in coal fired power plants and co-firing in industrial boilers, has not been consid-
ered as long term solutions because of emission problems.

The future potential of these technologies depends on future waste volumes and waste policies.
For example current plants to ban waste disposal will decrease the potential for landfill gas re-
covery dramatically. If the waste quantities of Section 2.4 are considered and an average electric
efficiency of 30% for future technologies and a substitution coefficient of 100 kg CO,/GJ elec-
tric (the European average) are assumed, then the potential is 60 Mt CO,. On top of that meth-
ane emissions from landfills can be reduced by 200 Mt CO, equivalents (compared to 1990 lev-
els) (Gielen, Koutstaal, Kram and Van Rooijen, 1998).

3.8 Increased recycling and reuse

Paper is the main material where recycling and reuse of post-consumer waste has been increas-
ing rapidly. There is some potential for increased paper recycling. Regarding wood materials, a
cascade of wood applications is also an interesting option (e.g. from floor joists to floor boards,
to window frames to flake board to fibre board (Fraanje, 1997). However it is important to keep
in mind that this type of optimisation makes only sense in case resource supply constraints exist,
or in case cost savings can be achieved.
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4.1 MARKAL

At present MARKAL” is one of the most widely used models for analysing the impacts of
GHG emission reduction policies, although its results often have to be completed using top
down models (like General Equilibrium models). A MARKAL model is a representation of
(part of) the economy of a particular region. The economy is modelled as a system of interde-
pendent technical processes. These processes are characterised by their physical and economic
properties which determine the physical and monetary flows between these processes within
that (part of the) economy of a region. It is a linear programming model that maximises an ob-
jective function (e.g. minimisation of emissions) under constraints (e.g. the attainment of certain
production levels, the availability of certain technologies, etc.). The solution of a MARKAL
model represents the equilibrium that would be achieved in an ideal market (according to the
neo-classical welfare economics). In the following paragraphs the processes and the optimisa-
tion procedure are briefly described.

» The MARKAL linear programming model was developed 20 years ago within the international IEA/ETSAP
framework (International Energy Agency/Energy Technology Systems Analysis Programme). More than 50 in-
stitutes in 27 countries use nowadays MARKAL [29]. MARKAL is an acronym for MARKet ALlocation. At pre-
sent it is the most widely used model for analysing the impacts of GHG emission reduction policies.
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Processes

Processes (also called technical options) are the building blocks of a MARKAL model. These

are characterised by:

o their physical inputs and outputs of energy and materials,

e their costs,

o other characteristics (in this study their GHG emissions and waste volumes) over a number
of time periods.

Implicitly these process descriptions yield a very detailed input-output structure linking several
hundreds of processes that are analysed in a dynamic perspective, covering the total life cycle
for both energy and materials. Of course not all substance flows in the entire economy are ana-
lysed. First, not all processes in the economy are included in the model. Secondly not all emis-
sions are included in the description of the processes. This study for example is confined to
GHG emissions and to processes with GHG relevance. Other environmental issues can in prin-
ciple be analysed within the same framework.

Processes represent all activities that are necessary to provide certain products and services (in
this study: the provision of energy and materials). Many products and services can be generated
through a number of alternative (sets of) processes that feature different costs and different
GHG emissions.

Process descriptions follow a standard format, consisting of two data sheets. One sheet de-
scribes the physical inputs and outputs (of energy and materials). The other characterises the
economic data and the other process data. The input data structure depends to some extent on
the process that is characterised. Data for different types of power plants, conversion processes,
and end-use technologies are characterised in different ways. A schematic example of the input
for conversion processes is shown in Table 4.1. The data input is divided into nine time periods
(column heading 1-9). The length of the time period is set by the user of the model and is usu-
ally 5 or 10 years (10 years in this model version). One column is reserved for time-independent
variables (TID). The physical data do not represent the total mass and energy balance where in-
put equals output (because of flows that are not accounted for). The cost characteristics of the
processes are divided into investment costs (which are proportional to the installed capacity),
fixed annual costs (proportional to the installed capacity) and variable costs (proportional to
production volume). The user of the model can impose restrictions on the deployment of certain
processes (technical options). Such restrictions may include political preferences, intentions ex-
pressed in policy papers or long term physical constraints such as land availability.

Increasing process efficiency is modelled by decreasing inputs per unit of output (such as for
energy carrier A and material A in Table 4.1). Decreasing costs or changing restrictions can be
modelled in a similar way. This is illustrated for the investment costs in Table 4.1, which de-
crease in time. This is a way to account for so-called ‘learning curves’, accounting for decreas-
ing costs as the installed capacity increases.
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Table 4.1 MARKAL model data structure for a conversion process

Sheet 1: Period Unit TID1 2 3 4 5 6 7 8 9
Physical flows
Inputs Energy carrier A [GJ/unit] 20 1918 1.7 1.7 1.7 1.7 1.7 1.7
Energy carrier B [GJ/unit] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Material A [t/unit] 5.0 45 42 4.0 40 40 40 4.0 4.0
Outputs Energy carrier C [GJ/unit] 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Product A [unit] 1 11 1 1 1 1 1 1
Sheet 2:
Other data
Investments [EUR/unit cap] 100 80 70 60 60 60 60 60 60
Fixed annual costs [EUR/unit 55 5 5 5 5 5 55
cap./yr.]
Variable costs [EUR/unit] 2 2 2 2 2 2 2 2 2
Delivery costs [EUR/t A] 1 1 1 1 1 1 1 1 1
Availability factor [unit/unit cap] 0.9 09 09 09 09 09 09 09 09
Life [periods] 2
Start [period] 1
N,O emissions [t/unit activity] 0.1 0.9 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Residual capacity  [unit cap] 2 0 0 0 0 0O 0O 0 O
Maximum capacity [unit cap] 5 10 50 50 50 50 50 50 50
Minimum capacity [unit cap] O 0 0 0 O O O 0 O
Bounds

e The data sheets also allow for certain restrictions on the application of certain processes.
These application restrictions are called ‘bounds.’ In this study the following bounds play a
role: bounds on maximum penetration of certain technologies, reflecting e.g. social and stra-
tegic considerations (e.g. a maximum bound on nuclear and hydropower, a maximum import
of natural gas from Russia).

Bounds on the maximum investment rate in certain new technologies.

e Bounds reflecting the standing capacity from earlier periods (e.g. for the existing building
stock).

e Bounds on the availability of natural resources (e.g. disposal capacity, land availability).

Time span

The time span to be modelled is divided into nine periods of equal length, generally covering a
period of decades. The model is used to calculate the least-cost system configuration for the
whole time period, meeting product and service demands and meeting emission reduction targets.
This optimisation is based on a so-called ‘perfect foresight’ approach, where all time periods are
simultaneously optimised. Future constraints are taken into account in current investment deci-
sions.

In summary

The user of the model determines the processes from the database that will enter the calcula-
tions, he or she also determines the constraints for the individual processes, as well as con-
straints for the whole region. Constraints are determined by the demand for products and serv-
ices, the maximum introduction rate of new processes, the availability of resources, environ-
mental policy goals for energy use and for emissions, etc.. Processes are characterised by their
physical inputs and outputs of energy and materials by their costs and by their environmental
impacts. Environmental impacts are endogenised in the process costs and the costs of energy and
material flows between processes. The time scale is chosen according to the questions analysed.
Since most of the processes take a long time to reach their maximum penetration (often at the ex-
pense of others), such time horizons tend to cover several decades, in this study until 2030.
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The calculation of least cost combinations (LCCs) of processes/technical options
MARKAL requires as input projections of energy service demands — for example room space to
be heated or vehicle-miles to be travelled. In the model used (MARKAL MATTER), also the
materials demand for these services are included.

Then, a reference case is defined in which no GHG policy is applied, called the Base Case. A
series of runs is then made with successively increasing emission permit prices. Because of the
underlying detailed input-output relations (imputed by means of the data sheets), interdepend-
encies between the various processes or technical options are taken into account. The model
thus automatically calculates the combined effects of these interdependent options. Moreover,
the integrated dynamic systems approach ensures also that interactions between technical op-
tions in one period and interactions between periods are reflected.

In each case, the model will find the least expensive combination (least cost combination, LCC)
of technologies that meet that requirement (up to the limits of feasibility). But with each further
restriction the total energy (and materials) system cost will increase™. Thus, the total future
costs of emission reduction are calculated according to how severe such restrictions may be-
come. These can be plotted as continuous total abatement cost curves. In addition, the marginal
cost of emission reduction in each time period’ for each emission reduction is known (equiva-
lent to the permit price level). This figure is of special interest in establishing abatement policy
because it can be interpreted as the minimum amount of carbon tax, or the minimum price of
GHG permits that would be needed to achieve this level of abatement.

Some uses of MARKAL/MARKAL MATTER are:

to identify least-cost energy systems,

to identify cost-effective responses to restrictions on emissions,

to perform prospective analysis of long-term energy balances under different scenarios,
to evaluate new technologies and priorities for R&D,

to evaluate the effects of regulations or prices (taxes, tradable permits, subsidies), or both,
to project inventories of greenhouse gas emissions,

to estimate the value of regional co-operation.

42 MATTER

MARKAL has originally been used as an energy systems analysis tool. Conventional energy
system models cover the conversion of primary energy into final energy and the subsequent fi-
nal energy use in economic sectors. Of course, they include industrial use of energy e.g. to pro-
duce materials and will therefore include for example energy efficiency gains in the production
of a material. However, conventional energy system studies do not analyse the effects of
changes in materials life cycles such as materials substitution, increased materials efficiency and
recycling.

In the MATTER4.2 MARKAL model (the model used in this study) however, all bulk material
flows are included. They include all substances without relevant physical shape (not being con-
sumer or investment goods) that are not defined as energy carriers and food products. The

3% In the linear programming approach all processes are characterised as black boxes with a linear relation between
inputs and outputs of energy and materials, costs and emissions. Economies of scale are not taken into account for
any given process type.

3 More precisely, the costs of the most expensive technology that must be applied in order to meet the predetermined
level of emissions is calculated. So, actually the model calculations give us the cost of the marginal technology. All
other technologies that are part of the least cost combination (LCC), cost less per unit of emission reduction. Those
who can apply these more cost effective technologies will, when they are confronted with a tax or with a price of
tradable permits, apply that technology, to avoid paying the tax or to free permits they can sell on the market. As a
consequence more expensive technologies will not be deployed.
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model covers more than 50 types of energy carriers and 150 materials, which means a substan-
tial enlargement of more traditional MARKAL models. More than 100 products represent the
applications of these materials. 30 categories of waste materials are modelled. These materials
are characterised by their physical characteristics and by their quality. This means that a large
number of technical options (processes) are added to the database of energy options. Identifying
these options requires for each bulk material a rather detailed analysis of the flow of that par-
ticular substance through the economy ‘from cradle to grave’ (Gielen, 1999c).

The inclusion of materials technical options is important for a number of reasons:

e By adding materials flows, the model chooses from a more comprehensive set of technologi-
cal improvement options when calculating the least cost combinations. As a result a typical
MARKAL MATTER estimate of the least costs for attaining a certain GHG emission target
tends to be lower than a typical MARKAL estimate. In fact, the differences in the obtained
least cost combinations are quite substantial.

e Because the energy and materials systems are intricately interwoven, technical improve-
ments influence each other strongly. Ignoring technical improvement options in materials
life cycles may lead to an overestimation of the effects of energy options’” and misguided
policy choices.

e [t is extremely difficult, if possible at all, to foresee the effects of these interdependencies if
one does not apply a formalised model that is based on rather detailed information concern-
ing the interrelationships between the various technical options.

e [t requires a comprehensive analysis of energy and materials flows to identify the appropriate
points of impact for policy measures (in particular regulatory approaches) and to identify un-
expected responses to policy actions.
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Figure 4.1 Generic MATTER energy and materials system model structure, showing the close
interactions of energy and material flows in the economy. Dotted lines indicate
energy flows, drawn lines indicate material flows (Gielen, Gerlagh and Bos, 1998b)

32 For example, a technical change that reduces the emissions of electricity generation, will make the substitution
from steel to aluminium (which primary production uses much electricity) more attractive. At the same token, it
will reduce the environmental improvements that would result from using secondary aluminium instead of primary
aluminium, (Secondary aluminium requires only 5% of the energy needed for primary material). Another example:
If buildings are well insulated, an improvement of the efficiency of the heating system will have a less pronounced
effect on overall emissions than in the case of poorly insulated buildings.
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Figure 4.1 shows the energy and materials system model structure on an aggregated sector level
and Figure 4.2 depicts the intersectoral flows of materials, that result from changes in a life cy-
cle of a material. The actual model input data are on the level of individual processes in the
product life cycle. Subsequently, these data are aggregated to produce results for economic
sectors (see Figure 4.1) and for the economy as a whole.
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Figure 4.2 Materials system model structure

Figure 4.3 shows the definitions of the energy as well as the materials system. Conceptually it is
difficult to separate energy from materials systems. After all, from an physics point of view, all
environmentally relevant economic activities are just transformations of matter, using energy,
and any distinction between the energy and materials system is arbitrary. In this study, all en-
ergy used for materials production (e.g. the production of iron, steel, aluminium, building mate-
rials, etc.) is considered to be part of the materials system. This is done because this study in-
vestigates the GHG effects of changes in materials life cycles. We want to know, for example,
what changes in GHG emissions would result from changes in the inputs for of cement produc-
tion. The effects of such a choice on GHG emissions are obviously strongly influenced by the
energy requirements (quantity and quality) of the alternative inputs. Likewise, we want to know
the effects on GHG emissions of building a car from aluminium or plastic, instead of from steel,
or building a house from wood, instead of from concrete, steel and bricks. In both these cases
the energy that goes into these production processes are part of the materials system. Ideally,
also the energy required for space heating and driving the cars should be linked to the choice
between alternative materials and therefore should be part of the materials system. Available
energy statistics, however, do not permit this. Therefore, the energy that is needed for the use of
the house (space heating) or the use of the car (fuels to drive it) is part of the energy system.
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Figure 4.3 Definition of the energy system and the materials system

The MARKAL MATTER model version that was used for this analysis is version 4.2. Version
1.0 included the energy and materials system model. In version 2.0, a land use and food pro-
duction module have been added. Version 3.0 includes a further extension with an elastic de-
mand function. Common MARKAL is characterised by an exogenously defined fixed demand
for energy and product services. However in the new model version that is applied in this study
the demand depends on the product prices (see Section 4.3). MATTER versions 4.0-4.2 have
been especially developed in the framework of the BRED study. They contain a further exten-
sion with new biomass data.

4.3 MED: Demand elasticities

A weak point of traditional ‘common’ MARKAL models is that price effects do not change de-
mand (the demand is exogeneously defined). In recent years, the MARKAL model algorithm
has been extended to make demand levels dependent on prices. Two approaches have been de-
veloped: MARKAL-MACRO (MM) (Hamilton, Goldstein, Lee, Manne, Marcuse, Morris and
Wene, 1992) and MARKAL Elastic Demand (MED) (Loulou and Lavigne, 1996). While MM is
a non-linear dynamic optimisation model that links the ‘bottom-up’ specification of a regional
energy system to a ‘top-down’ macroeconomic growth model. MED is a partial equilibrium
model where the exogenously defined useful demands have been replaced with demand func-
tions (see below).

For this study, the MED algorithm has been selected instead of MM for a number of reasons:

e The MATTER model is too large to run with the non-linear MM algorithm.

e The difference between MM and MED results is generally small, while the calculation time
differs significantly.

e MED allows a better representation of demand elasticities for individual demand categories,
important for an in depth study of materials industries.

e In spite of the fact that the MARKAL MATTER 4.2 model covers 98% of GHG emissions
and covers much more than the energy system, it leaves a substantial part (50% of GDP) un-
covered, thus MACRO may not be a valid representation of the remaining parts of the econ-
omy.
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‘Top down’ or ‘bottom up’?

MARKAL models are ‘bottom up’ models, meaning that they start from detailed technical op-
tions ‘at the work floor’ so to speak. The optimisation procedure (calculating least cost combi-
nations) is firmly based on the standard micro-economic tenet that welfare is maximised if the
sum of consumers and producers surpluses is maximised (marginal costs equals marginal reve-
nues). These models make maximum use of the available knowledge about technology (for ex-
ample: at what oil prices energy from renewable sources becomes profitable? and how much
time it is likely to take to install these renewable energy sources?). On the other hand these
models are based on rather heroic assumptions, like perfect markets, perfect knowledge and
foresight and assumptions regarding technological developments over a long period of time.
Moreover most MARKAL based models lack the feedback of price changes on the economy
and poorly describe trade.

Empirical economic models are ‘top down’ models. They contain much more economic detail,
notably on money and trade flows. Being empirical, the sensitivity of e.g. investments in renew-
able energy sources to changes in oil prices, is derived from statistical data concerning the past,
but such elasticities can change drastically due to for example technical change. Moreover pro-
found technical changes may occur to slowly to clearly show up in statistical data. On the other
hand these models implicitly take non price factors that influence technical change into account.
The lack of technical detail allows for rather general conclusions only.

So far it has been proven to be rather difficult to merge both types of models. One such attempt
is to link MARKAL to macro-economic models. This has resulted in MARKAL MACRO
(MM). Another attempt is to introduce demand elasticities in MARKAL (MARKAL Elastic
Demand, MED). The latter approach is followed in this study.

The MATTER model version used in this study is based on the MED algorithm. The decreasing
demand due to increasing energy and product service prices is accounted for, but the rebound
effect due to the redeployment of these funds is not considered. However from a modelling
point of view, this approach has important advantages: the model is still based on linear equa-
tions, allowing rapid calculations. It is not possible to run the complex MATTER model with
non-linear demand equations. Figure 4.4 shows the (simplified) equilibrium that is achieved in
‘common’ MARKAL (such as MATTER 2.0). Figure 4.5 shows the equilibrium that is
achieved in the model version with elastic demands, such as the model MATTER 4.2.

p4 D
SP’ _____________________5.,‘.,4.,.H.H.H.,H.H.H.g """"""""""""" S’
S
SP F--------- e
EQ=EQ’ 9

Figure 4.4 Supply and demand equilibrium in MATTER 2.0 (‘common’ MARKAL)
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Figure 4.5 Supply and demand equilibrium in MATTER 4.2 (MED)

Figure 4.4 and Figure 4.5 each show a supply curve (S) and a demand curve (D) for the base
case calculations (without GHG emission permit prices). Both curves are linearised in
MARKAL in order to be able to use a linear programming algorithm, which has major advan-
tages from a computing point of view. The horizontal axis Q represents the quantity, the vertical
axis P represents the price. In common MARKAL (Figure 4.4), the demand is independent of
the price, so the demand function is a vertical line. In MED (Figure 4.5) however, the demand
decreases if the price increases, so the demand function is a curve. Equilibrium between supply
and demand is reached in point EQ, which is the same for both figures in the base case. The
price that is set in this market is the shadow price SP.

Supply curves are derived from the database of supply options in the model. Each supply option
is characterised by costs, physical inputs and outputs and emissions. The potential contribution
of each option is limited by the availability of the physical inputs and by the bounds on each
supply option (e.g. a bound on wind energy because of the limited availability of suitable loca-
tions). MARKAL selects supply options on the basis of cost minimisation, thus simulating the
supply curve.

If GHG permit prices are introduced, the supply curve moves in an upward direction because all
emissions in the supply chain are penalised and transferred in the production chain through in-
creasing energy and materials prices (S changes to S’). In the case of fixed demand (Figure 4.4),
this has no consequences for the demand (EQ=EQ’). However, shadow prices are increased
(from SP to SP’). In the case of elastic demand (Figure 4.5), demand decreases and a new equi-
librium price and equilibrium quantity are achieved, below the prices and quantities in case of
fixed demand.
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Three variables are used to model the demand function: the elasticity, the maximum decrease of
the demand, and the number of demand steps. The demand function is:

DM;y/DM;, = (Piy/Pip)(Ej)

where:

DM;, = demand for i after introduction of GHG permit price
DM,, = demand for i in the base case

Pi = price i after introduction of the GHG permit price
Py = price 1 in the base case

E; = price elasticity for i

The demand function is linearised into a step function. The number of steps can be chosen by
the model user with a maximum of 20 steps (Loulou and Lavigne, 1996). The main modelling
uncertainty regarding elasticities is the proper value of the elasticity coefficient. A literature
study has revealed that the price elasticities from econometric literature diverge considerably
(Franssen, 1999). The bulk of the long term demand elasticities ranges from -0.1 to -0.5. A sig-
nificant part of the range can be explained by differing effects considered within this coefficient
and different product price definitions. A default value of -0.5 has been applied for all 100 de-
mand categories with a few exceptions, where better (generally lower) estimates have been de-
rived on the basis of a bottom-up estimation procedure (Franssen, 1999).

The impact of elasticities is illustrated in Figure 4.6 for the ‘globalisation’ scenario (see Chapter
5 for a discussion of the scenario characteristics). The figure shows the impact of elasticities for
increasing GHG permit prices. The impact is higher for higher permit prices. The maximum
impact occurs at the permit price level of 200 EUR/t CO,, equivalent to 300 Mt CO, in 2010
and 500 Mt CO, in 2030. These figures should be compared to the emission reduction without
elasticities: 950 Mt in 2010 and 2000 Mt in 2030. These figure shows that the impact of demand
reductions is 25-30% of the emission mitigation based on techno-economic optimisation.
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Figure 4.6 Comparison of GHG emission reductions with and without elasticities, global
scenario, for increasing permit prices(el = including elasticities)

The impact of elasticities is generally a demand reduction in the range of 10-25%. Comparison
of this figure and the resulting emission reduction indicates that limited demand reductions ease
GHG emission reductions considerably, because demand reductions are concentrated in product
categories with comparatively high emission intensities per EURO. Moreover within these de-
mand categories, the fraction of demand with the highest emissions per unit of product can be
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avoided. As a consequence the impact is much more significant than one would expect on the
basis of a general demand reduction on the basis of the ratio of GHG emissions and GDP.

4.4  Modelling biomass supply

4.4.1 Agricultural energy and materials crops

The selection of crops encompasses the important food and fodder crops and dedicated biomass
crops (see Table 4.2). In the model, Europe has been split into North (Scandinavia), Middle and
South. The South region has been further split into a high yield (HY) and low yield (LY) area,
based on literature data regarding soil quality (Gerlagh and Gielen, 1999). Different crops have
been selected for the Middle European region and for the Southern European region, because
climatic conditions limit certain crops to certain regions. The crop selection and the crop char-
acterisation is based on recent biomass feasibility studies and conference proceedings (e.g. Ly-
sen, Daey Ouwens, Van Onna, Blok, Okken and Goudriaan, 1992). Apart from short rotation
crops, afforestations and forest plantations have been considered.
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Table 4.2 List of biomass production processes in MARKAL MATTER 4.2

Short rotation crops

Middle/North region

BP0 Biomass growing grass middle

BP1 Biomass growing grass middle extra fertiliser
BP2 Biomass growing wheat middle

BP3 Biomass growing wheat middle extra fertiliser
BP4 Biomass growing miscanthus middle

BP6 Biomass growing algae middle

BP8 Biomass growing marigold flower middle
BPA Biomass growing corn middle

BPB Biomass growing corn middle extra fertiliser
BPC Biomass growing rapeseed middle

BPD Biomass growing sugarbeet middle

BPE Biomass growing fodder middle

BPF Biomass growing sunflower middle

South high yield region

BQA Biomass growing sorghum south high yield

BQOB Biomass growing wheat south high yield

BQC Biomass growing sugarbeet south high yield

BQD Biomass growing miscanthus south high yield

BQG Biomass growing grass south high yield

BQH Biomass growing grass south extra fertiliser high yield
BQO Biomass growing corn south high yield

South low yield region

BSA Biomass growing grass south low yield
BSB Biomass growing wheat south low yield
BSC Biomass growing olives south low yield

Afforestations

BR7 Coniferous roundwood afforestation north/middle

BR8 Coniferous roundwood afforestation south high yield
BR9 Coniferous roundwood afforestation south low yield

BRA Non-coniferous roundwood afforestation north

BRB Non-coniferous roundwood afforestation middle

BRC Non-coniferous roundwood afforestation south high yield

Forest plantations

BRD Willow short rotation plantation north

BRE Poplar short rotation plantation middle

BPH Biomass growing willow middle

BQE Biomass growing Eucalyptus south high yield
BRF Poplar short rotation plantation south

4.42 Forestry

Existing forests have been split into North, Middle and Southern Europe. Coniferous and non-
coniferous forests have been added for simplicity reasons. A gradual increase of the annual in-
crement has been assumed, which stabilises in the Middle of the next century as the forests ap-
proach maturity.

4.43 Residues from food production and food consumption

The food and fodder crops that have been listed in Table 4.2 result in significant quantities of
by-products. Some of these by-products are currently used for animal fodder (see Figure 2.1).
Others, mainly straw residues, are incinerated or left on the land for soil improvement. There is
some potential for increased straw recovery. In the model it has been assumed that two thirds of
all straw produced is required for other purposes. The quantity of straw available depends on the
crop selection, which is endogenous in the model (in the range of 100-150 Mt dm).
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4.4.4 Waste materials

Waste materials encompass:

processing wood waste,

lignin residues from chemical pulping and from ethylene production,
post consumer wood waste,

waste paper,

kitchen waste.

All waste flows (except for kitchen waste) are generated endogenously within the model, de-
pending on consumption trends for buildings, papers, packaging, etc.. Only for kitchen waste
exogenous assumptions regarding future waste arising have been fed into the model, based on
the analysis in Chapter 2.

4.5 Modelling biomass conversion

Figure 4.7 shows an important part of the biomass model structure that has been used for this
study. The figure represents the use of wood and focuses on the supply side. The discussion
following in this section focuses on the biomass use, split into bioenergy and biomaterials, and
carbon storage in forests and soils. The use of paper and pulp is not discussed in this section be-
cause it is a traditional application. However it is included in the model calculations (Gielen,
Gerlagh, Bos, 1998D).
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Figure 4.7 Model structure for wood

Figure 4.7 shows the different wood types which are modelled. The wood materials are mod-
elled as a cascade with several quality levels, where every wood stream is also available for
lower quality applications. For example roundwood can be used for timber for constructions but
after chipping it could also be used for technical uses of energy use.
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An important input of wood for materials is roundwood that is available in every region, the
quantity depending on the resource base. However consumption may take place in other regions
than where the forests grow. Transportation of roundwood from North to Middle and Middle to
South Europe is modelled. The use of non renewable tropical hardwood is taken into account as
an import.

The highest wood quality is sawn wood produced from round wood. Sawn wood is used for
construction of dwellings and the making of furniture. Three types of single family dwelling and
three types of multi family dwelling have been modelled for each climate region, which are dis-
tinguished by the quantity of building materials such as concrete and wood used. The use of
sawn-wood in agricultural buildings, industrial buildings and offices is also modelled. A de-
tailed description of the buildings can be found in (Scharai-Rad and Welling, forthcoming).

The second wood type is wood chips, e.g. from sawmill residues, (chipped) thinnings and short
rotation forests. These can be used for paper, fibreboard and particle board. The boards are used
in the construction of buildings and furniture.

Wood residues that are not suitable for technical use are modelled as clean energy chips. Be-
sides use for conversion to electricity and heat these chips are also suitable as chemical feed-
stock for bio-plastics and for the production of biofuels. Because bark is not suitable for techni-
cal use the bark is only considered for energy applications. The last step in the cascade are the
contaminated wood chips. These are handled as wood waste, only to be used in dedicated waste
treatment plants. The current co-combustion practice for this type of waste (e.g. in coal fired
power plants) is not considered because of pollution problems but for combustion in cement
kilns.

Wood waste handling

In future contaminated and clean wood will be separated as strictly as possible. Therefore, in
case the chips are contaminated it is assumed that the only option is waste incineration or a
chemical conversion of waste into methanol. These chips are treated in the same way as demo-
lition wood, which is also chipped and incinerated. Although clear, this system does not de-
scribe the current wood streams.

Nowadays part of the demolition wood is still re-cycled for use for board or paper production.
For a proper representation of the current situation this option is modelled but only up to 2010.
This is in line with the expected development within the EU waste handling policy. The same
assumption is made for the disposal of wood waste. Because of the current practise it is mod-
elled, but in future the disposal of wood materials will be forbidden.

Apart from wood, a number of agricultural products have been considered. For agriculture, the
model can be split into dedicated crops and straw residues from the production of wheat, maize
etc. (by-products from food production). The dedicated crops can be split into lignocellulose
crops such as wood and straw and dedicated crops (this includes marigold flowers for solvent
production, bacteria for biopol production, biolubricants etc.).

The wood chips are linked to the technical applications for wood from forestry (see Figure 4.7).
Apart from the technical applications, the wood can also be applied for energy applications.
Straw is only linked to the energy applications (including feedstocks for biochemicals such as
acetic acid).

Co-combustion has been considered for coal fired power plants (both for steam cycles and for
coal gasification IGCC) and for gas fired power plants. In case of IGCC and gas fired power
plants, CO, removal has been considered as an add-on technology. This allows for biomass
strategies with a net negative CO, emission: CO, is stored in biomass and subsequently re-
moved in the combustion process (and permanently stored underground). However, this strategy
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can only be applied in case of sufficient CO, storage capacity (which is not available in all sce-
narios). The percentages of co-combustion that have been modelled are 10% in case of coal
fired IGCC power plants and 25% in case of gas fired power plants.

Several dedicated biomass fired concepts have been considered. Two biomass gasification
plants (BIG-CC) have been modelled (one based on wood, one based on straw), as well as a
BIG-CC combined with a Solid Oxide Fuel Cell. Moreover, a smaller size stand-alone power
plant has been considered. For industrial use, a small scale cogeneration plant (Total Energy
unit) has also been modelled, based on the Stirling engine concept. Furthermore, two large scale
cogeneration plants based on lignin (one boiler, one gasifier) are considered.

Three waste-to-energy plants have been modelled: waste incineration (grate firing) en two types
of waste gasification: the Lurgi gasification and the Gibros PEC process. PEC technology is
also adequate for CHP (including fuel cells) as well as syngas production.

Heating

In the heating market, a number of ovens and heating systems for industry, for agriculture and
for residential heating have been considered. Moreover, the co-combustion of biomass in ce-
ment ovens has been considered.

Transportation fuels
Biofuels are liquid fuels produced from biomass feedstocks via a number of chemical processes.
A number of biofuels can substitute both gasoline and diesel.

Gasoline substitutes/additives:
e Ethanol,
Methanolm,

°
e ETBE/MTBE,
e Synthetic gasoline, based on Fischer-Tropsch synthesis.

Diesel substitutes:

e Rapeseed Methyl Ester (RME),
Algae lipid methylester,
DiMethylEster (DME),
HydroThermal Upgrading (HTU) oil,
Pyrolysis diesel.

Gaseous fuels

Three main routes have been considered for the production of biomass based gaseous fuels:
e anaerobic digestion (of kitchen waste and manure);

e landfill gas recovery,

e hydro-pyrolysis to produce synthetic natural gas (SNG).

Table 4.3 provides an overview of the processes within the model.
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Table 4.3 Biomass conversion technologies

1+2 Production of liquid fuels/petrochemical feedstocks
BO1/B02/B03/B04 /B0O5 Sugar/starch from sugarbeet/sweet sorghum/wheat
BH3 Sugar/starch fermentation to ethanol

BH1/BH2 Cellulosis/hemicellulosis fermentation to ethanol
BH4 Ethanol 95% to 99%

BF1 Straw pyrolysis to methanol Batelle process

BF2 Wood chips pyrolysis to methanol Batelle process
BG1 RME from rapeseed

BI1 HTU oil production from wood

BI2 HTU oil production from lignin

BI3 Diesel from HTU oil

BJ1 Diesel from algae lipids

3 Production of solid fuels

BB1 Straw briquetting

BC1 Wood chips from poplar/Eucalyptus

Straw from crop residuals/miscanthus/sweet sorghum
THA/THC Charcoal from wood for iron production

4 Production of electricity

BD1 Lignine boiler/large industrial cogeneration

BD2 Lignine gasifier/large industrial cogeneration

BE1 Industrial CHP unit (Stirling engine)

BE2 Co-combustion in gas fired power plants 250 MW
BE3 Stand-alone biomass gasifier-STAG 100 MW

BE4 Biomass gasifier/SOFC

5 Production of building and construction materials

IXA Sawn wood production

IXB Chipboard production

IXC Durable wood through wood acetylation as tropical hardwood substitute
IXD Durable wood PLATO process as tropical hardwood substitute

4.5.1 Materials

Materials can be split into:
e building materials,

e biochemicals,

e pulp and paper.

A number of building types are discerned for three regions (North, Middle, South). For each

building type, a conventional brick/concrete alternative and a wood alternative have been mod-

elled. The model structure for buildings is discussed in more detail in a separate report (Scharai-
rad and Welling, 1999). Data for pulp and paper are based on earlier work (Hekkert, Joosten and
Worrell, forthcoming). The model data for biochemicals have been updated on the basis of a
BRED analysis (Diamantidis and Koukios, 1999). The production processes for biofeedstocks

and biochemicals are listed in Table 4.4.
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Table 4.4 Production processes for biochemicals

Ethylene/propylene/BTX production

INH Ethylene/BTX from wood flash pyrolysis

ING Ethylene from ethanol dehydrogenation

INE Ethylene/propylene/BTX from methanol pyrolysis (MTO process)

Other petrochemicals

TOP Acetic acid from biomass/synthesis gas route
I0Q Butanol/acetone from fermentation

IOR I-propanol from fermentation

I0S Butadiene from wood flash pyrolysis

IO0T Phenol from lignine hydrotreatment

IOV Surfactant (AES) from palm kernel oil
IOX Marigold oil for solvents/resins in paint
IPC PUR from lignine

I0Y PHB/PHV from sugar as PE substitute
I04 Cellophane production

Natural rubber for synthetic rubber in tires

BK1 Synthetic lubricants from rapeseed oil
I03 Viscose for substitution of polyamide/PET
T0U Carbon black from wood

4.6  Afforestation and carbon storage in soils

Afforestation

An example of afforestation modelling is shown in Figure 4.8. The figures refer to 1 hectare of
agricultural land that is planted with trees. The life of the plantation is 50 years, after which the
trees are cut. Carbon is stored in the trees during the growth period. Moreover, carbon is stored
in the soil. The assumption is that all this carbon will be converted into CO, after the cutting of
the trees (carbon storage in long life products is again accounted as storage). The assumption is
that the growth rate of wood is 5 t/ha. yr (250 t over the whole life of 50 years). Because of the
linear programming approach, the figures represent average growth rates over the life span of
the plantations instead of the more realistic S-shaped growth curves. The carbon content of the
wood is estimated to be 50% (1.8 t CO, storage/t wood). This is equivalent to 9 t CO, storage in
aboveground biomass per ha. Moreover, it is assumed that the storage below ground is 5 t
COy/ha/yr (see below). As a consequence, the net storage is 14 t CO,/ha/yr, and 700 Mt CO, is
released after 50 years (a simplification because all the carbon release is accounted for at once).
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Figure 4.8 Modelling of carbon storage in afforestations (above and below ground storage, 50
year rotation)

Land use for afforestation has been split into North/Middle, South high yield and South low
yield soils. A roundwood yield was assumed of 5 t/ha but for the South low yield region, where
2.5 t/ha was assumed. Carbon storage factors can be calculated on the basis of 50% carbon
content of the wood: 9 t/ha in the high yield case and 4.5 t/ha in the low yield case (this ex-
cludes soil carbon, see below). The rotation length has also been varied in the South region (see
Chapter 10).

Carbon storage in soils

Carbon storage is especially relevant for pastures and for forests (and forest plantations). How-
ever carbon storage in soils of existing forests can not be accounted in the framework of the
Kyoto Protocol. For this reason, the potential of a carbon storage strategy for soils is limited to:
e grasslands

e afforestations/long rotation plantations.

Given the figures mentioned in Section 3.2, the storage factors in Table 4.5 have been applied.

Table 4.5 Model coefficients for carbon storage in soils

Soil storage Life Span

[t COy/hal/yr] [years]
BP0/BP1/BQG/BQH (Grassland high yield) 2.75 15
BSA (Grassland low yield) 1 15
BR7/BR8/BRA/BRB/BRC (afforestation high yield) 5 50
BRO (afforestation low yield) 2.5 50

The modelling of carbon storage in soils is from a MARKAL modelling point of view similar to
the modelling of carbon storage in the wood of new forests. The same modelling approach has
been applied (in case of afforestations, the carbon storage factor has been increased from 9
t/ha/yr to 14 t/ha/yr in order to account for the 5 t storage in the soil). The assumption is that all
this carbon is released after the life of the plantations.
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The results show in the base case an annual exchange of 110-150 Mt CO, between soil and at-
mosphere from grasslands. From a CO, accounting point of view, the model is now biased in
favour of carbon storage in soils (because the carbon storage is now fully accounted, while no
consideration is given to the fact that either land use is fixed eternally or the CO, is released
again). Given the time frame of the GHG problem (50-100 years), this is considered an accept-
able simplification (land use changes beyond this time horizon are thought to be irrelevant).

4.7  Modelling GHG emissions

The emission accounting is basically based on the IPCC emission accounting guidelines (IPCC,
1997). GHG emissions can be split into CO, emissions that are related to fossil fuel combustion
on one hand and on the other hand inorganic CO, emissions, CH,, N,O and PFC process emis-
sions. The fossil fuel related CO, emissions are directly related to the carbon content of fossil
fuels (a fixed relation). The process emissions depend on the process conditions and require de-
tailed insight into the process conditions. This difference has significant consequences for the
accounting approach.

CO, emissions of fossil fuels are modelled on the imports or the mining processes (i.e. the sys-
tem inputs). Negative emissions (carbon losses) are modelled for the system outputs (exports,
below ground CO, storage, afforestations). The actual emissions occur when the fuels are com-
busted, but such an accounting framework is complicated. For example, if methanol is used as
fuel, it is not clear whether this methanol has been produced from natural gas or from biomass.
Proper accounting would require the modelling of carbon storage for biomass growing and sub-
sequent carbon release for methanol combustion. However the CO, emissions during methanol
production from natural gas must also be considered for proper accounting. This requires a very
complicated and laborious accounting framework, the carbon balance on the basis of the total
system inputs and outputs is a much easier approach.

Inorganic CO, emissions, CH4 emissions, N,O emissions and PFC emissions are modelled as
coefficients that are proportional to the activity of a specific process within the system.

For CO,, a correction has been applied for the import of materials with significant emissions
abroad that are related to Western European production (e.g. for imports of tropical hardwoods
from regions where harvest exceeds growth, see also Table 1.2). This is balanced by a subtrac-
tion of emissions for materials produced in Western Europe for consumption abroad (see
Gielen, 1999c, for a more detailed discussion).
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5. DEALING WITH UNCERTAINTY
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5.1 Introduction: treatment of uncertainty in preceding studies

Uncertainty is one of the key problems with regard to the use of model results for policy mak-
ing. The uncertainty of the policy advice must be clear and must be clearly communicated as
part of good advisory practice, because it influences the policy conclusions that can be drawn
from a study. Moreover, the characterisation of uncertainty is a key element of sound scientific
analysis. Biomass is typically a topic where uncertainty seems to be exceptionally large (see
Section 1.5). For these reasons, two chapters in this report are devoted to uncertainty analysis
(Chapter 5 and Chapter 10).

Uncertainty analysis is not a new topic in relation to MARKAL modelling. A number of ap-
proaches with regard to uncertainties emerge from earlier ECN-studies:

e The use of scenarios with regard to discount rate, fossil fuel prices, and policy regimes (e.g.
the EMS study (Okken et al., 1993) and Syrene study (Ybema et al., 1995).

e The use of the cost/benefit indicator in MARKAL (e.g. in Syrene (Ybema et al., 1995).

e The use of sensitivity analysis for individual input data (e.g. in MATTER (Gielen, 1999c¢).

e Cost structure analysis for individual technologies and process chains (e.g. in a MARKAL
biomass study for Novem (Gielen and Van Doorn, 1995).

e Hedging analysis for future CO, policies/uncertainty regarding emission reduction targets
(Ybema and Kram, 1996).

e Expert review of model input parameters (e.g. Gielen, 1999b; IEA, 1997).
Comparison of model input data with model input data from other regions.

e Comparison of modelling results and results from other studies.
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The overview shows that the treatment of uncertainty is not consistent and rather ad-hoc. The
following analysis provides an overview of the BRED uncertainty approach, which is based on
(elements from) the mentioned earlier approaches.

5.2 Sources of uncertainty

Uncertainty on the systems modelling level can be divided into a number of categories accord-

ing to the taxonomy developed by Wynne (Wynne, 1992):

e Indeterminacy: the system is complex or open, and thus defies prediction. If the system
structure and the relation between system inputs and outputs are not known, it is not possible
to identify relevant systems parameters, nor is it possible to define strategies to steer the
physical systems configuration.

e Risk: the systems parameters are uncertain, but their probability distributions can be as-
sessed. A Monte Carlo analysis is an example of a method that can be used to consider risk
in decision making.

e Uncertainty proper: the systems behaviour is known, but its parameters cannot be described
probabilistically. Model sensitivity analysis can help to identify the key parameters where
this problem is relevant.

e Ignorance: what is not known is not known. Ignorance can be passive or active. Analysts can
ignore issues because they deem them irrelevant, infeasible or improper. Active ignorance
can be laid bare by extensive review and discussion, particularly by peers outside the narrow
community. Passive ignorance refers to our limited capacity to know and understand. A
structured approach to passive ignorance is inconceivable.

A number of different taxonomies exist (see e.g. Van der Sluijs, 1997, for a discussion), but
their added value is generally limited. For this reason, they will not be discussed in more detail.
Not all types of uncertainty are relevant for this systems analysis study. The energy and materi-
als system is not indeterminable. Energy systems analysis is a well-established scientific activ-
ity. Analysis has shown that the materials system can be adequately described through a limited
number of parameters. Analysis of historical trends indicates gradual changes that suggest that
extrapolation is feasible. Regarding model input data, uncertainty proper is a more relevant is-
sue than risk. Probability distributions for input data are only known for a limited number of
model input data. Moreover, the sheer number of input data does not allow a comprehensive
risk analysis. Uncertainty of model input data is a very relevant issue. Ignorance is the most dif-
ficult issue at stake. Some elements can be described in qualitative terms (e.g. which research
approach would probably yield better results, but which is infeasible because of time and budget
constraints).

The following discussion focuses on uncertainty properly.

5.3  Uncertainty handling strategy

The preceding two paragraphs have shown that a number of uncertainty categories can be dis-
cerned in systems engineering, and a number of uncertainty treatment methods can be dis-
cerned. In the analysis in this section, these elements will be linked to the modelling project
stages. The results of the following modelling tasks must be validated and their relevance for
the robustness of the conclusions must be assessed:

e input data,

e model structure,

¢ model results.

These tasks will be discussed separately.
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5.3.1 Process input data uncertainty estimation strategy

Key uncertainty elements concerning input data are:
e Process data quality,

e New technology feasibility,

e Future policies, prices and demand structure.

These issues will be discussed separately.

Process data quality

Data taken from literature generally require extensive processing to make them suitable for
model input. A major problem here is that the system boundaries in literature studies - both for
energy and material inputs and outputs and for financial parameters - are often either different
from the model system boundaries for processes or they are not clearly described. System
boundaries refer to a certain time-related coverage, geographic coverage and technology cover-
age (Vigon, 1997). For example in a Western European model, the process data for blast fur-
naces in 1990 should represent the average blast furnace in 1990. However, data available for a
specific plant may differ significantly from the Western European average, or they might relate
to a different year. If data for different plants are available, then differences in energy use be-
tween individual plants can be attributed to different technology, a different plant age, the use of
other resources, or a different product mix. A comparison of energy efficiencies on the basis of
aggregated data for similar sectors in different countries is therefore often misleading and de-
tailed analyses are required.

Technological progress and new environmental legislation, energy efficiency, labour productiv-
ity and investment costs for agricultural activities can imply a significant difference from the
situation 10 years ago. Obviously the situation is even more problematic for a model that covers
half a century. Generally speaking, many cost data can only be generated with an uncertainty in
excess of 25%, while the physical characteristics can be obtained with an uncertainty below 10%.

Sensitivity analysis can be applied to identify key parameters. Given that the model contains
thousands of parameters and each model run takes half an hour, such a sensitivity analysis is in
practice limited to a selection of parameters.

The task of process data quality assessment can be facilitated by smart selection of key pa-
rameters. For example the combination of data uncertainty and process relevance for the whole
system determines the sources with the highest level of uncertainty. High uncertainties for pro-
cesses with low relevance from a systems GHG emission point of view are less relevant than
average uncertainties for key processes with high relevance from the same point of view. Vali-
dation of model parameters should focus on such key processes. Moreover, the uncertainty of
competing processes must also be taken into account. Too much attention is generally focused
on the input data for existing processes for the year of commencement, while the uncertainty of
data for new processes is not considered. However, this uncertainty is just as relevant for the
comparison of new and existing processes in future decades.

Because various chains of processes transfer the cost of natural resource extraction to the final
consumer, data quality requirements can depend on the data quality in another part of the system.
It is difficult to trace such the impacts of such uncertainties through the system. Because
MARKAL is an LP-optimisation model, monetary flows can be used for the analysis of such in-
teractions. However this method is currently not widely applied because it is laborious and com-
plex.

The accuracy of the data and how they affect the optimisation’s conclusions is a complex issue.

Future process data are not amenable to standard statistical analysis; i.e. they are not random
samples taken from large populations that result in normal distributions around a well-
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documented average. No adequate method has yet been developed to incorporate data quality
into the MARKAL type computer models that perform the calculations. The Monte Carlo ap-
proach that is in current use in risk analysis (and which is proposed for use in LCA (Vigon,
1997) offers no viable option because of the years of calculation time that are required.

New process feasibility

An important focus of the study is the analysis of the impact of technological progress. The data
for new technologies are based on a mix of desktop studies, data for laboratory tests, data for
pilot plants and data for first-of-a-kind plants. Technological feasibility increases along with the
scale of the development and demonstration units. Many technological problems are outside the
energy or GHG scope. However, these problems often prove to be major bottlenecks for intro-
duction of new technology. They explain to a large extent the ‘gap’ between rather optimistic
bottom-up models based on a technology assessment approach and the more conservative top-
down models based on historical econometric analysis of autonomous energy efficiency trends,
etc.. Such bottlenecks can be simulated in the bottom-up approach by a maximum restriction on
the penetration or a maximum restriction on the penetration rate of very promising, but uncer-
tain, new technology.

Future policies, prices and demand structure

Policies will change over a period of decades. Changing energy policies and changing environ-
mental policies are dealt with by scenario analysis. However, labour policies, agricultural poli-
cies, educational polices and foreign affairs policies can also have a significant impact on the
future. The relevance of these policies can only be assessed on the basis of expert estimates. The
price of resources (e.g. future energy prices) are key parameters for the techno-economic analy-
sis of GHG emission reduction. Prices over the past three decades have been three times as high
as the current level. At the time, price forecasts suggested even higher prices. Current insights
suggest low fossil fuel prices for the next few decades, but forecasts may change again when
markets point in an upward direction. Finally, the future demand structure is a key source of un-
certainty. While the demand for existing products can be forecast within a 50% range of uncer-
tainty, the demand for new products is much more difficult to assess. Comparing the consump-
tion levels and consumption structure of the 1940’s with current consumption levels indicates
the rate of structural change that can occur. No special attention has been devoted to the forecast
of demand growth for new product categories in this study because little is known about the
composition and production technologies, etc. This may be a cause of underestimating emis-
sions.

BRED input data generation and validation has been based on the following procedure:

1. Selection of relevant materials and products through MFA (BRED task 1).

2. Inventorying of current processes and alternatives based on the situation abroad, on data for
pilot plants and on engineering studies.

3. Data collection for these processes by experts, based on literature sources.

4. Estimating missing data on the basis of similar processes and on the basis of thermodynamic
relations.

5. Data validation, based on expert interviews and expert workshops.

A lot of effort has been put into the documentation of the model. A large number of reports with
input data and background information for these data have been compiled (Koukios and Dia-
mantidis, 1998; Scharai-rad and Welling, 1999; Gerlagh, 1998a; Gielen, Gerlagh and Bos,
1998a; De Feber and Gielen, forthcoming; Scharai-rad and Welling, forthcoming; Diamantidis
and Koukios, 1999). The database that is used for this study is available via Internet
(http://www.ecn.nl/unit_bs/markal/matter). This is a first step in the process of proper discus-
sion of the model input.
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The quality of input data was measured according to the following criteria:

e the number of independent data sources,

o conflicting literature data have been interpreted as an indication of limited data quality,

o the age of literature data has been interpreted as an indicator of their quality,

e the perceived technological feasibility which increases in the order: estimates, engineering
studies, pilot plants, full-scale production,

e collection of expert opinions regarding the input data quality through presentations at a large
number of meetings.

Compared to earlier MARKAL studies at ECN (Gielen and Van Doorn, 1995; Gielen, Gerlagh
and Bos, 1998a; Gielen, Lako, Dinkelbach and Van Ree, 1998) the general change of the input
data is toward higher efficiencies and lower cost of energy recovery from biomass, while the
production of biofuels and the production of biomaterials is characterised by increasing costs
and decreasing efficiencies. However the data for the reference technologies have also changed.
Especially in electricity production, data for gas fired power plants have been adjusted with re-
gard to higher efficiencies and lower cost.

5.3.2  Uncertainty treatment for model structure design

The results are to a large extent determined by the model characteristics. The use of the
MARKAL MED algorithm, for example, is a choice with significant impacts on the results (see
the analysis in Section 4.3). Vos and Vellinga discern two approaches in connection with sys-
tems modelling(Tol and Vellinga, 1996).

The first approach tries to capture the underlying system as well as possible, resulting in very
detailed models. The more detail, the less pronounced is the so-called “flip-flop’ effect which is
generally seen in simple LP optimisation models (‘flip-flop’ is the sudden switch from one sys-
tem configuration to another as a certain parameter exceeds a threshold value. This feature is
often raised as a ‘proof of deficiency’ of the LP approach). Whether the model is sufficiently
detailed depends on the type of question. Given the results which show gradual changes the
model seems sufficiently detailed. However one could argue that this is not the case for results
on a more detailed level, e.g. in the case of Southern Europe (see e.g. Chapter 7).

The second approach tries to capture the range of possible directions in which the underlying
system may develop as well as possible without much endogenous model detail (‘scenario ap-
proach’). The choice to base this study on the former approach was made because the primary
goal of this study is to provide more insight into system structure with regard to biomass and
R&D and policy issues on a detailed level. However given the comprehensiveness of the sys-
tem, scenarios have been added for analysis of economic and social driving forces beyond the
scope of simple techno-economic optimisation (see Sections 5.4-5.6).

The current MATTER model structure has been developed on the basis of:

e analysis of currently relevant flows and processes,

e development of a generic model structure, based on physical characteristics of energy carri-
ers (solid, liquid, gaseous) and end use categories,

e a literature study of possible future process routes,

e a literature study of GHG emission reduction strategies.

5.3.3 Uncertainty analysis for modelling results

There are no data to validate ex-ante calculations. The model is not suited for ex-post analysis
where such data would be available. One of the main reasons for this is that uncertainties at that
time (uncertainties on energy prices and technological change for instance) are currently facts
that will result in a bias in the model building process for historical years. Validation of results
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from model calculations in the 1970°s and 1980’s suggests that these models did not represent
the future adequately. The main reasons were completely wrong estimates of fossil fuel prices
and wrong estimates of production growth. However one can argue that the modelling capacities
have improved, so the current estimates are better than historical ones.

Some validation can be drawn from the comparison of the BRED results and results from other
ex-ante model calculations. However, detailed models in this area of research are scarce, and the
availability of well-documented results is even more limited. Moreover there is a danger of de-
pendency between seemingly independent sources, as the body of knowledge in this field is
limited. Such comparable results suggest validation while this is not the case. Especially in the
area of biomass, with a large body of desktop studies of varying quality but little ‘real world’
data for validation, this is a major problem.

The model results are validated through a comparison of material flows and process activities
that are calculated by the model for 1990 with flows and activities according to statistics (see
the reports for task 1). In the base case (without GHG emission reduction) major deviations
from the current systems configuration are only likely to occur over the next few decades if such
changes can be explained by changing conditions (e.g. changing technology, changing resource
prices, or a changing demand). If the model calculations show major changes that cannot be ex-
plained by such factors probably the model does not represent the actual situation accurately,
and the model parameters and the model structure must be adjusted. Another important quality
check is based on so-called shadow prices that are generated by the model. A gradual trend of
the shadow prices of materials, products, and energy carriers over a period of time is an indica-
tor of a good model structure. Fluctuating shadow prices indicate model instabilities, caused by
restrictions on processes, supply or demand. The model structure has been adjusted in such
cases.

Comparison with chain analysis studies (e.g. LCA studies, sector scenario studies) is another
valuable quality check. Such studies provide a valuable yardstick for identification of remark-
able results. Where differences do occur, detailed analyses of model inputs and outputs and sen-
sitivity analyses can be applied in order to validate the results of the model calculations.

In conclusion the following methods have been applied for uncertainty characterisation regard-

ing modelling results:

e scenario analysis (see Sections 5.4-5.6),

e sensitivity analysis (including benefit/cost analysis; see Section 5.7, 10.2 and 10.4),

e discussion of the expert review of the model structure, input data and results (see Section
10.1),

e discussion of results in comparison to other studies (Section 10.3),

e discussion of model expansions which have not been applied and their consequences (Sec-
tion 10.5).

5.4  The scenario approach

In a fluid environment there are many possible futures. In a situation where the future depends
on a large number of external factors, a reduction of complexity is required in order to allow
further analysis. One way to approach this problem is the scenario approach. In a scenario ap-
proach, logic combinations of external factors are selected for further analysis. The probability
of these combinations is no criterion for their selection. Strategy must now embrace ‘what if?’
questions that go outside the reach of our habitual mindset. Explorative scenarios are especially
suited for long term analyses that provide insight into future trends on a high aggregation level
(Weterings, Kuijper and Smeets, 1997).

70 ECN-C--00-001



A scenario is a view of the future that is logically derived from a set of assumptions concerning
driving forces and trends in the society. Scenarios are distinctly structured views of the future
that are self-consistent and plausible. The basis for a scenario is a scenario story. Scenario sto-
ries not only portray images of the future but also a pathway of events through time that could
lead us from where we are now to that future world. Underlying this must be an understanding
of the driving forces that are likely to shape our future. The set of scenarios should cover a
broad scope of possible developments. Scenario analysis is important for policy making in order
to analyse the sensitivity of the conclusions. The difference with conventional sensitivity analy-
sis (see Chapter 10) is the logic combination of factors and the consistency of the assumptions.
Developing scenarios of the future begins from becoming more aware of what is going on right
now. There are always pockets of the future in the present. Some countries do things today that
will take five or ten years to reach other countries. Some sectors of society are right now living
in a way that is our future. Some people have ideas that will take twenty years to incubate and
become generally accepted. Technologies exist that people have not yet heard of that will one
day be commonplace.

Scenarios should:

each present an imaginable coherent future,

be structurally distinct,

definitely not be confused as predictions,

contain variables of interest and potential impact on directions,
refer to pockets of ‘future in the present’,

be challenging to customary assumptions and frameworks.

One must keep in mind that the goal of the analysis is not a precise forecasting of the future -
the experience over the last three decades has shown that forecasts of modelling studies of this
kind are generally inadequate. Instead, the model calculations represent an analysis of strategies
in the framework of feasible developments for the future. The goal is ‘modelling for insight, not
for numbers’ (Voss, 1997). The goal of scenario analysis in this study is the selection of robust
biomass strategies that are applicable in different possible future environments.

5.5 Three scenario stories: Globalisation, Fortress Europe and Sustain

Looking at other energy scenario studies (e.g. Capros, Kokkolakis, Makris, Mantzos, Antoniou
and Guilmot, 1995), important parameters for energy scenarios are economic growth rates, sec-
toral growth rates, discount rates and oil prices. These scenarios can be characterised as ‘simu-
lation scenarios’ that focus on external economic factors. The following scenarios can be char-
acterised as ‘normative scenarios’. They focus on policy initiatives within the economy and life-
style parameters within the economy. The paradigm is very different: a future which can be
shaped by policy making, instead of an unpredictable world subject to poorly understood forces
in society. It allows a very different discussion: in case the outcomes differ significantly, it
might be worthwhile to strive for a certain scenario through policy making.

The Globalisation scenario
‘The Japanese dream’

World trade increases dramatically. Due to the dynamic economic development and due to in-
creasing global co-operation, technological development in many areas progresses rapidly.
Europe is one of the main players on the world market. R&D policies stimulate technological
progress, which is necessary to be able to compete on the world market. Products should be of
high quality and sold against reasonable prices. Due to the worldwide competitiveness, the
European import and export increase.
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The economic growth is relatively high. However, due to strong technological progress, the de-
materialization impacts are large (growth is concentrated in knowledge intensive sectors such as
software and biotechnology). Therefore, the physical demand increases moderately. The fossil
fuels prices increases moderately due to a combination of moderate physical demand growth,
technological progress in fossil fuel extraction and due to competitiveness forces on the world
market.

European and world wide supra-national institutions gain a more powerful position in relation to
the national governments. The impact of national policies is limited. Market forces rule the
economies. Government policies are limited to the removal of market imperfections and the ge-
neric market boundaries reflecting e.g. environmental policies.

People prefer luxury and comfort. The importance of material wealth makes it unlikely that life-
styles are adapted solely for environmental arguments. However the consumer preferences shift
towards ‘smart products’ instead of status symbols: people prefer paying for new technologies
and devices rather than changing their lifestyles. The structural change, driven by the combina-
tion of technology and changing preferences, is the main cause of decoupling of economic
growth and the physical energy and materials demand.

The Fortress Europe scenario
‘The American dream’

Europe protects its own market. Neither a strong competitiveness on the world market nor envi-
ronmental values are strong stimuli for technological progress. Therefore, technological prog-
ress is less than in the globalisation scenario. Growth is concentrated in traditional industry
sectors.

On the demand side, emphasis is on improvement and extension of existing energy and materi-
als intensive products: for example luxurious passenger cars, more living space, and short vaca-
tions around the world.

The combination of moderate technological progress and a moderate economical growth result
in a higher of the physical product demand than in the globalisation scenario. Fossil fuels prices
increase significantly due to an increase of the physical growth around the world and the devel-
opment of a new strong oligopoly on the energy supply side.

Power of the European parliament and European Commission increases. European policies re-
place national policies to a large extent. On the European scale, economical values dominate;
environmental policies play a limited role. Other policies than greenhouse gas emission policies,
e.g. agricultural policies, play an important role due to the European market which is closed to
foreign producers.

The Sustainability scenario
‘The green dream’

The European governments accept the shortcomings of the conventional definition of the Gross
Domestic Product and decide to switch to a system of sustainable national accounts (Okkerse
and Van Bekkum, 1996). This system is also introduced by the industry. Environmental impacts
are fully endogenised into prices of goods and services based on marginal emission abatement
costs at set policy goals and through a system of tradable emission permits. An ecological tax is
introduced. First subsidies on energy are cut. Next, fiscal burdens on human labour are gradu-
ally reduced over a period of decades, while taxes are levied for non-renewable resources.

Governments are reorganised in order to support the changing policy priorities. The European
and national economy, agriculture, transportation and agricultural, public housing, and cultural
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directorates are superseded by a European environmental planning council. Government inter-
vention increase but is based on soft lifestyle policy instruments combined with strong R&D
policies. This includes strong investments in the service economy, for example investments in
improved public transportation systems and large investments in telecommunication.

The trend towards individualism is reoriented towards a positive contribution to society.

A strong emphasis on environmental values stimulates environmental progress by strong R&D
and environmental policies. Yields increase due to improved growing and harvesting method-
ologies. Changes in the fodder composition and fodder use do increase the productivity of cattle
breeding significantly while lowering the environmental impacts. Therefore, less land and less
animals are required for the same amount of agricultural products. Consequently environmental
impacts are reduced.

The number of working hours decrease. Leisure time is filled with sports, music, parties, cul-
tural events and political discourses in order to support these changes. Environmentally destruc-
tive leisure activities such as short distance holidays are strongly discouraged.

5.6 Quantification of scenario parameters

Table 5.1 provides and overview of model input parameters that characterise the three scenarios.
The first four parameters have been selected because of their importance for biomass and land
availability. The remaining eight parameters have been selected because they determine the
GHG emission trends and the emission mitigation potentials to a large extent. The physical de-
mand growth is the result of GDP growth minus dematerialization. In practice demand growth
rates are fed into the model on the basis of physical units (e.g. vehicle kilometres, tonnes packed
beverages, useful floor surface etc.). A detailed discussion can be found in (Gielen, 1999¢).

Table 5.1 Scenario characteristics, 2030

Parameter Globalisation Fortress Europe Sustain
Meat/fish consumption [Mt/yr] 45 45 38
Import soy [Mt/yr] 75 30 0
Paper demand [Mt/yr] 90 90 65
Meat export [Mt/yr] 15 -? 0
GDP growth 1990-2030 [%/yr] 2.0 1.5 0.5
Dematerialisation [%/yr] 1.5 0.5 0.5
Physical demand growth  [%)] 0.5 1.0 0.0
Discount rate [%/yr] 8.0 5.0 3.0
Fossil fuel price growth [%] +35 +75 +0
Nuclear [EJ electricity] 2.5 0 0
Cheap PV [EUR/KW peak] 1100 500 500
CO, storage [Mt/year] 500 500 0

5.7 The MARKAL benefit/cost ratio

The MARKAL benefit/cost ratio allows a rapid analysis how close processes/new technologies
are to introduction. This indicator is a measure for the cost-effectiveness of processes. It is de-
fined as:

B/C = Annualised total financial benefits/Annualised total financial costs
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The financial benefits are defined as the value of the process outputs. These outputs are valued
on the basis of the model product shadow prices (which are equivalent to the product prices that
would occur in an ideal market). The financial costs are calculated on the basis of the combina-
tion of financial process data, the physical process inputs and the process emission data:

Costs = Annuity of investment
fixed process costs
variable process costs
costs of physical inputs
emission permit prices

+ + + +

The annuity of the investment A can be calculated:
A =1/(1-(1+r)"-n)x1

With r equal to the discount rate, n is equal to the process life span and I is equal to the invest-
ment sum.

Basically three types of B/C ratios occur: higher than 1, equal to one and below one. In case the
ratio is higher than 1, it would be cost-effective to apply more of a certain process (because a
profit can be made, hence reducing the system costs objective function). This situation can only
occur if the process application is limited through bounds. It is worthwhile to check the validity
of these bounds in case this situation occurs. A B/C ratio of 1.0 indicates that the process appli-
cation is balanced: the supply meets the demand and the process represents the ‘marginal pro-
ducer’ who does not make any profits. In case the B/C ratio is below 1, the process is not ap-
plied unless lower bounds are specified. The application of the process results in losses.

Especially in the latter situation, the benefit/cost ratio provides additional information compared
to the analysis of the physical and monetary flow data. In case a process is not applied, these
flows will be zero. However a benefit/cost ratio between 0.9 and 1.0 indicates that the benefits
are less than 10% below the costs, so the gap to introduction is rather small. A benefit/cost ratio
below 0.5 indicates a significant difference and a cost reduction of a factor two is required be-
fore introduction.

The benefit/cost ratio is a measure for the robustness of the modelling results. If competing

technologies show a benefit/cost ratio above 0.9, the results regarding the technology selection
are not robust (especially the uncertainty in cost input data is generally well above 10%).
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In order to understand the results for biomass, it is important to consider the results for the
economy as a whole. It has been stated before that emissions can be reduced in many ways,
biomass strategies pose only one category. Due to the emission reductions, the reference energy
and materials system will change, thus changing the potential for emission reduction on the ba-
sis of biomass.

The first issue to be discussed is the trend of GHG emissions in the base case and the underlying
emission driving forces. The base case is the situation without GHG policies. Next, the impact
of GHG permit prices and the impact on the systems configuration will be elaborated.
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Figure 6.1 GHG emissions in the base case, period 1990-2050, 3 scenarios

The GHG emissions in the base case are shown in Figure 6.1. The figure shows the total for 4
categories of emissions according to the Kyoto Protocol, aggregated for the 100 year GWP time
horizon according to the Kyoto Protocol conventions (CO,, CH4, N,O and PFC). The CO, emis-
sions include foreign emissions related to Western European consumption, but exclude emis-
sions within Western Europe for foreign consumption (for example emissions related to wood
imports are included, while emissions for net steel exports are excluded (Gielen, 1999c). How-
ever this correction (net GHG ‘imports’ — ‘exports’) is of secondary importance (additional
emission 100 Mt in 1990). The growth of emissions until 2010 is moderate in all three scenar-
i0s. In fact, the sustain scenario shows even a slight decline. This moderate growth is the results
of a number of interacting developments: closure of the Eastern German inefficient industry
(part of the Western European economy), substitution of coal by natural gas and a significant
autonomous reduction of non-CO, GHG emissions, driven by e.g. waste policies and agricul-
tural policies (e.g. nitrogen fertiliser standards). However the picture changes dramatically after
2010. The reason is the continuing economic growth that is not balanced anymore by autono-
mous trends. Especially the Fortress Europe scenario shows a very significant growth of emis-
sions. The growth is more moderate in the Globalisation and Sustain scenarios. In 2030, the ref-
erence year in the following chapters, the emission ranges from 4800 Mt in the Globalisation
and Sustain scenarios to 6200 Mt in the Fortress Europe scenario. The growth of total emissions
between 1990 and 2030 ranges thus from a mere 12% to 46%. Note that the Globalisation sce-
nario and the Sustain scenario result in comparable emission levels, while the socio-economic
development is radically different: the relation between economic growth and GHG emissions is
complex, several routes can result in a more sustainable development.

The primary energy demand in the base case for all three scenarios is shown in Figure 6.2. The
picture is very different from the development for GHG emissions. The Sustain scenario shows
a decline of energy consumption between 2000 and 2020, spurred by negligible economic
growth and increasing energy efficiencies. Primary energy demand in 2030 is only 52 EJ ( -16%
compared to the reference year 1990). The Globalisation scenario shows a moderate growth to
69 EJ in 2030 (+11%). The Fortress Europe scenario shows the most significant increase, up to
80 EJ in 2030 (+30%).
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Figure 6.2 Primary energy demand in the base case, 3 scenarios, period 1990-2050

Comparison of the trends in GHG emissions and the trends in primary energy use indicates car-
bonisation trends in the Sustain scenario and Fortress Europe scenario, while the average carbon
intensity of energy use remains constant in the Globalisation scenario. These trends can be ex-
plained through a change towards more coal and a ban on nuclear in the Fortress Europe sce-
nario, and a ban on nuclear in the Sustain scenario. These trends overrule the introduction of
significant quantities of natural gas in all three scenarios. The absolute quantity of renewables
remains at the same level in all three scenarios.
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Figure 6.3 GHG emission reduction as a result of increasing GHG permit prices in 3 scenarios,
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The impact of GHG emission permit prices on the total emissions is shown in Figure 6.3. A
long term perspective (2030) is shown, because any significant emission reduction will require a
transition period of decades due to the long life of the existing capital equipment stock etc.. The
figure shows that in all three scenarios, the emissions can be reduced to levels close to 2000 Mt
CO; equivalents or below, an emission reduction of more than 50% compared to 1990 emission
levels (4250 Mt within Western Europe, see Table 1.1). However such a reduction level is only
achieved at a high permit price of 200 EUR/t CO,, far above the levels which are currently con-
sidered. It is interesting to note that the emission levels in the three scenarios converge at the
permit price level of 200 EUR/t. This suggests that a ‘safe landing’ is possible independent of
the scenario characteristics. However the fotal costs will differ significantly (see Figure 6.7 be-
low).
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Figure 6.4 Structure of GHG emissions as a_function of increasing emission permit prices,
Globalisation scenario, 2030

Figure 6.4 shows the structure of the emissions. The structure of the emission reduction can also
be derived from this graph. The figure shows that reduction of non-CO, GHG emissions domi-
nates at low emission permit prices. However the bulk of the emissions are CO, emissions. As a
consequence, CO, emission reduction is the dominant strategy at more ambitious emission re-
duction targets. These emissions are closely related to the consumption of fossil fuels. The pri-
mary energy consumption in all three scenarios is shown in Figure 6.5, split into different kinds
of energy carriers. The figure shows an increase in all three scenarios in the base case, compared
to the 1990 level. However the growth in primary energy use differs considerably between the
three scenarios. The highest energy use occurs in the Europe scenario. Moreover, the coal con-
sumption is the highest in the Europe scenario. Both effects are a main reason for the high GHG
emissions in this scenario (CO, emissions are a result of the energy consumption and the CO,
intensity of the energy carriers that are applied). The total energy consumption decreases in all
three scenarios if GHG policies are introduced. Part of this reduction can be attributed to the
demand reduction on the end use level (see Figure 4.6), another part can be attributed to the in-
creased conversion efficiency (including increased efficiency in materials use). The impact is
substantial: in the Fortress Europe scenario, the demand reduction in the 200 EUR/t case is
35%, compared to the base case scenario. In the Sustain scenario, the reduction is 28%. In con-
clusion for a technology and resource availability perspective the economy can be shaped in
such a way that drastic GHG emission mitigation can be achieved.
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Figure 6.5 Primary energy use with increasing GHG permit prices, 3 scenarios™

It is also interesting to note the switch in the primary energy carrier mix. The use of coal and oil
decreases, the use of natural gas stabilises or increases, and the use of nuclear increases if this
option is allowed, and the use of renewables increases. However, the figures for the 200 EUR/t
case indicate that renewables can only constitute part of the solution. Demand side management
(efficiency gains, changing consumption patterns) and other options such as CO, removal and
underground storage are also necessary in order to achieve a significant emission reduction for
Western Europe as a whole. The contribution of different strategies to emission reduction is il-
lustrated in Figure 6.6, based on earlier analyses (Gielen and Pieters, 1999). Note the impor-
tance of efficiency improvements (including all measures on the energy and materials demand
side) which constitute half of the total GHG emission reduction. While slight differences with
the BRED analysis exist (especially because of the more extensive BRED biomass module), the
dominance of efficiency improvements is still valid.

33 The substitution principle has been applied in the calculation of primary energy equivalents for nuclear, hydro and
renewable electricity (multiplication of the electricity output with a factor 2.5). For solar boilers and heatpumps, a
reference system conversion efficiency of 85% has been assumed.
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Figure 6.6 Contribution of different types of GHG emission reduction strategies, 2030 (Gielen
and Pieters, forthcoming)

The total costs of emission reduction are shown in Figure 6.7. The figure shows that the costs
differ substantially among the scenarios, if a certain emission level must be achieved, compared
to the Kyoto target level. The Kyoto target level represents an 8% emission reduction (a reduc-
tion from 4250 Mt to 3910 Mt, this a reduction of 2290 Mt from the base case 2030 level of
6200 Mt in the Fortress Europe scenario, see Figure 6.3)*. Costs for this target are small in the
Globalisation and Sustain scenario, but amount to 170 billion Euro in the Fortress Europe sce-
nario. Given that more ambitious emission reduction targets can be expected, an additional
emission reduction of 2000 Mt (representing a 50% emission reduction from 1990 levels) costs
between 150 billion and 400 billion Europe, depending on the scenario. These figures can be
compared to a GDP of 10000-15000 billion Euro in 2030: the costs of 50% emission reduction
represent 1.5-2.8% of the GDP™.

* Note that the Kyoto Protocol refers to the period 2008-2012, while this analysis focuses on 2030.

3% Note that consumer/producer surplus and GDP are not the same (the consumer/producer surplus is higher than
GDP), so this comparison overestimates the relative loss of welfare. However more serious welfare losses may oc-
cur in case the trade balances change (this is not considered in the analysis). Moreover, multiplier effects have been
neglected (eg a loss of service industries that depend on specific national heavy industry sectors that are affected).
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The results for the supply side will first focus on the total supply structure from all four sources:
forestry, agricultural crops, agricultural residues and waste. Next, the analysis will focus on de-
velopments in agricultural land use, as the earlier analyses have shown that dedicated agricul-
tural biomass crops are potentially the largest biomass source. Total biomass supply for three
scenarios and increasing GHG permit prices is shown in Figure 7.1. This supply covers the pri-
mary biomass for energy and materials (from agriculture and from crops) and the energy recov-
ery from waste. In all three scenarios, the supply increases significantly for increasing permit
prices. While in the base case (0 EUR/t permit price) the supply is markedly lower in the Sus-
tain scenario than in the other two scenarios, the three scenarios converge at a permit prices of
100 EUR/t. Above 100 EUR/t, the biomass use is higher in the Fortress Europe and Globalisa-
tion scenarios than in the Sustain scenario. Total biomass supply increases up to 630 Mt dry
matter, an increase of 60-120% compared to the base case.
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Figure 7.1 Total biomass supply for three scenarios, 2030, for increasing GHG permit prices

Figure 7.2 provides a detailed overview of the supply structure in the Globalisation scenario in
2030. Biomass from existing forests has been split into roundwood, bark and forestry residues.
Roundwood from existing forests, waste (kitchen waste and post-consumer wood and paper
waste) and Eucalyptus plantations in Southern Europe dominate in the case of low GHG permit
prices. The main new category at higher permit prices is residual straw from agriculture. Part of
the growth is accounted for by additional wood plantations (Eucalyptus) and increased wood
recovery from existing forests. Note that paper recycling and energy recovery from manure has
been neglected in Figure 7.2°°.

38 Increased paper recycling would show up as a reduced biomass supply. It is implicitly interpreted as an increased
efficiency in materials use
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Figure 7.2 Biomass supply structure for increasing GHG permit prices, Globalisation scenario,
2030

7.1.1  Agriculture and afforestations on formerly agricultural land

The total amount of agricultural land is limited. The total agricultural land area is 147 Mha. This
land can be used for production of food and fodder crops, for production of dedicated biomass
energy and materials crops (either annual crops or short rotation forestry) and it can be used for
afforestation (long rotation forestry, primarily intended for carbon storage). Figure 7.3 shows
the agricultural land use for Western Europe in 2030. The results show only a limited growth in
dedicated biomass crops for energy and materials. Little change occurs between 1990 and the
base case for the Globalisation scenario in 2030. The main change is the introduction of 5 Mha
afforestation, a lower bound in the model that represents current policy plans. 3 Mha Eucalyptus
plantations are introduced in the South European region (categorised as energy and materials
crops). In the case of a 50 EUR/t permit price, Eucalyptus plantations are present in the Global-
isation and the Fortress Europe scenario. Afforestation increases markedly in the Globalisation
scenario at 100 EUR/t. In the 200 EUR/t permit price case, the area for afforestation increases
significantly in all three scenarios. Moreover, the area for biomass crops increases significantly
in the Sustain scenario. Between 25 and 30 Mha are used for either biomass crops or afforesta-
tion, with comparatively little differences between the three scenarios. Afforestation dominates
biomass crops. This is a surprising result that contradicts the results from many other studies. It
can be explained through a combination of cost accounting, discounting, consideration of the
changing reference situation and proper accounting of land quality issues. In Chapter 9, the first
two elements are explained in more detail

The impact of food requirements can be explained through a closer look at the areas that will
become available. It is interesting to note that the area for pastures declines markedly at the 200
EUR/t permit price. This can be attributed to the combined effect of reduced meat consumption
because of increased meat prices and a switch to prepared fodder with higher conversion effi-
ciency.
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Figure 7.3 Total agricultural land use 2030, three scenarios

Figure 7.4 shows that almost all changes occur in the Southern European region. In the model,
land use in Southern Europe has been split into a high yield section and a low yield section, 30
Mha each (see Chapter 4). This split represents differences in soil quality, different water avail-
ability and others factors which affect the productivity. Figure 7.4 shows very significant
changes in Southern Europe. The results show that afforestation is concentrated in the low yield
land area, land that is not suited for biomass crops (low and high yield areas are not illustrated
separately). In the low yield land area, only afforestation has been modelled as a competitor for
olive trees, pasture and wheat growing (thus no dedicated biomass crops, see Chapter 4)*’. The
25 Mha afforestation in this area represent more than 80% of the total land area in this low yield
region, a very high fraction. Such major change is not very likely. The consequences of a lower
maximum afforestation area in this region are analysed in a sensitivity analysis in Chapter 10.
The analysis shows that the model is very sensitive to such a bound, but that such limitations
have limited impact on the GHG emission mitigation potential (part of the afforestation takes

place in other regions).

37 This regional differentiation affects the optimisation. The choice is for example ‘afforestation on low yield soils
and wheat production on high yield soils’ vs. ‘bioenergy production on high yield soils and wheat production on
low yield soils’ (of course much more configurations are feasible, given the 20-30 crop/region combinations in the

model).
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Figure 7.4 Agricultural land use in Southern Europe, Globalisation scenario, 2030

The increased demand for agricultural land has a significant impact on land rent prices, as land
availability is limited. This is illustrated in Figure 7.5, which shows the land use costs (so-called
shadow prices, a measure for the land rent) in the three model regions. Initially prices decrease
because demand reductions for agricultural productions and increased productivity reduce the
demand for land. At permit prices above 50 EUR/t, the shadow prices increase. The increase can
be directly related to the competing land use for afforestation, which sets the minimum land
price for all other applications at higher permit price levels. In case of 7 tonnes annual carbon
storage per hectare (in the South European low yield (LY) region, see Chapter 4) and a permit
price of 100 EUR/t, the land value is 700 EUR/ha (with some small corrections for investment
costs and revenues for harvested wood etc.). The land price in the Middle region and the South
high yield (HY) region is a derivative of this value because both regions are linked through the
wheat, vegetable oil and meat markets.
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Figure 7.5 Changing land use costs, Globalisation scenario, 2030 (HY = high yield; LY = low
yield)

The changing land rent, the changing prices of other physical process inputs and the changing
value of products changes the cost-effectiveness of crops. Table 7.1 shows the benefit/cost ra-
tios for important agricultural crops in the three regions Middle/North, South high yield and
South low yield (see Section 5.7 for an explanation of benefit/cost ratios). The figures show that
additional fertiliser use (in order to increase agricultural yields) decreases at higher permit price
levels. The reduction of N,O emissions is the main incentive for reduced fertiliser use. Appar-
ently the increased yields through fertiliser use, which could increase biomass yields, do not
match the increased N>O emissions. In other words, GHG permit prices result in a reduction of
fertiliser use. However total production (food crops + energy and materials crops) increases,
mainly through an increased efficiency of animal raising. Note the low benefit/cost ratio for en-
ergy crops such as miscanthus and sweet sorghum (but for the high 200 EUR/t permit price
case). The main reason are the high additional costs in comparison to the additional emission
reductions, if the competing land use options are considered (Figure 7.5). The marginal costs of
intensive land use compared to afforestation make such a switch less attractive (see Chapter 9).
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Table 7.1 Benefit/cost ratios of selected agricultural crops, Globalisation scenario, 2030

1 Production of crops Base case 20 EUR/t 50 EUR/t 100 EUR/t 200 EUR/t
Middle/North region

BP0 Biomass growing grass middle 0.94 0.95 0.97 1.00 1.00
BP1 Biomass growing grass middle extra fertiliser 1.00 1.00 1.00 1.00 1.00
BP2 Biomass growing wheat middle 1.00 1.00 1.00 1.00 1.00
BP3 Biomass growing wheat middle extra fertiliser 1.00 1.00 1.00 0.99 0.93
BP4 Biomass growing miscanthus middle 0.25 0.25 0.26 0.49 0.69
BP6 Biomass growing algae middle 0.01 0.01 0.13 0.21 0.31
BP8 Biomass growing marigold flower middle 1.00 1.00 1.00 1.00 n.a.
BPA Biomass growing corn middle 0.92 0.92 0.93 0.96 1.00
BPB Biomass growing corn middle extra fertiliser 0.98 0.99 0.99 0.99 0.96
BPC Biomass growing rapeseed middle 0.32 0.33 0.34 0.39 0.30
BPD Biomass growing sugarbeet middle 1.00 1.00 1.00 1.00 1.00
BPE Biomass growing fodder middle 1.00 1.00 1.00 1.00 1.00
BPF Biomass growing sunflower middle 0.33 0.34 0.36 0.46 0.38
South high yield region

BQA Biomass growing sorghum south high yield 0.16 0.11 0.20 0.53 0.99
BQB Biomass growing wheat south high yield 1.00 1.00 1.00 1.00 1.00
BQC Biomass growing sugarbeet south high yield 0.93 0.93 0.93 0.93 0.90
BQD Biomass growing miscanthus south high yield 0.27 0.27 0.28 0.54 0.75
BQG Biomass growing grass south high yield 0.94 0.95 0.97 1.00 1.00
BQH Biomass growing grass south extra fertiliser high yield  1.00 1.00 1.00 1.00 1.00
BQO Biomass growing corn south high yield 1.00 1.00 1.00 1.00 0.96
South low yield region

BSA Biomass growing grass south low yield 1.00 1.00 1.00 1.00 1.00
BSB Biomass growing wheat south low yield 0.57 0.57 0.56 0.58 0.70
BSC Biomass growing olives south low yield 0.55 0.57 0.60 0.58 0.27

Table 7.2 shows the benefit/cost ratios for forestry plantations and afforestation projects. One
must add that the B/C for afforestations is an estimate, based on spreadsheet calculations. The
MARKAL benefit/cost ratio does not account for costs and revenues at the end of the plantation
life span, and therefore it produces wrong estimates for this type of projects. In this case because
of CO; emissions and wood yields after 50 years, financial burdens and benefits which are not
accounted for in the annual benefit/cost ratio. Note that this is only a reporting error; the model
optimisation algorithm does take end of life financial burdens and benefits into account.

The benefit/cost ratio of afforestation is strongly affected by the permit prices. Only at the high-
est permit price level of 200 EUR/, afforestation becomes cost-effective in the low yield re-
gions of Southern Europe.

The benefit/cost ratios for plantations show that Eucalyptus plantations are already cost-
effective in the base case. The benefit/cost ratio even exceeds 1 at permit prices higher than 50
EUR/t. This indicates that the Eucalyptus plantations have reached the maximum bound in the
model calculations. If this bound would be removed, it would result in an increased Eucalyptus
plantation area. However physical constraints forestall such drastic expansion (like e.g. water
availability). The other wood plantations are not cost-effective, except poplar in Southern
Europe at a 200 EUR/t permit price. The selection of poplar is however not clear-cut, since
willow in Middle Europe (with model code BPH) is also very close to selection with a bene-
fit/cost ratio of 1.
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Table 7.2 Benefit/cost ratios of afforestations and forest plantations, Globalisation scenario,

2030
1 Afforestation and short rotation forest plantations Base case 20 EUR/t 50 EUR/t 100 EUR/t 200 EUR/t
Afforestations
BR7 Coniferous roundwood afforestation north/middle <0.1 0.19 0.51 0.70 0.98
BR8 Coniferous roundwood afforestation south high yield <0.1 0.20 0.53 0.73 0.98
BR9 Coniferous roundwood afforestation south low yield <0.1 0.21 0.55 1.00 1.00
BRA Non-coniferous roundwood afforestation north <0.1 0.19 0.51 0.70 0.98
BRB Non-coniferous roundwood afforestation middle <0.1 0.19 0.51 0.70 0.98
BRC Non-coniferous roundwood afforestation south high yield <0.1 0.20 0.53 0.73 0.98
Plantations
BRD Willow short rotation plantation north 0.58 0.56 0.54 0.69 0.67
BRE Poplar short rotation plantation middle 0.51 0.51 0.52 0.70 0.68
BPH Biomass growing willow middle 0.62 0.62 0.63 0.85 0.83
BQE Biomass growing eucalyptus south high yield 1.00 1.00 1.00 1.35 1.31
BRF Poplar short rotation plantation south 0.65 0.65 0.65 0.88 0.85

Table 7.3 shows the changing shadow prices of agricultural products for increasing GHG permit
prices. Note the significant price increases for meat and for most wood products such as sawn
wood and pulp. Such price changes pose a threat of carbon leakage, as it may become more
cost-effective to import such products from other regions. All price increases of more than 100
EUR/t product (compared to the base case) have been indicated through a shading. Interconti-
nental transportation costs for bulk commodities are well below 100 EUR/t product, and a price
increase of more than 100 EUR/t is an indicator that imports from other continents may become
competitive. Given the sheltered and heavily regulated European agricultural market, this is not
a new threat. However, the results suggest that the problem may become more pronounced be-
cause of GHG policies. Most affected products are beef, chemical pulp, graphic paper, sawn
timber and board materials. Wheat and mechanical pulp are close to a 100 EUR/t price increase
at permit price levels of 200 EUR/t CO,. The deteriorating competitive position is one of the
main obstacles for an ambitious European GHG policy, in case other regions do not develop
similar policies. Note also that waste becomes a valuable resource: waste prices change from
negative (waste management costs money) to positive (waste management generates money).

Table 7.3 Changing biomass shadow prices, Globalisation scenario, 2030

Product Base case 20 EUR/t 50 EUR/t 100 EUR/t 200 EUR/t
[EUROV/t product]

Wheat 187 186 185 229 280
Corn 217 214 210 255 263
Straw 25 25 25 50 110
Beef meat 8385 8475 8610 9380 10050
Chicken meat 2378 2375 2370 2469 2467
Roundwood 59 58 58 83 110
Mechanical pulp 147 165 188 210 234
Chemical pulp 550 540 527 603 801
Graphic paper 548 570 604 681 897
Sawn timber 149 157 166 182 297
Particle board 194 207 227 298 443
Medium Density Fibreboard MDF 276 292 316 392 543
Energy wood chips 55 60 63 30 139
Waste paper, separately collected -19 -11 0 5 81
Kitchen waste -13 -8 0 3 54
Demolition wood -47 -39 -26 -21 64

7.1.2  Wood from forests and forest plantations

Figure 7.6 provides an overview of the primary wood fibre supply in the Globalisation scenario
in 2030 for increasing GHG permit prices. Even in the base case the results show a significant
shift towards fibre supply from plantations on formerly agricultural land. The primary wood fi-
bre supply increases from 190 Mt in the base case to 280 Mt in the 200 EUR/t case. At this high
permit price level the wood production from existing forests is back at the 1990 level. Compari-
son of the supply figures in Figure 7.6 and Figure 7.1 shows that 60% of the biomass supply
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comes from forestry and forest plantations. Note the regional consequences of the switch from
existing forests to high production plantations: wood production in Scandinavia decreases in fa-
vour of Eucalyptus plantations in Southern Europe. As a consequence a regional specialisation
will occur, with sawn wood production in Scandinavia and increasing board and pulp produc-
tion in the South. Especially Scandinavia will profit from rigid GHG policy targets.
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Figure 7.6 Wood fibre supply for increasing GHG permit prices, Globalisation scenario, 2030
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8.1  Aggregate biomass use: the impact of GHG policies

Figure 8.1 shows the aggregated biomass use in the base case for the Globalisation scenario
(this excludes food and fodder). The figure shows an initial decline, followed by a gradual re-
covery. The decline is related to bioenergy use (in the heating market, see Section 8.2). Bioma-
terials use increases steadily. While materials use dominates up to 2000, energy and materials
use reach a comparable level in 2010. From 2010 onward, energy use dominates.
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Figure 8.1 Biomass use, base case, Globalisation scenario, 1990-2050

Biomass use depends on the scenario characteristics and on the GHG permit price. This is
shown in Figure 8.2. The differences between the scenarios are limited. This suggests that the
GHG permit price has more impact than the different scenario characteristics, and that the re-
sults are robust with regard to the scenario differences. Whether this similarity of the results for
the different scenarios is driven by the supply side structure or by the demand side structure, is
determinative for the robustness and the uncertainty regarding this result. The analysis in
Chapter 7 has shown that the supply could be increased significantly though an increased area
of biomass crops, but that such a strategy is not cost-effective. This result suggests that this ef-
fect is driven by the demand side. This demand dominance feature implies three things. First,
increased biomass use is not a dominant GHG emission mitigation strategy in either energy or
materials markets in all three scenarios. Second, the market price structure is not very different
in all three scenarios. Third, the market potentials are not significantly affected by the scenario
parameters. These hypotheses will be analysed in more detail in the next sections.

In Figure 8.2 it can be seen that the growth of biomass use mainly takes place in the energy
market. The material market also growth up to a permit price level of 100 EUR/t. In the 200
EUR/t case however, the materials market actually declines, while the energy market shows a
very strong growth. At 200 EUR/t three quarters of the total amount of biomass is used for en-
ergy purposes. This result shows the importance of a clear policy target: the system configura-
tion (and thus the optimal biomass use) changes significantly, depending on the policy ambi-
tions: a gradual approach can result in a sub-optimal lock in effects for the economic structure.
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The biomass use for energy and materials is analysed in more detail in Sections 8.2 and 8.3. Fi-
nally Section 8.4 discusses the GHG relevance of the biomass strategies.
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Figure 8.2 Biomass use with increasing emission permit prices, different scenarios, 2030

8.2  Bioenergy

Figure 8.3 shows the biomass use for energy applications in the Globalisation scenario in 2030,
for increasing emission permit prices. The figure shows significant changes between the 1990
situation and the 2030 base case. The total biomass for energy use increases from 80 Mt to 200
Mt. While the biomass use for heat production disappears, the energy recovery from waste bio-
mass (mainly for electricity production) increases significantly from 20 Mt in 1990 to 150 Mt in
the base case in 2030. This energy recovery remains at a constant level up to the 200 EUR/t
permit price. The decline in the heating market in the model calculations must be nuanced; for
example the use of fireplaces or the use of biomass in remote mountain regions is not well cap-
tured in the model. In reality, this part of the heating market could probably be greater. Some
biomass use for heating purposes re-emerges at 50 EUR/t onward (small industrial kilns). The
energy recovery from lignin via gasification and subsequent cogeneration increases at 50 EUR/,
but declines again at 200 EUR/t. These changes are related to the ethanol production from wood
(from 50 EUR/t upward), which results in lignin by-products that are used for energy recovery.
In the 200 EUR/t case however, part of this lignin is used for HTU oil production. From 50
EUR/t upward, biomass energy use increases significantly, up to 390 Mt biomass in the 200
EUR/t case. The main increase can be attributed to the production of transportation fuels, espe-
cially ethanol, methanol and HTU biodiesel.
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Figure 8.3 Biomass use for energy, expressed in primary biomass equivalents, Globalisation
scenario, 2030

Figure 8.4 shows that comparatively small differences occur between the three scenarios. In
case of a 100 EUR/t permit price, the total biomass use changes from 280 to 320 Mt between
scenarios. This is equivalent to 4.5-5.5 EJ primary energy (6-9% of the primary energy use in
2030). The main difference is accounted for by ethanol or HTU oil production for the transpor-
tation market (see Section 8.2.2). Another difference is the biomass use for co-combustion in
gas fired power plants. This strategy is only selected in the Globalisation and Europe scenario,
but still represents limited quantities compared to the total electricity production of approx. 400
PJ biomass (see Section 8.2.1).
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Figure 8.4 Biomass use for energy, expressed in primary biomass equivalents, permit price 100
EURM, for three scenarios, 2030
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This similarity can also be explained on the basis of price trends. Table 8.1 provides an over-
view of shadow prices of important energy carriers and materials in the three scenarios at a 100
EUR/t permit price case. Biomass could in principle be used as a resource for all these products,
either as a feedstock (e.g. HTU oil instead of naphtha for cracking) or as a substitute (sawn
wood as a substitute for concrete and steel beams). The figures show that the price differences
between the scenarios are limited, despite very different fossil fuel price trends and different
discount rates. The results indicate the dominance of the (high) GHG permit prices within the
price structure.

Table 8.1 Shadow prices of important energy carriers and materials, 3 scenarios, 2030, 100

EUR/t permit price

Product Unit Current  Globalisation  Fortress Europe Sustain
Electricity [EUR/GI] 15 17.5 23.1 19.3
Gasoline [EUR/GJ] 4 14.0 15.7 13.8
Diesel [EUR/GJ] 4 14.0 13.0 12.7
Natural gas [EUR/GJ] 3 10.2 11.4 9.7
Fuel oil [EUR/GJ] 3 10.5 11.9 11.1
Hot rolled steel coil ~ [EUR/t] 300 386 431 394
Ethylene [EUR/t] 300 590 587 535
Cement [EUR/] 20 112 97 90
Bricks [EUR/t] 30 75 75 55
Waste paper [EUR/t] 0 5 41 29

8.2.1 Biomass use for electricity production

Electricity production has always been considered an important market opportunity for bio-
energy. For this reason, electricity production in all three scenarios is elaborated in Figures 8.5-
8.7. The figures show limited differences in the total quantity of electricity produced in the 2030
base case, but show a very different electricity production structure. The use of natural gas
dominates in the Globalisation and the Sustain scenarios, while the use of coal dominates in the
Fortress Europe scenario (an effect which can be attributed to price trends). Nuclear is only al-
lowed in the Globalisation scenario (see Section 5.6).

The results show an initial decline of the total electricity production in all three scenarios for in-
creasing GHG permit prices, which can be attributed to the increased efficiency of electricity
use. At a 200 EUR/t permit price level, electricity consumption increases again because of the
introduction of electric vehicles (a moderate ‘electrification’ of the energy system). This effect
is especially pronounced in the Globalisation and the Fortress Europe scenarios (see Section
8.2.2). With increasing GHG permit prices, the supply structure converges for all three scenar-
i0s: natural gas dominates and the use of renewables, especially wind, increases significantly. In
two scenarios (Globalisation and Fortress Europe), gas fired power plants are equipped with
CO, removal and underground storage. Nuclear power increases to its upper bound in the Glob-
alisation scenario.

As a consequence of these changes in production structure, the CO, intensity of electricity pro-
duction decreases very significantly and additional biomass use thus has only limited additional
CO, benefits (see Chapter 9). As a consequence, costly biomass based power production does
not occur and the contribution of biomass based electricity production is limited to co-
combustion in gas fired power plants.

CO, removal and underground storage for coal and gas fired power plants is not allowed in the
Sustain scenario (see Section 5.5). As a consequence, the CO, intensity of electricity production
remains comparatively high in this scenario. The gas-fired power plant is still widely applied in
this scenario at 200 EUR/t permit price. This is typically a situation where increased biomass
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use for electricity production could result in a substantial reduction of GHG emissions if this
biomass is applied as a substitute for natural gas. The fact that this does not happen can be ex-
plained on the basis of the characteristics of the competing afforestation option. This issue is
elaborated in Chapter 9.
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Figure 8.6 Electricity production for increasing GHG permit prices, Fortress Europe scenario,
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Figure 8.7 Electricity production for increasing GHG permit prices, Sustain scenario, 2030

Table 8.2 shows the benefit/cost ratios of different bioelectricity production technologies. The
table shows that co-combustion is the most cost-effective strategy for bioelectricity production.
At permit prices above 50 EUR/t, co-combustion in gas fired power plants (code BE2) is limited
by the model bounds (this can be derived from the B/C in Table 8.2 being higher than 1.00).
This is typically a strategy where the supply potential should be analysed in more detail in order
to check the validity of the model bounds (see the sensitivity analysis in Chapter 10). These co-
combustion units have the important value added that they can be equipped with CO, removal
and underground storage, thus resulting in a bioenergy chain with negative CO, emissions: CO,
is stored in trees and subsequently stored underground, while the energy content of the wood is
recovered. This is shown in Table 8.2 through introduction of CO, removal technologies SQH
and SQL at permit prices of 50 EUR/t upward. Note the decreasing benefit-cost ratio of the
stand-alone gasifier BE3: its competitiveness decreases because the b