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a b s t r a c t

In this study, long-term perspectives for the Austrian bioenergy sector are analyzed. The

focus is on the achievable contribution of biomass to the heat, electricity and transport fuel

supply as well as to the total primary energy supply under different framework conditions.

Also, the achievable GHG mitigation and the costs related to GHG reduction are assessed.

The analyses are based on scenarios which are compiled with the simulation model

Green-XBio-Austria. Within this model a myopic optimization of the bioenergy sector with

regard to energy generation costs up to 2050 in eleven scenarios is carried out. The

scenarios differ in the following aspects: the projections for fuel price development and for

the energy demand as well as bioenergy policy measures assumed.

The major conclusions are: With respect to greenhouse gas emission reduction and

economic efficiency, the simulations make clear that bioenergy policies should focus on

the promotion of heat an – to some extent – combined heat and power generation. A focus

on liquid biofuels for transport has adverse effects on the development of the bioenergy

sector due to increased competition for limited biomass resources. For significantly

increasing the share of biomass in the Austrian energy supply, it is crucial to both subsidize

bioenergy and reduce the overall energy consumption. In the case of highly increasing

fossil fuel prices, the economics of bioenergy systems will improve significantly.

ª 2009 Elsevier Ltd. All rights reserved.

1. Introduction and objective

The enhanced use of bioenergy is of crucial importance for

achieving a sustainable and environmentally sound energy

system in Austria. There are vast biomass resources available

which can be used for heat and power generation as well as for

the production of liquid biofuels. Fig. 1 illustrates the diversity

of bioenergy systems. Each arrow represents a group of

conversion technologies which are characterized by specific

costs, efficiencies and emissions.

Regarding the diversity of biomass utilization paths

(considering the various resources, applications and

technological options), a crucial question is, how the enhanced

use of domestic resources can result in maximum economic,

ecological and societal benefits.

The core question of this work is:

� How can the domestic biomass resources in Austria be

utilized in a most efficient way and what policy measures

are necessary for achieving an efficient bioenergy

system?

Further questions which are analyzed include the

following:
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� To what extent can the utilization of domestic biomass

resources contribute to a sustainable energy system in

Austria (in the sectors heat, electricity and mobility)?

� What are the additional costs of the enhanced use of bio-

energy, compared to fossile reference systems?

� What are the achievable greenhouse gas (GHG) emission

reductions and what are the costs of GHG mitigation related

to bioenergy?

� To what extent can policies and support schemes influence

the structure and the efficiency of the bioenergy sector (with

regard to costs and GHG emissions)?

The paper is organized as follows: In Chapter 2 the meth-

odological approach of this work is described. It also includes

a description of the model ‘‘Green-XBio-Austria’’ (‘‘Green-XBA’’)

which is used to derive long-term scenarios of the Austrian

bioenergy sector. The input data and exogenous scenario

parameters of the model are described in Chapter 3. In

Chapter 4 the simulation results are presented and analyzed

and in Chapter 5 conclusions are drawn and policy recom-

mendations are given.

2. Methodological approach

The central element of this approach is the simulation model

Green-XBA. It is an adaption of the models Green-X [1] (and

Green-XEnvironment [2], respectively) and has been developed

specifically for the purpose of simulating future developments

of the Austrian bioenergy sector. The model is used to derive

various long-term scenarios and to evaluate these scenarios

with regard to costs and GHG mitigation. Fig. 2 illustrates the

input and output parameters of the model Green-XBA. The

input data include dynamic supply curves of biomass

resources, technology data of different biomass heating

systems, combined heat and power (CHP) and heating plants

as well as biofuel production plants, the currently installed

bioenergy plants (installed capacities and their age structure),

technological and cost data of (fossil-fuelled) reference

systems and the development and structure of the energy

demand in Austria. Furthermore, it is possible to define bio-

energy support schemes, such as investment subsidies,

quotas or feed-in tariffs.

Based on these input data, the model simulates future

investments in bioenergy systems. The key algorithm for each

year of the simulation period consists of the following steps:

� Evaluation of unused biomass primary energy potentials

and demand-side potentials, based on the fuel demand and

energy output of existing bioenergy systems (according to

historic data and/or previous simulation years). Decom-

missioning of plants which have reached the end of the

operational lifetime is taken into account.

� Calculation of the long-run marginal costs of each utiliza-

tion path of the currently unused biomass fractions under

the current framework conditions (investment, operation
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Fig. 2 – Illustration of the input and output data of the Model Green-XBA.
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and maintenance costs, fuel prices, subsidies etc.) and

comparison with the according reference costs.

� Additional bioenergy systems are installed if they are

economic, sufficient biomass resources are available and

the demand-side potential of the according technology

cluster is not reached yet. The annual additional installation

is further limited by a maximum diffusion rate. In simula-

tion runs with an obligatory biofuel quota the required

amount is produced in the cheapest way possible.

� Calculation of biomass consumption, heat, electricity and

transport fuel output, generation costs, amount and costs of

GHG emission reduction etc. of the installed capacities.

Calculation of the share of biomass in the total heat, elec-

tricity, transport fuel and primary energy demand as well as

other indicators for the performance of the bioenergy

sector.

In this work the results of 11 simulation runs are presented

and compared. These simulations differ with regard to the

exogenous scenario parameters (especially regarding

the projections of the fossil fuel price and energy demand) and

the bioenergy support schemes assumed. They are catego-

rized into Low-price baseline scenarios (moderate fuel price

increase and rising energy consumption), High-price efficiency

(significant fuel price increase up to 2050 and increased energy

efficiency) and High-price efficiency max scenarios (significant

fuel price increase and strong decline of energy consumption

due to highly increased energy efficiency). For each of these

categories, several simulation runs are carried out which

differ with regard to the bioenergy support schemes assumed.

Next, the effects of the different support schemes on the

development and the efficiency of the bioenergy sector are

analyzed. Economic efficiency and GHG mitigation

are considered as the main criteria. Finally, the simulations

are used to derive conclusions and policy recommendations.

Sensitivity analyses about reference prices and biomass

potentials are also carried out. The main results are

mentioned briefly in the summary (chapter 4.4).

The aim of this approach is to analyze to what extent

biomass can contribute to the energy supply in Austria under

different framework conditions and draw conclusions con-

cerning favourable development paths of the biomass use. A

comparison between bioenergy options and other renewable

energy technologies or energy efficiency measures is not

subject of this work.

3. Exogenous scenario parameters and input
data

The input data and exogenous scenario parameters of the

model Green-XBio-Austria which are presented in the following

sections include the following (cp. Fig. 2):

- The historic development of the Austrian biomass sector

and outlook to 2010

- Technology and cost data of bioenergy systems (and tech-

nology chains, respectively)

- Reference systems

- Biomass resource potentials and prices

- Energy demand (current structure and future development)

- Support schemes for bioenergy

3.1. Historic development of the Austrian bioenergy
sector and outlook to 2010

With a share of more than 10% in the total primary energy

consumption, biomass is already playing an important role in

the Austrian energy supply. Until the end of the 20th century,

the energetic use of biomass was virtually limited to heat

generation (see Fig. 3).3 But due to the implementation of

support schemes biomass has also become increasingly

important for power generation and in the transport sector in

recent years. In the electricity sector, the implementation of

feed-in tariffs resulted in a significant increase of power

generation from biomass. According to the European biofuel

directive [3] an obligatory quota for biofuels with a target of

5.75% by the end of 2008 was introduced.

The outlook to the year 2010 is based on recent trends as

well as data on planned and approved bioenergy plants.

The projected situation in 2010 is the initial starting point

for the long-term scenarios up to 2050. The decom-

missioning of existing plants at the end of their lifetime is

also simulated in the model runs. Within the model the

installed bioenergy capacities are represented by approxi-

mately 250 datasets.

3.2. Technology and cost data of bioenergy systems

The technology data used in the model Green-XBA are based

on a comprehensive literature review. The database of the

model includes cost data (investment costs, annual operation

and maintenance costs) and technological data (efficiencies,

annual full load hours, lifetimes, non-renewable GHG emis-

sions). The technologies are categorized according to their

energy output: Small scale heating systems from less than

15 kW–100 kW, heating plants from less than 1 MW to more

than 5 MW, CHP plants (starting with Micro-CHP with up to

50 kW electrical power output up to large-scale CHP plants

with more than 25 MW) and biofuel production plants

including first and second generation biofuels. Following [9], it

is assumed that second generation biofuel production plants

are feasible in 2015. The technologies considered in the model

include a representative set of technologies which are either

currently state-of-the art or are likely to have a significant

impact on the future structure of biomass use in Austria in the

next decades according to expert opinion. Table 3 in the

Appendix gives an overview of the technologies considered in

the model and the technology and cost data assumed for the

base year 2010.

For estimating future cost reductions, which is a crucial

aspect due to the long simulation period up to 2050, the

experience curve approach was applied (see [10] or [11], for

a general explanation of the experience curve theory). For this

purpose we distinguished a part of technological learning

which is due to global development and another part which is

3 Waste liquor of the paper and pulp industry (which accounted
for approximately 25 PJ/a in recent years) is neither included in
this illustration, nor in any other figure or analysis in this work.
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due to regional technology development. For the global

development we considered the role of different bioenergy

technologies in various scenarios of [12]. For the regional part,

we considered various scenarios for different bioenergy

systems for Austria from the literature. This means, that our

approach does not lead to endogenous learning but is exoge-

nously given from the literature scenarios. Taking into

account the current cumulated stock of produced capacities

for each of the technologies as well as the corresponding

learning rates (ranging from 7% for state of the art heating

systems to 15% for advanced biofuel production technologies)

we derived learning curves for biomass technologies. Some of

them are illustrated in Fig. 4.

Fuel costs of the different biomass fractions, which are of

course also a major influencing factor for the energy genera-

tion costs of bioenergy systems are implemented in dynamic

supply curves (see Section 4.4).

Due to the dynamic learning effects and the price scenarios

assumed for biomass and fossil fuels, the economic perfor-

mance of each biomass technology (and technology chain,

respectively) is evaluated within the model in each simulation

year. For this purpose, the long-run marginal costs (LRMC) are

calculated and compared to those of the according fossil-

fuelled reference system. The formulas for the LRMC are

included in the Appendix and the reference systems are

described in Section 3.3.

Furthermore, for each biomass technology the specific

non-renewable GHG emissions and specific GHG emission

reductions (defined as the difference between the GHG emis-

sions of the bioenergy technology and the according reference

technology) are calculated within the model. The emission

data are primarily based on Öko-Institut 2008 [13], Jungmeier

et al., 1999 [14], König et al., 2008 [15] and Gustavson et al., 2007

[16]. For biofuels, the ‘‘typical greenhouse gas emission

savings’’ stated in the 2009-EU Directive on the promotion of

the use of energy from renewable sources [17] have been used

due to the wide range of data in literature. Fig. 5 shows the

specific non-renewable GHG emissions of selected bioenergy

technologies related to the primary output. (Due to the high

number of conversion and utilization technologies as well as

biomass resources considered in the model, only a few

selected utilization paths are illustrated here).
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Based on the energy generation costs of biomass and

reference technologies, GHG emission reductions and the

installed capacities, average GHG mitigation costs of the bio-

energy sector are calculated on a yearly basis. The time series

of the average GHG reduction costs and of the GHG mitigation

are used as main criteria for evaluating the efficiency of the

bioenergy sector in the different simulation runs. (See

Appendix for the formulas).

3.3. Reference systems

For each group of bioenergy systems, a fossil-fuelled reference

system is defined. As mentioned above, these reference

systems are required for the economic assessments on the

one hand, and the evaluation of the GHG emission reductions,

on the other.

For biomass heating systems and heating plants, a mix of

oil and gas heating systems is used as reference system (based

on retail fossil fuel prices including taxes). Since the structure

of the heat demand has to be taken into account and due to

distinct economies of scale effects, reference heat generation

costs are defined for four different plant sizes: for heating

systems up to 15 kW, up to 30 kW and up to 100 kW and for

heating plants with more than 100 kW rated thermal power.

The assumed fossil fuel price developments are adopted

from Capros et al., (2008) [8] (extrapolation for the period 2030–

2050) and assumptions concerning investment, operation and

maintenance costs of the heating systems/plants are based on

data in literature (see Table 3 in the Appendix).

As reference price for CHP plants, projections of the elec-

tricity wholesale price according to Capros et al., (2008) [8] are

used. However, if biomass CHP is subsidized via feed-in tariffs

the amount of the tariff is relevant for the profitability of CHP

plants. The heat output of CHP plants/waste heat utilization is

considered in the form of heat revenues which depend on the

heat reference price. (See Appendix for the formulas).
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For the transport sector projections of wholesale prices for

fossil fuels (excluding taxes) according to Capros et al., (2008)

[8] are used as reference system.

The scenarios of the reference prices (and reference heat

generation costs) up to 2050 in the High- and Low-price

scenarios are illustrated in Fig. 6. All prices are inflation-

adjusted prices with the reference year 2007. Fig. 7 shows the

historic development and the projections of crude oil spot

prices up to 2050 in the High- and Low-price scenarios.

The effects of deviations of plus/minus 10 and 20% from

these price scenarios are analyzed in sensitivity analyses (see

chapter 4.4).

The reference emissions for heating systems are also

based on the mix of oil and gas heating systems mentioned

above and data according to Jungmeier et al., (1999) [14]. The

reference emissions for biofuels, i.e. fossil transport fuels, are

adopted from Capros et al., (2008) [8]. The reference emis-

sions for electricity are also based on [8] (projections of the

specific emissions of the thermal power plants in Austria).

However, since emission credits are considered for the utili-

zation of waste heat of biomass CHP plants (‘‘heat credits’’),

these credits are also considered for the reference system.

Fig. 8 shows the resulting reference emissions, which are in

the range of those of modern combined cycle gas turbines

(CCGT).

3.4. Biomass resource potentials

The availability of biomass resource potentials is of course

a major restriction for the future growth of the bioenergy

0

20

40

60

80

100

120

140

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

20
20

20
25

20
30

20
35

20
40

20
45

20
50

$
/
b

b
l

Europe Brent Spot price

West Texas Intermediate
Spot price

High-price scenario

Low-price scenario

Fig. 7 – Crude oil price development in the Low- and the High-price scenario (real prices in $/bbl, base year 2007). Sources:

[18], own calculations and assumptions.

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

2010 2020 2030 2040 2050

R
ef

er
en

ce
 e

m
is

si
on

s 
[t 

C
O

2 -
eq

u .
/ M

W
h]

a

Electricity w/o heat credits b

Electricity - CCGT w/o heat
creditsb

Electricity w/heat credits b,c

Electricity - CCGT w/heat
credits b

Heat

Transport fuels

Fig. 8 – GHG emissions of the reference systems (a) The emissions are related to the primary output (hence, thermal energy

for heat generation, electricity for CHP plants and chemical energy for biofuels) (b) ‘‘w/heat credits’’ (‘‘w/o heat credits’’)

indicates that emission credits for waste heat are (not) considered in the according time series (c) ‘‘Electricity w/heat credits’’

is actually used as reference system for electricity; the others are included for illustration purposes only. Sources: [8], [14],

own calculations.

b i o m a s s a n d b i o e n e r g y 3 4 ( 2 0 1 0 ) 4 4 9 – 4 6 6454



Author's personal copy

sector. Fig. 9 shows the aggregated results of the dynamic

biomass potential assessment. The historic utilization (2005)

is also depicted.

It is clear to see that the current use of biomass is primarily

based on forest resources (‘‘wood processing residues’’

include residues of the wood processing industries, such as

wood chips, saw dust and waste liquor of the paper industry).

On the short term, a further increase in the use of forest

biomass can be expected, but the main share of the currently

unused potential is agricultural biomass (including agricul-

tural residues and wastes). The methodology as well as more

detailed results of this potential assessment is illustrated in

[23]. The results are widely consistent with other studies (e.g.

[24]). The relevance of the uncertainties shown in Fig. 9 is

analyzed in sensitivity analyses (see chapter 4.4).

In the model the biomass resource potential is represented

by more than 50 different fractions and each of these fractions

is linked with a specific price. Hence, the actual model input
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Fig. 11 – Projections of the total primary energy

consumption in the Baseline, Efficiency and Efficiency max

scenario. Source: [6], [8], [25–28], own calculations.
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are dynamic supply curves. The price development for

biomass fuels is assumed to be coupled to fossil fuel price

developments.4 Fig. 10 shows the supply curves in the Low-

and the High-price scenario. Among the cheapest fractions

included in these curves are wastes like manure or straw,

among the most expensive energy crops like oilseeds or yields

from extensive grassland.

Biomass imports are already playing an important part for

the Austrian bioenergy sector, especially for biofuel production.

For the simulations a limited amount of ‘‘import potentials’’

was defined (16 TWh/a of wood chips, 1,5 TWh/a of energy

crops for ethanol production and 10 TWh/a of oilseeds).

However, to keep the focus on the domestic biomass resources,

the prices for these import potentials are assumed to be slightly

higher than the according fractions of domestic origin. Hence,

the assumed amount of import potentials is of minor relevance

for the simulations.

3.5. Energy demand

Projections of the total energy demand in Austria are of crucial

importance for the simulations. Due to the high uncertainties

related to these projections, different scenarios are consid-

ered: the Baseline scenario, the Efficiency scenario and the

Efficiency max scenario. The Baseline and the Efficiency scenario

have been adopted from [8], whereas the Efficiency max

scenario has been derived from scenarios according to Nitsch

et al. (2004) [25], Schriefl 2007 [26] and Haas et al., 2007 [27].

For reasons of plausibility, the exogenous scenario param-

eters for the energy demand are linked to the price scenarios.

For the Baseline scenario the Low-price scenario is assumed and

for the Efficiency and the Efficiency max scenario the High-price

scenario.

Basically, the Baseline scenario represents a development

with a further increase of the energy consumption in all

sectors with saturation around 2030. In the Efficiency

scenario, additional measures in the field of energy efficiency

are assumed to lead to a decrease in energy consumption in

all sectors apart from electricity. Since other studies (e.g. [25],

[26], [27]) indicate that rising fuel prices and highly increased

energy efficiency could lead to a clearly steeper decline of
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Fig. 12 – Projections of the electricity consumption in the

Baseline, Efficiency and Efficiency max scenario. Source: [4],

[8], [25], [28], own calculations.
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Fig. 13 – Projections of the transport fuel consumption in

the Baseline, Efficiency and Efficiency max scenario. Source:

[6], [8], [25], own calculations.
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Fig. 15 – Projections of the low-temperature heat

consumption in the Baseline, Efficiency and Efficiency max

scenario. Source: [5], [6], [8], [25], [26], [27], own calculations.
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Fig. 14 – Projections of the total heat consumption in the

Baseline, Efficiency and Efficiency max scenario. Source: [5],

[6], [8], [25–27], own calculations.

4 The following correlations between fossil fuel price and
biomass price developments are assumed: 80% for energy crops,
60% for wood chips, 50% for log wood and 40% for residues and
wastes. (E.g. it is assumed that a fossil fuel price increase of 10%,
for example, results in an 8% price increase for energy crops).
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energy consumption, the Efficiency max scenario was devel-

oped. However, it has to be noted that for this scenario to be

feasible, serious efforts as well as regulations in the field of

energy efficiency as well as structural changes in the whole

energy system are required. The following figures (Fig. 11–15)

illustrate the projections of energy consumption in the

different sectors (total primary energy, electricity, transport

fuels, total heat consumption and low-temperature heat

consumption) for the three scenarios. In the model the total

heat demand is not only broken down by low- and high-

temperature heat, but also by six ‘‘clusters’’ of plant sizes,

ranging from less than 15 kW to more than 10 MW. Therefore

the effect of strongly increased energy efficiency on the heat

demand patterns, especially in the field of residential heating

is taken into account.

3.6. Energy policy measures

A main purpose of the simulations is to analyze the effects of

different bioenergy policies. For each sector (small- and large-

scale heat, CHP and biofuels), three different levels of support

schemes were defined: No, Moderate and High support. Heating

systems and heating plants are subsidized via investment

subsidies, CHP plants via feed-in tariffs and biofuels via

obligatory quotas. These are the support schemes which are

currently implemented in Austria. Depending on the scenario

assumptions, certain levels of support are assumed. Table 1

gives an overview of the values of these subsidies for the cases

No, Moderate and High.

4. Simulation results

4.1. Overview

In Table 2 the exogenous scenario parameters for the different

simulation runs are illustrated. (For the descriptions of the

price and energy demand scenarios and the support schemes

see Fig. 6, Fig. 11–Fig. 15, and Table 1). Basically, three groups of

simulation runs have been carried out, titled Low-price baseline,

High-price efficiency and High-price efficiency max. The simula-

tions in each group differ with regard to the bioenergy policies

assumed. In the No-Policy scenarios no subsidies for bioenergy

are assumed, in the Heat-and-Power scenarios the focus is on

the promotion of CHP and heating systems, in the Transport

scenarios on the promotion of biofuels and in the Balanced-

policy scenarios a balanced promotion of bioenergy in the

sectors heat, electricity and transport fuels is assumed.

Table 1 – Support schemes assumed in the simulation runs.

Category Type of subsidy Unit ‘‘No’’ ‘‘Moderate’’ ‘‘High’’

Heating systems � 100 kW Investment subsidy [1] 0% 20% –a

Heating plants > 100 kW Investment subsidy [1] 0% 20% –a

CHP Feed-in tariffs [V/MWh] 0 92,5a 110b

Biofuels Quota [1] 0 10% by 2010c 30% by 2030d

a High support for heating systems is not assumed in any scenario.

b Mean values (actually feed-in tariffs differ with regard to fuel and technology).

c Biofuel quota: 5.75% in 2010; 10% throughout 2010–2050.

d Biofuel quota increasing from 5.75% in 2010 to 30% in 2030.

Table 2 – Overview of the exogenous scenario parameters in the different simulations.

Number and
Title

Price
scenario

Scenario
for energy
demand

Support schemes

Heating
systems

(�100 kW)

Heating
plants

(>100 kW)

CHP Biofuels

Low-price baseline

scenarios

1-1 No-Policy Low Baseline ‘‘No’’ ‘‘No’’ ‘‘No’’ ‘‘No’’

1-2 Heat-and-Power Low Baseline ‘‘Moderate’’ ‘‘No’’ ‘‘High’’ ‘‘No’’

1-3 Balanced-Policy Low Baseline ‘‘Moderate’’ ‘‘No’’ ‘‘Moderate’’ ‘‘Moderate’’

1-4 Transport Low Baseline ‘‘Moderate’’ ‘‘No’’ ‘‘Moderate’’ ‘‘High’’

High-price efficiency

scenarios

2-1 No-Policy High Efficiency ‘‘No’’ ‘‘No’’ ‘‘No’’ ‘‘No’’

2-2 Heat-and-Power High Efficiency ‘‘Moderate’’ ‘‘No’’ ‘‘High’’ ‘‘No’’

2-3 Balanced-Policy High Efficiency ‘‘Moderate’’ ‘‘No’’ ‘‘Moderate’’ ‘‘Moderate’’

2-4 Transport High Efficiency ‘‘Moderate’’ ‘‘No’’ ‘‘Moderate’’ ‘‘High’’

High-price

efficiency max

3-1 No-Policy High Efficiency

max

‘‘No’’ ‘‘No’’ ‘‘No’’ ‘‘No’’

3-2 Balanced-Policy High Efficiency

max

‘‘Moderate’’ ‘‘No’’ ‘‘Moderate’’ ‘‘Moderate’’

3-3 Transport High Efficiency

max

‘‘Moderate’’ ‘‘No’’ ‘‘Moderate’’ ‘‘High’’
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In the following sections some of the aggregated results of

the simulations are presented. The focus is on the comparison

of the following parameters: the achieved biomass share in

the total primary energy consumption and in the sectors heat,

electricity and mobility, the GHG mitigation and the average

costs of GHG mitigation.

4.2. Low-price baseline scenarios (scenarios 1-1 to 1-4)

As indicated in Table 2, in the Low-price Baseline scenarios

a moderate increase of fossil fuel prices and a further increase

in energy consumption are assumed. The competitiveness of

bioenergy systems does not increase significantly in these

scenarios. Hence, biomass heating systems are basically

competitive to fossil-fuelled systems and biomass CHP plants

and biofuels are usually far from being competitive. This is

reflected in the biomass shares in the No-Policy scenario which

are illustrated in Fig. 16: In the No-Policy scenario only bioenergy

plants which are competitive without subsidies are installed.

The biomass share in the heat sector increases significantly

(from 15% in 2010 to about 22.5% in 2030 and 26% in 2050). But

due to the lack of subsidies the contribution of biomass in the

electricity and transport sector declines, since existing plants

are decommissioned.

By implementing attractive feed-in tariffs for biomass CHP

plants, a notable increase of power generation from biomass

can be achieved, as the Heat-and-Power scenario illustrates.

Furthermore, the biomass share in the total primary energy

consumption can be raised significantly.

In the Balanced-policy scenario the amount of feed-in tariffs

is slightly lower and an obligatory biofuel quota of 10% by

2020 is assumed. These policy measures result in a clearly

lower share of biomass in the electricity and also in the heat

sector (see Fig. 16). Hence, the biofuel quota leads to

increased competition for biomass resources and moreover,

a shift from heat and electricity generation towards transport

fuel production. With the introduction of a more ambitious

biofuel quota in the Transport scenario (30% in 2030), this shift

is even more distinct. In this scenario, biofuel production

becomes the dominant application for biomass and the

biomass share in the heat sector in 2030 and 2050 is even less

than in 2010.

Fig. 17 illustrates the development of the annual GHG

mitigation of the bioenergy sector and the average costs of

GHG reduction in the Low-price Baseline scenarios. The total

GHG mitigation of the Austrian bioenergy sector is in the range

of about 10–12 Mt CO2-equ. per annum in the Low-price Baseline

scenarios. The highest total GHG mitigation is achieved in the

Balanced-Policy scenario. However, it is only about 15% higher

than the GHG mitigation in the No-Policy scenario, which is due

to the relatively high biomass share in the heat sector. With

regard to GHG mitigation, the Transport scenario shows a quite

good performance in the first decade, since the obligatory

biofuel quota is a very effective policy instrument. However,

with the increasing biofuel quota and the shift from heat

towards transport fuel production, the performance deterio-

rates. Due to the moderate specific GHG mitigation of biofuels

the performance of the bioenergy sector in the Transport

scenario is even worse than in the No-Policy scenario during the

period 2030–2050.

The developments of the average costs of GHG mitigation

illustrate the efficiency of the different bioenergy policies with

regard to GHG mitigation. Of course the average costs are
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Fig. 16 – Biomass shares in the total primary energy

consumption and in the heat, electricity and transport

sector in the Low-price Baseline scenarios in 2030 and 2050

(biomass imports included).
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Fig. 17 – Simulation results of the Low-price Baseline scenarios: development of annual GHG mitigation and average costs of

GHG mitigation.
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lowest in the No-Policy scenario, since no subsidies are granted

for ‘‘new’’ plants in this scenario. The steep decline of the

average costs around 2020 is due to the decommissioning of

the subsidized CHP and biofuel production plants which were

installed before 2010. The negative mitigation costs after 2020

indicate the good economic performance of biomass heating

systems.

Due to the introduction of feed-in tariffs in the Heat-and-

Power scenario and the biofuel quota in the Balance-Policy

scenario (and the additional costs for society related to these

subsidies) the average GHG mitigation costs are clearly higher

than in the No-Policy scenario. Hence, the higher amount of

GHG mitigation results in slightly higher average mitigation

costs.

The average GHG reduction costs in the Transport scenario

illustrate that biofuels are no appropriate way of reducing

GHG emissions. Due to the high production costs compared to

fossil fuel prices and moderate specific GHG mitigation, the

overall performance of the bioenergy sector is deteriorated

significantly by the introduction of an ambitious biofuel

quota. Especially due to the increased competition for

biomass resources and the resulting shift from the heat (and

to some extent electricity) to the transport sector.

4.3. High-price efficiency scenarios (scenarios 2-1 to 2-4)

In the High-price Efficiency scenarios a significant increase in

fossil fuel prices (see Fig. 6) and a reduction in the primary

energy consumption (see Fig. 11–15) are assumed. The biomass

price development is assumed to be linked to the fossil fuel

price development (see Section 3.4). Still the economic perfor-

mance of bioenergy systems improves significantly in these

scenarios, due to the following reasons: First, it is assumed that

the correlation between biomass and fossil fuel prices is less

than 1. And second, especially in the heat sector the fossil-

fuelled systems are more sensitive to fuel price increases,

which is due to the higher share of the fuel costs in the total

heat generation costs.

Hence, the main difference of the High-price Efficiency

scenarios compared to the Low-price Baseline scenarios is

a significantly higher diffusion of biomass heating systems.

The production of biofuels generally still does not become

economic without subsidies. Due to the reduced energy

consumption clearly higher biomass shares are achieved with

domestic resources in the High-price Efficiency scenarios.

Fig. 18 shows the biomass shares in the total energy

consumption and in the heat, electricity and transport sector

in 2030 and 2050. Compared to the Low-price baseline scenarios

the share in the heat sector is about 10% higher in 2030 and

more than 15% higher in 2050 in each simulation. In the

electricity sector the differences are less distinct, and in the

transport there are no differences since the shares are deter-

mined by quotas.

Primarily due to the high diffusion of bioenergy in the

heat sector the total GHG mitigation is generally clearly

higher than in the Low-price Baseline scenarios. Again the

Transport scenario shows the highest GHG mitigation in the

first decade but on the long-term the ambitious biofuel quota

is counterproductive; both with regard to GHG reduction and

to mitigation costs. These scenarios clarify the adverse

effects of high support for an inefficient application, namely

biofuels: Additional demand and competition for biomass
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Fig. 18 – Biomass shares in the total primary energy

consumption and in the heat, electricity and transport

sector in the High-price Efficiency scenarios in 2030 and

2050 (biomass imports included).
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Fig. 19 – Simulation results of the High-price Efficiency scenarios: development of annual GHG mitigation and average costs of

GHG mitigation.
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resources is generated. This interferes with the deployment

of clearly more economic biomass systems in the heat

sector.

Generally, the GHG mitigation costs decrease significantly

in all High-price Efficiency scenarios (Fig. 19). In all but one

scenario (the Transport scenario) they become negative before

2020, which means that the substitution of fossil-fuelled with

biomass systems leads to both a reduction of GHG emissions

and energy generation costs. In the Transport scenario the

average mitigation costs are clearly higher due to the very

high mitigation costs in the transport sector.

The No-Policy scenario shows a very good performance in

both costs and GHG mitigation. Still support schemes for bio-

energy can be considered crucial for achieving an environ-

mentally sound energy system in Austria. Support schemes for

efficient technologies are necessary for accelerating the

deployment of bioenergy systems and help increase the share

of biomass in the total energy consumption.

With regard to the highly negative mitigation costs in Fig. 19

it is necessary to take the model constraints and the reference

systems into account. As described in Section 3.3, fossil-fuelled

systems are generally used as reference systems. Other

renewables like solar energy systems or heat pumps are not

taken into account in the model. This simplification is not

necessarily justified in the case of a substantial increase in

fossil fuel prices, or in other words, fossil-fuelled systems are

possibly no appropriate reference systems any more. Still, it is

clear that the economic performance of bioenergy systems

(especially heating systems) improves significantly in the High-

price Efficiency scenarios.

4.4. High-price efficiency max scenarios (scenarios 3-1 to
3-3)

The High-price Efficiency max scenarios are based on the same

price scenarios as the High-price Efficiency scenarios but

measures to increase energy efficiency are assumed to be

clearly more ambitious. As Fig. 11–15 illustrate, significant

reductions of the energy consumption are assumed in all

sectors. In the transport sector, for example, this would

certainly require a switch to low-weight, highly efficient

vehicles, notable changes in the modal split etc. We consider

the reductions in the energy consumption assumed here as

technically feasible but rather unlikely under current frame-

work conditions and policies.

Fig. 20 illustrates the biomass shares which are achieved in

the High-price Efficiency max scenarios. The shares in the total

energy consumption are expectably higher than in the

previous simulations. Especially in the electricity sector clearly

higher shares are achieved, since less biomass resources are

required to fulfil biofuel quotas and demand-side potentials in

the heat sector.

4.5. Summary

Fig. 21 illustrates the development of the share of domestic

biomass resources in the total energy consumption from

1980 to 2010 (historic development and outlook) and up to
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Fig. 20 – Biomass shares in the total primary energy

consumption and in the heat, electricity and transport

sector in the High-price Efficiency max scenarios in 2030 and

2050 (biomass imports included).
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2050 in the different scenarios.5 The following conclusions

can be drawn: Especially on the short to medium term,

support schemes are crucial for pushing the development of

the bioenergy sector. However, without measures to

increase energy efficiency (see Low-price baseline scenarios),

a share of no more than 15% can be achieved until 2030 and

about 17% until 2050 if moderate fossil fuel price increases

are assumed.

By both increasing energy efficiency (and reducing primary

energy consumption to about the level of the year 2000, as it is

assumed in the High-price Efficiency scenarios) and promoting

bioenergy, clearly higher shares are achievable: up to 20% in

2030 and 24% in 2050. In the case of moderate fossil fuel price

increases, higher incentives would be required for both

increasing energy efficiency and promoting bioenergy.

Only with very ambitious energy efficiency measures

(virtually a ‘‘revolution’’ in the field of energy efficiency as

shown in the Efficiency max scenarios), even higher shares of

up to 25% in 2030 and 30% in 2050 become achievable.

The simulations illustrate that, depending on the policy

measures applied, considerable structural changes of the bio-

energy sector can be achieved. This is illustrated in the

following figures for the case of the Low-price Baseline scenarios.

In the triangle diagram in Fig. 22 the Austrian bioenergy sector

in the years 2005, 2010 and 2050 is characterized according to

the biomass resources used. The positions of the marks give

information about what kind of resources are used predomi-

nantly.6 Generally, it is clear to see that in all scenarios

a significant shift towards agricultural resources occurs.

In Fig. 23 the structure of the bioenergy sector is charac-

terized according to the applications. Generally, the predomi-

nant energy output of the bioenergy sector is heat. Due to the

introduction of biofuel quotas, a notable shift towards the-

production of transport fuels occurs from 2005 to 2010. The

positions of the ‘‘2050-marks’’ illustrate that the different

bioenergy policies have a notable impact on the structure of the

bioenergy sector: A further shift towards transport fuel

production in the Transport scenario and a moderate shift

towards electricity production in the Heat-and-Power and in the

Balanced-Policy scenario, respectively. In the No-Policy scenario

the bioenergy sector is highly focused on the application where

the use of biomass is most competitive: heat generation.

In the High-price Efficiency scenarios the structural changes

are less distinct due to the generally higher diffusion of bio-

energy systems in the heat sector.

The following main conclusions have been derived from

sensitivity analyses: Especially the deployment of biomass

heating systems in the simulations is quite sensitive to the

relation between biomass and reference prices. Variations of

plus/minus 10% show little effect but variations of plus/

minus 20% already result in significant deviations compared

to the reference scenarios. Sensitivity analyses about the

primary energy potentials illustrate that the mobilization of

domestic biomass resources is of high importance for the

development of the bioenergy sector. Especially in High-price

scenarios the limited primary energy potentials are the main

constraint for the growth of the bioenergy sector.

Outlook for 2010 

No-Policy

Utilization 2005

Heat-and-
Power

Balanced-
Policy/

Transport

Agriculture

(energy crops)
Wastes and Residues

(industrial residues, bark, straw, 
waste wood etc.)

Forestry

(fuelwood, wood chips)

Fig. 22 – Structure of the Austrian bioenergy sector in 2005,

2010 (based on outlook) and 2050 (simulation results of the

Low-price Baseline scenarios), regarding resources used.

Source: [6] (statistics for 2005), own analyses (outlook to

2010 and simulations).
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Fig. 23 – Structure of the Austrian bioenergy sector in 2005,

2010 (based on outlook) and 2050 (simulation results of the

Low-price Baseline scenarios), regarding applications.

Source: [6] (statistics for 2005), own analyses (outlook to

2010 and simulations).

5 According to the core question of this work, this figure is to
illustrate what can be achieved with domestic resources in
Austria. Therefore, in contrast to Fig. 15, Fig. 17 and Fig. 19
imported biomass is not included here (see Section 3.4). The Heat-
and-Power scenarios are not depicted since the developments of
the biomass share in these scenarios are very similar to the
Balanced-Policy scenarios.

6 E.g. in the No-Policy scenario about one third of the total
biomass resources used is forest biomass, one third agricultural
resources and one third wastes and residues, since the mark of
this scenario is in the centre of the triangle.
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5. Conclusions and recommendations

The results of our analysis provide evidence that both support

schemes for biomass and measures in the field of energy

efficiency are required to substantially increase the share of

bioenergy in the Austrian energy supply. Since the domestic

biomass resources are already utilized to a large extent in

Austria and in order to maximize the economic and ecological

efficiency of the bioenergy sector, support schemes should

focus on the most efficient applications.

In the past, bioenergy has been used predominantly for heat

generation. In this sector drastic reductions of the energy

demand can (and most likely will) be achieved due to enhanced

thermal quality of buildings. However, our analyses indicate

that even in 2050 there will still be a substantial demand for

domestic heating which cannot be met solely with solar or

other renewable heating systems. Bioenergy is an option to

cover this demand in an efficient, sustainable and economic

way. The main challenge for the future in this sector is to

develop flexible and low-maintenance systems which are also

suited for residences with low heating demand. Furthermore, it

is of importance to increasingly deploy biomass heating

systems also in urban areas.

The combined generation of heat and power with biomass

can also be an efficient option (with regard to GHG mitigation,

and – to some extent – costs) as long as a high utilization rate

of the waste heat, and therefore a high overall efficiency can

be achieved (especially if the concept of exergy is considered).

Hence, for the deployment of biomass CHP plants, it is of high

importance to identify locations with a high heat demand (at

best throughout the whole year), for example in the industry.

Moreover, a conspicuous advantage compared to other

renewable energy sources like wind power or photovoltaic is

that biomass is storable and non-volatile.

Typical production costs of liquid biofuels are high

compared to diesel and gasoline wholesale prices, and the

specific GHG mitigation related to the primary energy input is

quite moderate (even in the case of advanced biofuels due to

relatively low conversion efficiencies). Typical GHG mitigation

costs with liquid biofuels are clearly higher than those of

biomass heating systems and CHP plants. Hence, if biomass

resources are used for biofuel production rather than heat and

power generation, the result are higher costs and lower GHG

reductions. A better ecological and economic performance is

likely to be achievable with gaseous biofuels.

On the other hand it has to be considered that biofuels are

the only supply-side measure for increasing the share of

renewable energy in private transport, which is feasible on the

short term. Therefore, it is to some extent a political question

of whether or not biofuels should be promoted. But with

regard to GHG mitigation and mitigation costs, it has to be

stressed that biofuels are inefficient in comparison to other

bioenergy applications.

Subject to rising fossil fuel prices and in a global context

large-scale centralized production of advanced biofuels is

likely to become an economically and ecologically reasonable

way of utilizing biomass from areas with vast unused biomass

potentials ([9], [29]). But for the case of Austria, where biomass

resource potentials are already used to a large extent,

demand-side potentials for heat generation from biomass are

far from exhausted, and the increasing demand for biomass

for heat generation will most likely result in rising biomass

prices, the production of transport fuels is highly unlikely to

become competitive without substantial subsidization and

can be considered the least favourable option of using

domestic biomass resources.

Concerning the future deployment of bioenergy, there is

a vast number of influencing parameters. A comprehensive

bioenergy strategy is to include these parameters in a consis-

tent and integrated way. The following aspects can be

considered as most important:

� Comprehensive policies for both promoting renewable heat

and increasing the thermal quality of buildings are required

to foster the efficient use of biomass for residential heating.

In order to overcome non-economic barriers, financial

incentives and subsidies should be implemented for both

small- and large-scale plants, even though biomass heating

systems are often competitive without subsidies.

� Large-scale heat plants should successively be equipped

with or substituted by CHP units, especially if a high heat

utilization rate throughout the year can be achieved. Feed-in

tariffs have proven to be an efficient and effective promo-

tion scheme for power generation from renewable sources

[30]. Furthermore, it is important to provide reliable condi-

tions for investments. A high utilization ratio of waste heat

has to be guaranteed by implementing appropriate incen-

tives and preconditions for subsidies.

� The achievable contribution of biofuels to a sustainable

transport system is very limited. In fact, a comprehensive

concept which aims at reducing the GHG emissions and

increasing efficiency in the transport sector is required.

Ambitious biofuel quotas are not suitable as a primary

measure.

� The mobilization of biomass potentials is of high importance

and should be fostered with appropriate policy measures. In

the field of agricultural biomass production, the coordination

of agricultural and energy policies is essential.
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Appendix.

Energy generation costs

Short run marginal costs of heat generation:
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Table 3 – Technology data of bioenergy and reference systems used in the model Green-XBA.

Category Fuel/Technology Efficiency
primary
outputa

Efficiency
secondary

outputb

Annual
load

hours

Invest–ment
costs

Operation &
maintenance

costs

Depre–ciation
time

Unit % % h a�1 V kW�1 V (kW a)�1 a

Bioenergy technologiesc

Heating systems

< 15 kW

Log wood 75% – 1500 490 71.0 20

Gas (SNG) 90% – 1500 250 58.0 20

Cereals 80% – 1500 865 78.0 20

Pellets 84% – 1500 770 78.0 20

Plant oil 85% – 1500 380 76.0 20

Heating systems

< 30 kW

Log wood 75% – 1500 300 22.2 20

Gas (SNG) 90% – 1500 150 18.5 20

Cereals 80% – 1500 700 25.8 20

Pellets 84% – 1500 650 25.8 20

Plant oil 85% – 1500 250 25.4 20

Wood chips 80% – 1500 620 25.6 20

Heating systems

< 100 kW

Log wood 75% – 1800 250 10.1 20

Cereals 80% – 1800 410 12.3 20

Pellets 84% – 1800 410 12.3 20

Plant oil 85% – 1800 150 12.1 20

Wood chips 80% – 1800 380 12.0 20

Gas (SNG) 90% – 1800 100 8.7 20

Heating plants

<1 MW

Wood chips 83% – 2800 550 16.5 20

Straw 81% – 2800 660 19.8 20

Pellets 83% – 2800 550 16.5 20

Heating plants

<5 MW

Wood chips 85% – 3000 470 14.1 20

Straw 83% – 3000 560 16.8 20

Pellets 85% – 3000 470 14.1 20

Heating plants

>5 MW

Wood chips 87% – 3300 420 12.6 20

Straw 85% – 3300 500 15.0 20

Pellets 87% – 3300 420 12.6 20

Micro-CHP

<50 kW electr.

Wood chips - Striling

Engine

5% 75% 1500 17,300 173.0 15

Pellets - Stirling

Engine

5% 79% 1500 19,550 200.0 15

Biogas cogeneration

plant

20% 24% 6000 6000 300.0 15

Plant oil cogeneration

plant

33% 50% 6000 2000 78.0 15

Gas engine 30% 57% 6000 1400 42.0 15

CHP <250 kW

electr.

Wood chips -

Striling Engine

11% 72% 3000 10,800 108.0 15

Biogas cogeneration

plantc

22% 29% 7000 4000 200.0 15

Plant oil cogeneration

plant

37% 44% 6000 1600 60.0 15

Wood chips - ORC 14% 67% 4000 7000 300.0 15

Straw - ORC 13% 66% 4000 7420 300.0 15

SNG - Micro

gas turbine

33% 50% 4000 735 180.0 15

SNG - Fuel

cell cogeneration

plant

49% 34% 7000 6000 300.0 15

SNG - Gas engine 33% 54% 7000 850 25.5 15

CHP <1 MW

electr.

Wood chips - Steam

turbine

18% 67% 6000 3800 90.0 15

Straw - Steam

turbine

17% 65% 6000 4000 95.0 15

Biogas cogeneration

plant

24% 29% 8000 2900 160.0 15

Plant oil cogeneration

plant

38% 46% 8000 1000 36.0 15

Wood chips - ORC 18% 63% 5000 5000 250.0 15

(continued on next page)
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Table 3 (continued )

Category Fuel/Technology Efficiency
primary
outputa

Efficiency
secondary

outputb

Annual
load

hours

Invest–ment
costs

Operation &
maintenance

costs

Depre–ciation
time

Unit % % h a�1 V kW�1 V (kW a)�1 a

SNG - Gas engine 38% 55% 8000 600 18.0 15

CHP <5 MW

electr.

Wood chips - Steam

turbine

21% 63% 6000 3300 75.0 15

Straw - Steam turbine 20% 60% 6000 3500 78.5 15

Biogas cogeneration

plant

29% 29% 8000 2500 150.0 15

Plant oil cogeneration

plant

40% 40% 8000 800 30.0 15

CHP <25 MW

electr.

Wood chips - Steam

turbine

25% 58% 7000 2350 45.0 15

SNG - Gas turbine 36% 42% 7000 700 180.0 15

SNG - CCGT 53% 25% 7000 2500 76.0 15

CHP >25 MW

electr.

Wood chips -

Steam turbine

28% 56% 7000 2000 27.0 15

SNG - CCGT 54% 27% 7000 1700 80.0 15

Conversion

technologies

Plant oil press 62% – 5000 45 1.4 15

Biodiesel plant 100% – 8000 115 35.0 15

Bioethanol plant

(cereals)

45% – 8000 730 21.9 15

Bioethanol plant

(corn)

45% – 8000 780 23.4 15

Bioethanol plant

(sugar beet)

54% – 8000 750 22.5 15

Fermentation,

conditioning, feed-in

(energy crops, manure)

64% – 8000 1350 73.0 15

Fermentation, conditioning,

feed-in (biogeneous wastes)

62% – 8000 5500 73.0 15

FT-Diesel plant 42% – 8000 2000 90.0 15

Lignoscellulosic Ethanol

plant (wood, straw)

35% – 8000 2100 100.0 15

Lignoscellulosic Ethanol

plant

(cereals whole plant)

40% – 8000 2100 100.0 15

Gasification

(SNG as transport fuel)

60% – 8000 770 30.0 15

Pellet press

(dry material)

100% – 3300 50 20.0 20

Pellet press

(wet material)

100% – 3300 55 37.0 20

Pellet press (straw) 100% – 3300 42 40.0 20

Entrained flow

gasification, conditioning

for gas motor/turbine

80% – 7500 550 37.0 15

Entrained flow

gasification, conditioning

for boiler

95% – 7500 500 31.0 15

Reference technologies

Heating systems

<100 kW

Gas 15 kW 83% – 1500 250 23.3 20

Oil 15 kW 78% – 1500 380 32 20

Gas 30 kW 84% – 1500 150 12.3 20

Oil 30 kW 79% – 1500 250 16.9 20

Gas 80 kW 85% – 1800 100 5.4 20

Oil 80 kW 80% – 1800 150 7.3 20

a The efficiencies in this table are defined as the relation of the primary/secondary output to the (biomass) fuel input; auxiliary energy

consumption is considered in the operation costs. The primary output of CHP plants is electricity.

b Thermal efficiency of CHP plants.

c The simulation algorithm of the model is based on utilization paths. Each utilization path is defined as a combination of a biomass type,

a conversion technology (not necessary for all paths) and a utilization technology (e.g. forest wood chips (biomass type) - entrained flow

gasification, conditioning for gas motor/turbine (conversion technology) - SNG - Micro gas turbine (CHP technology)).
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SRMCH ¼
cF

hH

þ cOM

TFL
(1)

Short run marginal costs of transport fuel production:

SRMCBF ¼
cF

hBF

þ cOM

TFL
�
Xm

j¼1

pBP;j$qBP;j (2)

Short run marginal costs of power generation:

SRMCCHP ¼
cF

hELE

þ cOM

TFL
� pH$qH (3)

qH ¼
�

hTOT

hELE

� 1

�
(4)

Long-run marginal costs:

LRMC ¼ SRMCþ cI$a

TFL
(5)

SRMC Short run marginal costs, V MWh�1

cF Fuel costs, V MWh�1

h Annual full load hours

cO&M Operation and maintenance costs, V MW�1 a�1

TFL Annual full load hours, h a�1

pBP,j Price of by-product j (e.g. DDGS, glycerin,

electricity), V MWh�1 or V Mg�1

qBP,j Output of by-product j (per MWh of fuel produced),

MWh MWh�1 or Mg MWh�1

pH Heat revenue, V MWh�1

qH Heat output (per MWh electricity), MWh MWh�1.

LRMC Long-run marginal costs, V MWh�1

cI Investment costs, V MW�1

a Capital recovery factor

a ¼ ð1þ iÞn$i

ð1þ iÞn�1
(6)

i Interest rate, %

n Depreciation range (a�1)

Index H Heat Index

BF biofuel

Index CHP Combined heat and power generation

Index TOT Total

GHG mitigation

Heating systems and heat plants:

DEMIH ¼ EMIref ;H � EMIBTC;H

Biofuels:

DEMIBF ¼ EMIref ;BF � EMIBTC;BF

CHP plants:

DEMICHP ¼ EMIref ;CHP � EMIBTC;CHP þ
 

hTOT;BTC

hELE;BTC

�
hTOT;ref

hELE;ref

!
EMIref ;H

EMI Greenhouse gas (GHG) emission, kg MWh�1

DEMI GHG mitigation with respect to non-renewable

emissions of the bioenergy technology chain,

kg MWh�1

Index BTC Bioenergy technology chain

Index ref Fossil-fuelled reference system

Costs of GHG mitigation

DC ¼ CBTC � CRef

C ¼ DC

DEMI

DC Additional costs of the bioenergy technology chain,

compared to the reference system, V MWh�1

C Costs of GHG mitigation

Relative GHG mitigation

DEMI% ¼
EMIref � EMIBTC

EMIref
¼ DEMI

EMIref

Technology data

In Table 3 the technology data which were assumed for the

simulations presented in this work are summarized.
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