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Kurzfassung 

Die Verringerung von CO2-Emissionen und die Sicherstellung der Energieversorgung 
sind Hauptziele der österreichischen Energiepolitik. Forstholz stellt eine wichtige 
Ressource für erneuerbare Energieproduktion in Österreich dar. Neue Technologien 
zur Bioenergieproduktion bieten zusätzliche Möglichkeiten, mit Hilfe dieses Roh-
stoffes die energiepolitischen Ziele zu erreichen. Zu diesen technischen Möglich-
keiten gehören Zweitgenerationstreibstoffe und Biomassegasifizierungskraftwerke 
zur Stromerzeugung mit optionaler CO2-Abscheidung und Speicherung. Um Anreize 
für eine höhere Produktion von Bioenergie zu schaffen, wurden verschiedene Politik-
instrumente, wie der CO2-Emissionshandel, Einspeisetarife für Ökostrom, Beimisch-
ungsverpflichtungen für Biotreibstoffe und Subventionen für Pelletsöfen, eingeführt. 
Jedoch ist bislang nicht klar ersichtlich, wie hoch das Potential unterschiedlicher 
Bioenergietechnologien ist, CO2-Emissionen zu verringern und fossile Treibstoffe zu 
substituieren und inwiefern die energiepolitischen Instrumente die kosteneffektive 
Erreichung diese Politikziele ermöglichen. Diese kumulative Dissertation behandelt 
die Problemstellung mit Hilfe eines räumlich expliziten Energiesystemmodells. Das 
Modell minimiert die Gesamtkosten von Bioenergiesystemen, die im Wettbewerb 
mit fossilen Energieträgern stehen. Dadurch lassen sich die Systemkosten sowie der 
Umfang an CO2-Emissionen und fossilen Energieträgern, die eingespart werden 
können, abschätzen. Unsicherheiten in den Modellparametern werden explizit be-
handelt. In den drei wissenschaftlichen Artikeln, aus denen sich diese Dissertation 
zusammensetzt, wurden (i) eine Potentialanalyse für Kraftwärmekopplungsanlagen, 
(ii) ein Vergleich über die Wettbewerbsfähigkeit von neuen Technologien und (iii) 
eine Kosteneffektivitätsanalyse von verschiedenen Bioenergiepolitikinstrumenten 
durchgeführt. Der erste Artikel legt dar, dass zwar beträchtliche Potentiale für 
Biomasse betriebene Kraftwärmekopplungsanlagen vorhanden sind, dass aber die 
Abwärmenutzung der Kraftwerke sehr stark von der räumlichen Verteilung der 
Wärmenachfrage beschränkt wird. Der zweite Artikel zeigt, dass sich CO2-
Emissionen mit Hilfe von Strom- und Wärmeproduktion wesentlich effizienter 
reduzieren lassen als durch Biotreibstoffe. Die Ergebnisse des dritten Artikels 
belegen, dass Beimischungsverpflichtungen für Biotreibstoffe ein ineffektives Politik-
instrument darstellen, während Steuern auf fossile CO2-Emissionen das kosten-
effektivste Politikinstrument zur Emissionsreduktion sind. 
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Abstract  

Climate change mitigation and security of energy supply are main drivers of Austrian 
energy policies. Bioenergy production from forest wood is an important option for 
renewable energy generation in Austria. New conversion technologies are being 
developed to increase the options of utilizing wood in energy production. These 
options include second generation biofuel production and biomass integrated 
gasification combined cycle plants with optional carbon capture and storage. Several 
policy instruments including CO2 emission trading, feed-in tariffs, biofuel blending 
obligations, and subsidies on pellet furnaces are implemented in the bioenergy 
sector. The capability of the new technologies to reduce CO2 emissions and substitute 
fossil fuels as well as the effect of bioenergy policy instruments on the deployment of 
these technologies is not obvious yet. This cumulative thesis addresses these issues 
by developing and applying a spatially explicit energy system model. The model 
minimizes total costs of the bioenergy systems in competition with fossil fuels and 
allows estimating system costs, the amount of CO2 emission reductions, and the 
substitution of fossil fuels. Uncertainties inherent to model input parameters are 
explicitly addressed in an uncertainty and sensitivity analysis. Three scientific 
articles present analyses on (i) the potentials of combined heat and power 
production, (ii) the competitiveness of new bioenergy technologies, and (iii) the 
capability of alternative energy policy instruments to attain policy targets cost-
effectively. Results of the first article show that significant potential for biomass fired 
combined heat and power plants exists, however, the spatial distribution of heat 
demand limits the utilization of waste heat. The second article shows that the 
utilization of biomass for heat and power production is more efficient in reducing 
CO2 emissions and substituting fossil fuels than the production of biofuels. The third 
article indicates that biofuel blending obligations are ineffective and produce 
negative CO2 emission savings in comparison to a baseline scenario while carbon 
taxes are the most cost-effective policy instrument for CO2 emission reductions. 
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1 Introduction 

1.1 Problem statement 
This introduction is written while nations gather in Copenhagen to negotiate a 
follow-up treaty to the Kyoto protocol. The recently released Copenhagen Diagnosis 
Report [1] reveals that annual global CO2 emissions from fossil fuel burning in 2008 
were 40% above the levels of 1990 and thus close to the highest scenarios of CO2 
emissions from fossil fuels so far considered by the Intergovernmental Panel on 
Climate Change (IPCC). Observed reductions in solar activity are more than com-
pensated by the drastic increase in CO2 emissions and other greenhouse gases which 
may imply additional increases in global temperatures in the coming decades. 
Possible negative consequences to eco-systems and human societies can be found in 
the last IPCC report on the impacts of climate change [2]. At the same time, the ext-
ensive utilization of fossil fuels creates additional challenges for the society. The 
recent gas crisis in Europe, the dependency on fossil resources in politically unstable 
regions [3, 4] and the peak oil debate [5-7] cause discussions on how to fuel the 
world’s growing needs for energy. A shift away from fossil fuels to renewable energy 
seems to be necessary, regardless of whether the supply of fossil fuels or the cap-
ability of the atmosphere to uptake the released carbon limits fossil fuel consumption 
[8]. Austria committed to CO2 emissions reductions in the Kyoto protocol and to in-
creasing shares of renewable energy production in the EU directive 2009/28/EG. 
However, Austria is still struggling to comply with the Kyoto targets and the EU 
directive. Newest estimates show that Austria is far from reaching the targets in the 
period 2008-2012 [9]. Achieving renewable energy targets by 2020 will also be a 
tremendous effort [10].  

Reducing fossil fuel consumption can be achieved by various means. On the supply 
side, a switch to renewable energies and an increase in the efficiency of energy prod-
uction are common solutions. Reducing energy demands by improving energy 
efficiency in energy consumption is also relevant. On the interface between supply 
and demand, a change in the mode of supplying and using an energy service, e.g. a 
switch from private to public transportation, will be important to reduce total fossil 
fuel consumption [11].  

This thesis analyzes the supply side of the energy system and focuses on a tradit-
ionally important renewable energy source in Austria: biomass from forests. A large 
part of Austria (47%) is covered by forests and the forest cover is still increasing [12]. 
Bioenergy production experienced an increase of 90% between 1980 and 2007 [13], 
contributing to 11% of total Austrian gross energy consumption. Around 85% (year 
2004) of the resources for bioenergy production come from forests, including fuel 
wood, bark, residuals of the pulp and paper industry, and saw mill co-products [14]. 
Most of the forest wood is used for heat generation in private households. Starting in 
the late nineties, power production from woody biomass emerged and grew 
significantly, fostered by the implementation of the renewable energy act in 2003 
[13]. However, new technological developments will increase the competitiveness 
among and within processes as well as products from wood resources. Figure 1 



2 
 

presents an overview of existing and future conversion technologies from woody 
biomass feedstock. In this thesis, the following new production technologies are 
considered:  

1. Biomass integrated combined cycle technology (BIGCC), a new power 
generation technology, yields more power from wood resources than 
currently installed technologies do. It allows combined heat and power 
(CHP) production. Carbon capture and storage (CCS) can be combined with 
BIGCC and thus produce negative CO2 emissions. This combination may 
develop into an important technology for the appropriate management of 
climate change risks [15].  

2. Second generation biofuel production allows the utilization of woody 
biomass as feedstock in transportation fuel production. 

However, these technologies are still under development and are expected to be com-
mercially available in a few years. To promote the bioenergy sector, various highly 
debated policy interventions have been implemented in recent years, including 

 

Figure 1: Most important biomass conversion routes [16, 17]. 
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feed-in tariffs for power produced from biomass, subsidies on pellet heating systems, 
biofuel blending obligations and the European Emission Trading Scheme (EU ETS). 
The contributions of technologies to policy targets, i.e. the reduction of CO2 
emissions and the substitution of fossil fuels as well as the costs, ecological, and 
economic effects are crucial in designing efficient energy and environmental policies. 
A major goal of the thesis is to provide policy makers and stakeholders several an-
alyses on the competitiveness of new technologies in the Austrian bioenergy supply 
chain and on the cost-effectiveness of alternative bioenergy policy instruments. The 
following policy relevant research questions are addressed in the thesis: 

I. Which bioenergy technologies for woody biomass are cost-effective in 
reducing CO2 emissions and substituting fossil fuels? 

II. Which bioenergy policy instruments reach the targets of reducing CO2 
emissions and substituting fossil fuels cost-effectively? Which trade-offs 
have to be considered with respect to the two policy objectives? 

Different methodologies for assessments of bioenergy technologies are available [16, 
18-30]. However, they do not, or only partially, address some of the described 
questions, which are important in assessing bioenergy conversion technologies. 
Biomass transportation costs as well as energy distribution costs have significant 
impact on total costs of a bioenergy supply chain [31, 32]. In particular district 
heating may induce high infrastructure costs depending on the spatial densities of 
heat demand. As a consequence significant variations of production costs can be 
expected at different locations. A comparison of bioenergy technologies should 
therefore consider plant production costs at cost optimal locations and take into 
account demand restrictions imposed by the spatial distribution of demand. The 
thesis therefore also poses the following research questions:  

III. Which restrictions are imposed on bioenergy utilization by the spatial 
structure of biomass supply and energy demand? 

IV. Which plant locations are suitable and optimal for bioenergy 
production? 

Modeling the competition of future bioenergy technologies involves uncertainty. 
Energy prices are volatile and long-term forecasts vary substantially [33]. 
Additionally, uncertainties are attached to the development of bioenergy 
technologies. Future production and investment costs and production efficiencies are 
not well known today. This problem is directly addressed in the thesis and 
formulated in the following research question: 

V. How do uncertainties in relevant model parameters influence model 
results? Are results stable with regard to different assumptions on 
future parameter realizations? 

These research questions are addressed in a cumulative thesis consisting of two 
published and one submitted article. Three additional conference articles (A.1-A.3) 
applying the model to selected research questions can also be found attached to the 
thesis. The first three articles present the model and apply it to an analysis of (a) the 
potential of biomass gasification power plants and least cost optimal locations in 
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Austria, (b) the relative cost competitiveness of pellet production, BIGCC with and 
without CCS and second generation biofuel production, and (c) the cost-effectiveness 
of bioenergy policy instruments in attaining emission reductions and fossil fuel 
substitution targets. 

1.2 Methodology 
Energy models can be characterized as top down and bottom up model approaches 
[34]. Bottom up or energy engineering models describe energy technologies in detail 
including costs and technical conversion efficiencies. They allow representing 
technical details evaluating new technologies, estimating the environmental impact 
of technologies (e.g. CO2 emissions) and assessing the effect of policy instruments on 
the deployment of technologies. In bottom up optimization models, energy prices 
and demand quantities are given exogenously. However, these models usually do not 
allow estimating the effects of policy instruments on different upstream and 
downstream sectors or regions. Substitution effects are only captured limitedly. The 
latter is usually considered in top-down models by including estimated behavioral 
equations and elasticities based on historical data. A drawback of top-down models is 
the lack of technical details and that future technologies cannot be easily included in 
the assessment [34-36]. To address the research questions raised above, a bottom up 
energy system model approach seems to be more appropriate than a top-down one. 
They allow 

(i) addressing of the competition of technologies and the measurement of 
CO2 emissions and fossil fuel substitution (research question I) 

(ii) estimating the effect of policies on the deployment of technologies and 
the consequences for CO2 emissions and fossil fuel substitution 
(research question II) 

(iii) the consideration of spatial factors and optimization of locations 
through detailed representation of the technical system (research 
question III-IV) 

Uncertainty should be explicitly considered in the modeling process by deriving 
information on how the uncertainty in the model parameters affects the stability of 
results. The analysis of the influence of parameter uncertainty on model results is 
also relevant. Instead of assuming only one or few possible parameter values, the 
probability distributions of model results are therefore derived by assuming 
plausible distributions for input parameters. This approach allows comparing 
different scenarios under uncertainty by testing the scenario outputs statistically. 
Additionally, an extended sensitivity and uncertainty analysis is applied to model 
results by estimating a linear meta-model from the optimization model. The meta-
model can be easily manipulated and is used to gain insights into the sensitivity of 
model results to variations of input parameters and into the contribution of model 
parameter uncertainty to the uncertainty of model results. 

Numerous studies have assessed new woody biomass technologies with different 
methodologies. Table 1 reports recent work published in this subject of research. 
Assessments of single production technologies that derive production costs with 
either mixed integer programs (MIP), geographical information systems (GIS) or by  
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Table 1: Studies on bioenergy technologies based on woody biomass. 

Solid Biomass Technologies  Methodology Spatially 

Explicit 

Reference 

Ethanol through hydrolysis MIP Yes [18] 

Heat and CHP (steam engine)  GIS Yes [19]  

Heat and CHP (steam engine) MIP Yes [20] 

CHP (steam engine) MIP Yes [21] 

Methanol through gasification MIP Yes [37, 38] 

Ethanol through hydrolysis MIP Yes [39] 

CCS with pulp and paper mills Calculation of total costs 

and emission reductions 

No [22-24] 

CCS with ethanol through hydrolysis Calculation of total costs 

and emission reductions 

No [25] 

Co-combustion, BIGCC, fuel wood, 

Fischer Tropsch biodiesel, ethanol 

through hydrolysis  

System perturbation 

analysis (no economic 

analysis) 

No [16] 

BIGCC, methanol and ethanol 

(production process not specified) 

Linear program No [26] 

Ethanol through hydrolysis, bio-oil, 

BIGCC 

Comparative cost 

calculations 

No [27] 

BIGCC, pellets GIS Yes [28] 

Ethanol through hydrolysis, ethanol 

through gasification 

Comparative cost and 

emission reduction 

calculations 

No [29] 

Ethanol through hydrolysis, methanol 

through gasification, DME, pellets, 

BIGCC 

Comparative cost and 

emission reduction 

calculations 

No [30] 

 

simple arithmetic calculations in most cases consider spatial factors. However, they 
often do not model the entire bioenergy supply chain. Especially costs of district 
heating are often neglected in these studies (see introduction of article 1). 
Assessments of the cost-competitiveness of different bioenergy technologies do not 
consider spatial factors yet (see introduction of article 2). Only one publication [28] 
addressed the spatial context in comparing biomass CHP to pellet production in a 
regional study using a GIS. However, the model does not include policy instruments 
and a cost minimization principle. None of the reviewed models explicitly addressed 
uncertainty in their assessments. An existing single technology, spatially explicit 
model developed by Leduc et al. [37-42] is used in this thesis. It is extended to allow 
analyzing the research questions. The original model is a static, spatially explicit MIP 
that minimizes costs of second generation biofuel production with regard to 
distances to biomass supply and fuel demands. The following model extensions were 
developed in this thesis: 

‐ Spatially explicit estimation of energy demand to derive district heating 
infrastructure costs and transportation costs for the delivery of pellets and 
biofuels (article 1 and article 2) 
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‐ Monte-Carlo simulation and bootstrapping to address model parameter 
uncertainty (article 1 and article 2) 

‐ Inclusion of additional conversion technologies including BIGCC, BECS and 
pellet production to allow for competition (article 2) 

‐ Inclusion of energy policy instruments (article 3) 
‐ Inclusion of biomass supply curves instead of constant biomass costs (article 

3) 

Model details are described in the three main research articles. However, the system 
boundaries of the model and the consequences for the interpretation of model results 
are not presented in detail. Therefore, the following sections focus on describing 
these boundaries and on discussing how the system boundaries affect the model and 
what, as a consequence, has to be considered when interpreting results.  

1.2.1 Biomass feedstocks 
Bioenergy can be produced from agricultural or forestry feedstocks. Different 
feedstocks are directed to different energy conversion chains. Energy crops from 
agriculture are mainly applied in power and transportation fuel production. Woody 
feedstocks consisting of lingo-cellulosic material go to power and heat production 
while transportation fuel production from lingo-cellulosic resources is still 
commercially limited [43]. The production of agricultural energy crops has increased 
mainly with soaring first generation biofuel production starting in the early 2000s 
and has caused a lot of discussions [44-48]. GHG emission savings of first generation 
biofuels are little or even negative, depending on 

‐ soil texture, climate, cropping management practices [46] 
‐ fertilization [49] 
‐ crop and conversion chains chosen [50]  
‐ direct and indirect land conversions caused by increased biofuel production 

[46, 51] 

Direct and indirect changes from food to fuel production has caused increasing food 
prices with adverse effects on the urban poor in developing countries [45, 52, 53]. 
Woody biomass is considered to be an environmentally friendly and socially 
acceptable alternative option, because it is considered to be more efficient in 
reducing GHG emissions than agricultural energy crops are [50]. Sustainable forest 
management can provide additional resources of woody biomass [43].  In Austria, 
the potentials of unused forest resources are of major magnitude [12]. Such 
additional biomass supply is considered in all model analyses. However, imports of 
biomass or bioenergy products are not considered and therefore leakage effects are 
not addressed with respect to land use changes and GHG emissions in other regions 
(see section 1.2.7). Furthermore, the effects of management practices on the forest 
CO2 cycle (see section 1.2.2) are not considered in the model as well. 

1.2.2 Forest carbon cycle 
The effect of feedstock production on CO2 balances is highly relevant in assessing the 
potentials of CO2 emission reductions through the substitution of fossil fuels by 
bioenergy products. Many bioenergy assessments [30, 54], including our model, 
assume a simple carbon model where re-growth of trees sequestrates the carbon that 
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is previously released in bioenergy utilization. The amount of CO2 emissions saved by 

substituting fossil fuels with bioenergy ( subste ) minus the amount of CO2 emissions 

released in the production process ( prode , e.g. through biomass transportation) is 

used as indicator for total emission reductions ( rede ), i.e. red subst prode e e= − . However, 
harvests are disturbances to the forest CO2 cycle and may induce changing levels of 
carbon in above ground reservoirs [55, 56] as well as in the soil [57]. Main results of 
assessments that compare fossil fuel substitution of wood products with carbon 
sequestration of unmanaged forests come to the conclusion that the contribution of 
the forest carbon cycle to total CO2 emission reductions of bioenergy projects 
depends on  

‐ timing of harvesting and carbon release [55] 
‐ the observed time period and land use changes [56] 
‐ how CO2 sequestration of forests is allocated to bioenergy projects [56] 
‐ type and magnitude of management practices (e.g. clear cut, harvesting, 

removals) [58] 
‐ the likelihood of non-human disturbances like forest fires and fracture of 

trees due to winds and snow [59], and 
‐ if carbon neutrality is reached in old grown forests which is contested by 

recent research [60]  

A proper carbon cycle model considers carbon sequestration of forests and the 
release of carbon in biomass combustion by taking into account carbon sequestration 
of forests in a baseline scenario [56]. These assumptions yields the following 
equation  

 red subst seq seq comb prod
manag nomanage e e e e e= + − − −   

where seq
manage is the amount of carbon sequestrated in the forest under management, 

seq
nomanage is the carbon sequestration in the same unmanaged forest and combe  is the 

amount of carbon released in biomass combustion. Different management practices 
can then be assessed using this model [61].  

However, this thesis focuses on the comparison of different bioenergy technologies. 
Effects of forest management practices on the total carbon stock in the atmosphere 
are therefore of minor relevance because they do not change the relative efficiency of 
the bioenergy technologies to each other. Nevertheless, the absolute GHG emission 
reduction levels may be different, when CO2 effects of forest management are 
included in the assessment. 

1.2.3 Logistics 
Biomass and bioenergy logistics are modeled quite simply. It is assumed that wood 
harvests are directly loaded to trucks at harvesting sites and transported to the 
bioenergy plant without any storage in between. The supply of wood is aggregated in 
grid cells. Transportation distances from harvesting sites to bioenergy plants are 
estimated by direct Euclidian distances between the center of a grid cell and 
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potential plant sites. The distances are multiplied by a factor modeling additional 
distances imposed by the layout of the road network. The same procedure applies to 
commodity transportation: commodities are directly transported to consumers 
without considering distribution by retailers. Data on the actual road layout and 
retailing centers would refine results but are left for future analyses. 

1.2.4 Conversion technologies 
The current model includes a subset of available woody biomass conversion 
technologies. Bioenergy conversion technologies that are estimated to be most cost-
effective in reducing CO2 emissions in their sector are considered in the model 
analysis. An extensive argumentation of the chosen conversion technologies is given 
in article 2. Some important technical options such as  co-firing of biomass in coal 
plants as an effective way of reducing CO2 emissions [16] and fuel switching in 
existing district heating networks as low cost option in comparison to building new 
district heating infrastructures are however currently not included in the model. 
Limitations to biomass based CHP production imposed by the demand side may be 
loosened if existing district heating networks are included as heat sinks in the 
modeling process.  

1.2.5 CO2 emissions 
The modeling of CO2 emissions is presented in detail in article 2 and article 3. As 
stated there, the model tracks CO2 emissions of all fossil fuels (including biomass 
transportation) but does not account for the carbon cycle involved in bioenergy 
production (see section 1.2.2). The baseline is assumed to be comparable to current 
emissions in the relevant sectors. Changes in the baseline due to changes in demand 
induced by economic growth or the introduction of low-carbon technologies other 
than bioenergy, e.g. photovoltaic, wind or building insulation are not considered. 
Depending on changes in the baseline scenario, the relative efficiency of technologies 
may be altered as well. For instance substituting fossil fuels in the power sector by 
renewable energies other than bioenergy (e.g. wind) decreases the effectiveness of 
bioenergy power generation relative to heat and fuel production. However, due to the 
high share of fossil fuels in all sectors, this model limitation is not very relevant, 
because renewable energy technologies will not entirely replace fossil fuels in the 
short term. Only heat generation by oil boilers in single-dwellings, as modeled in 
article 2 and 3, may be fully substituted by pellets. A consideration of new 
technologies in the private heating sector like heat pumps and building insulation 
may decrease the total pellet potential therefore.  

1.2.6 Demand schedules 
The model minimizes costs of supplying regions with energy from fossil fuels and 
bioenergy plants under different policy targets and demand quantities. The demand 
for energy is modeled by applying a spatially explicit bottom up estimation principle 
(see paper 1). The final demand quantity for energy is assumed to be constant. 
Economic drivers of energy demands like changes in relative prices, income and 
consumption levels [62]  are not endogenously considered yet. However, it is 
assumed that energy consumers adapt their investment stock (i.e. heating boilers, 
district heating connections) according to changes in relative supply costs between 
the technologies.  
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1.2.7 Imports and exports of biomass and bioenergy products 
Currently, only domestic biomass and bioenergy production as well as demands are 
considered. Imports and exports of biomass and bioenergy products like pellets, 
fuels and bio-oil as well as leakage effects of international bioenergy policies are not 
considered yet. Woody biomass is usually not transported far due to the low energy 
density of biomass which causes high transportation costs. Main Austrian trading 
partners in woody biomass are therefore neighboring countries and include 
Germany, the Czech Republic, Switzerland, Italy and Slovenia [63]. However, 
upgraded products like pellets, fuels and bio-oil can be traded easily due to their high 
energy density which facilitates the handling and storage of these products. 
International trade in pellets and biofuels is increasing, causing Canadian pellets to 
be burnt in Swedish power plants and Brazilian ethanol be used in German cars [64]. 
Considering trade of biomass resources and bioenergy commodities has significant 
effects on the competitiveness of the bioenergy sector through the existence of 
additional suppliers and consumers. Limiting the system boundary to a national 
context may neglect total GHG emissions caused by the introduction of bioenergy 
policies. Additional demand for bioenergy may trigger direct and indirect land use 
changes in regions distant from bioenergy consumption [51]. Land use change is a 
major contributor to GHG emissions, particularly due to deforestation of tropical 
rainforests [65]. Direct land use changes occur when land is converted to an 
intensive bioenergy production regime. Indirect land use changes are land use 
conversions triggered by increases in international demand of non-fuel products due 
to declining production in fuel producing countries [51]. For instance, an increase in 
maize production induced by US biofuel policies decreases land available for soja 
production. Other regions may take over the supply of these products which, as a 
consequence, may create additional land conversions there. Alongside to changes in 
the GHG emission balance, increased agricultural production and deforestation also 
provoke declines in biodiversity [47] and social conflicts in developing countries 
when small scale farmers or indigenous people are expelled from their lands by 
industrial production. The model presented in this thesis only accounts for domestic 
wood resources and energy demands. Integrating trading and effects of direct and 
indirect land use changes is beyond the scope of the model yet. However, a full 
assessment of policy induced effects would require including trade across the full 
supply chain.  

1.3 Model implementation 

1.3.1 Model design 
The model is described in detail in all articles. This section summarizes the three 
most important model development steps and discusses the data and software 
design. The basic model builds on Leduc et al. [37-42]. It optimizes the locations of 
second generation biofuel plants at least costs. The model was extended by explicitly 
including district heating infrastructure costs and revenues from district heating. 
The preparation of a dataset on the spatial distribution of heating demand was 
important to allow this model extension. In article 1, the model is applied to assess 
BIGCC production potentials in Austria and to find optimal locations of BIGCC 
plants. Article 2 focuses on the competition of different bioenergy technologies, 
including bioenergy systems with carbon capture and storage (BECS), pellet  
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Figure 2: Software design. 

production, and second generation biofuel production. The extension of the model to 
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introduces biomass supply curves instead. The model was applied to analyze the 
cost-effectiveness of alternative policy instruments in the bioenergy sector.  

The assessment of model parameter uncertainties with respect to energy prices and 
technological details required additional methodological tools. Monte-Carlo 
simulations in combination with extended sensitivity and uncertainty analyses were 
used to allow estimating the effects of uncertainties on model outputs. Model 
parameters have been generated randomly, depending on assumed plausible 
distributions of the particular model parameter. The model is then solved for many 
different sets of randomly generated parameters. Model outputs yield distributions 
of results, which are further analyzed. A linear meta-model of the MIP has been built 
by applying linear regressions between model parameters and outputs. The resulting 
linear function has been used for sensitivity and uncertainty analyses. 

1.3.2 Software design 
This section gives a brief overview over the data and software design because these 
details are not presented in the articles. The model is split in three modules (see 
Figure 2): the first module handles the generation of multiple model “universes”, i.e. 
the generation of input parameters for the model. It is written in Java [66]. The 
second module, the “Core”, is responsible for the generation of input data for the 
MIP, including biomass supply and energy demand. It also contains the MIP which is 
executed in GAMS [67]. The data generation is done in Java because of its effective 
database interface and the object oriented paradigm that allows rapid development 
and fast execution of data based algorithms. In the “Analysis” part, the data is loaded 
from the output generated by GAMS and transformed into tables and figures. The 
sensitivity and uncertainty analysis as well as the statistical analysis on the output 
are performed in the statistical software package R [68].  

The “Core” was initially developed as stand alone module and scenarios were 
generated manually. However, when the Monte-Carlo simulations were included, 
thousands of simulations, depending on statistical distributions of the model 
parameters, had to be generated and analyzed. Therefore, the “Universe Generator” 
was developed to allow the automatic creation of input parameter files. It consists of 
a “Scenario Writer” which creates text files that serve as inputs to the “Core”. The 
“Scenario Runner” is responsible for providing the files to the “Core”, invoking the 
input data generation and subsequently the MIP.  This procedure is very flexible: the 
core can be run totally independently from the “Scenario Runner” for testing 
purposes. Also, generated scenarios as well as detailed model outputs of each run can 
be saved for further analysis. If a single scenario in a set of thousands of scenarios 
fails, the scenario can be simply invoked and tested again. The overhead produced by 
the Scenario Runner is less than 50 ms per scenario. The analysis part of the model is 
totally separated from the rest of the model. Statistical software packages are more 
appropriate for model output analysis, therefore an interface with the statistical 
software R, has been established. Data analysis needs a lot of human interaction 
because the purpose of data analysis determines the procedures applied to the data. 
A fully automatic link between the “Core” and the “Analysis” is therefore not possible 
and not necessary. A more detailed description of the three model parts follows next.  
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1.3.2.1 The universe generator  
The “Scenario Writer” is a tool to read scenario data from an excel sheet. For each 
scenario, a corresponding parameter file, containing the individual settings for the 
scenario is generated and copied to a separate directory. The “Scenario Writer” is 
able to produce combinations of different scenarios. The “Scenario Runner” copies 
the model parameter files to the working directory of the “Core”, invokes the “Input 
Data Generation” and subsequently the GAMS solver. After termination of GAMS, 
the single model outputs are copied into one global output file. Statistics on the 
computation time are collected as well. 

1.3.2.2 The core 
The “Core” is responsible for the preparation of input data and also contains the 
MIP. The “Input Data Generation” program is written in Java. It reads the input 
parameter file and then connects to a MySQL database [69] to generate spatial 
explicit data on biomass supply, energy demand and district heating costs which are 
written to ASCII text files readable by GAMS. The MySQL Database contains data of 
the forest wood supply model, building stocks, and population (for energy demand 
calculation). The parameters in the input file control how the final biomass supply 
and the energy demand are defined from the raw stock data. This way, different 
supply and demand scenarios can be defined. The “Input Data Generation” program 
is also responsible for taking out spatial calculations, including the determination of 
transportation distances and aggregation of high resolution grids to grids of lower 
resolutions. All outputs are written to an ASCII text file format. The MIP executed in 
GAMS is described in detail in the three articles. 

1.3.2.3 The analysis package 
The output generated by the Universe Generator is read in by an R script. All 
calculations and estimations on model output, including the calculation of means 
and variances, the sensitivity and uncertainty analysis, statistical tests as well as the 
creation of figures and tables is done within R. 
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2 Discussion and comparison of research articles 

This chapter briefly summarizes and discusses three co-authored research articles. It 
describes the contribution of the articles to the literature as well as the contribution 
of the thesis author to the articles. All input data besides the maximum sustainable 
yields (MSY) of Austrian forests were generated by the thesis author. The MSY was 
provided by Georg Kindermann. All model extensions including the district heating 
model, the competition of technologies and the biomass supply curves were 
accomplished by the thesis author but discussed in detail with the co-authors. Data 
and model output analyses, including sensitivity and uncertainty analysis as well as 
generation of output diagrams and tables were the responsibility of the thesis author 
as well. The author of this thesis also provided draft versions of the articles that were 
commented and augmented by the co-authors. 

2.1 Article 1: Potential of biomass-fired combined heat and power 
plants and the spatial distribution of biomass supply and heat 
demand 

This article is published in the “International Journal of Energy Research” and 
presents the basic MIP, details on the heating demand estimation, the district 
heating cost model, and the sensitivity and uncertainty analysis. An analysis of the 
potentials of biomass fired combined heat and power (CHP) plants with BIGCC 
technology was chosen as model application. The article thus addresses research 
questions III-V. The model builds on the spatially explicit second generation biofuel 
production model developed by Leduc et al. [37-42]. It is extended by explicitly 
considering the spatial distribution of heating demand and the effect of heating 
demand densities on district heating infrastructure costs. BIGCC produces 
considerably larger amounts of heat than biofuel plants and is therefore an 
appropriate choice for testing and presenting the district heating extension. CO2 
emissions reduced by the introduction of the plants are estimated. The article 
introduces Monte-Carlo simulation as measure for sensitivity and uncertainty 
analysis. Due to high uncertainties inherent to the problem of modeling future 
potentials – including uncertainties about technological developments, costs and 
fossil fuel prices – this approach is better in showing the dependency of model 
results on model parameter variances than simple point sensitivity analysis [70]. The 
article contributes to the literature by modeling the total bioenergy supply chain 
from biomass supply to heat demand. Particularly the integration of spatially explicit 
heating demand estimations and of district heating cost estimates based on heat 
demand densities is an enhancement to existing models (see introduction of article 
1). Furthermore, the explicit consideration of model parameter uncertainties and the 
application of Monte-Carlo simulation have not been applied before in similar 
bioenergy models. 

The main differences to the other articles are: 

‐ Feedstock prices are exogenous within a simulation. However, prices are 
varied in the Monte-Carlo simulations. 

‐ Only BIGCC is considered as production technologies.  
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‐ All stochastically modeled input parameters are distributed independently 
from each other. 

‐ All stochastically modeled input parameters are normally distributed. 
‐ Only a subset of input parameters is included in the sensitivity and 

uncertainty analysis.  

The results indicate that BIGCC can contribute significantly to emission reductions 
in Austria. At price levels between 52 to 57 € MWh-1, which are close to prices 
observed in the recent past, model results show considerable potentials for BIGCC 
production. Up to 10% of total Austrian power production can be substituted by 
BIGCC. However, total potentials are limited due to limitations in heating demand 
that may be supplied by district heating competitively. Most optimal locations can be 
found mainly close to the biggest Austrian cities Vienna, Linz, Graz and Salzburg, 
indicating that biomass transportation costs are less important than the proximity to 
very dense heating demand. Uncertainties in power and CO2 emission prices have 
the biggest impact on model results. 

2.2 Article 2: Cost-effective CO2 emission reduction through heat, 
power and biofuel production from woody biomass: A 
spatially explicit comparison of conversion technologies 

This article is published in the journal “Applied Energy” and analyzes the cost-
competitiveness between bioenergy conversion technologies and contributes to 
research questions I and III-V. The model is expanded with respect to the first article 
in the following way: 

‐ Five production technologies (BIGCC, BECS, ethanol, methanol, and pellets 
plants) are explicitly considered to allow the comparison of cost-effective 
bioenergy utilization in different sectors. 

‐ Heating oil and transportation fuel demand are spatially explicitly 
estimated.  

‐ A comprehensive sensitivity analysis of all relevant model parameters at 
different CO2 prices is applied to the model. 

‐ The distributions of model parameters are defined by Monte-Carlo 
simulations and by bootstrapping. Bootstrapping is applied to generate 
correlated input prices (energy and biomass).  

‐ The optimal sizes of the bioenergy plants are determined by applying a 
meta-model approach.  

‐ The model is validated by running it for existing bioenergy technologies, i.e. 
pellets plants and steam engine CHP plants.  

The article describes the optimization model in detail and applies an extended model 
parameter sensitivity analysis. The analysis focuses on optimal locations of the 
different plant types and on optimal mixes of conversion technologies at different 
carbon prices. The article contributes to literature by comparing a range of new 
bioenergy technologies that have not been comparatively assessed before. 
Particularly BECS is a technology that has drawn little attention before. Spatially 
explicit modeling is new to comparative assessments of bioenergy technologies, to 
our knowledge none of the existing published models does consider spatial factors in 
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such a detailed way as our model does (see introduction to article 2). We conclude 
from the analysis that second generation biofuel production (i.e. ethanol and 
methanol) are not competitive with any of the other conversion technologies. Pellet 
production is cheap and efficient in reducing CO2 emissions and substituting fossil 
fuels, while BIGCC is competitive only at some locations. At a carbon price of around 
50 € tCO2-1, BECS becomes competitive and partially substitutes pellet production.  

The sensitivity and uncertainty analysis indicates that the elasticities between input 
parameters and outputs vary at different carbon price levels. The price of heating oil 
is the main contributor to model uncertainty at all levels. The amount of biomass 
supply and technical plant characteristics also significantly influence model results. 
An interesting finding is that biomass costs are positively correlated with CO2 

emission reductions, i.e. that an increase in biomass costs increases CO2 emission 
reductions at low carbon prices. This is caused by a positive correlation of biomass 
costs and energy prices. 

The validation procedure yields good results for CHP plants but only reasonable 
results with respect to pellet production. The latter can be explained by the fact that 
the optimal position of pellets plants depends less on the proximity to the consumers 
than in the CHP case. Distribution of pellets is inexpensive in comparison to district 
heating and therefore the proximity to wood resources seems to be more important. 
Wood resources are, however, not as concentrated as heating demands. Locations 
differ therefore less in their suitability for pellet production than for CHP production. 
This fact explains why the model does select only a subset of the locations actually 
found. 

2.3 Article 3: Analyzing the cost-effectiveness of energy policy 
instruments in the bioenergy sector 

The third scientific article is submitted to the journal “Energy Policy” and analyzes 
the cost-effectiveness of alternative policy instruments in the bioenergy sector. 
Carbon taxes, the EU ETS, feed-in tariffs for electricity generation, subsidies on 
pellets boilers, and biofuel blending obligations are analyzed and contribute to 
research question II. While the article focuses more on policy instruments and gives 
less attention to the methodology, the model was extended by biomass supply curves. 
The first two articles treated biomass supply and costs constant by allowing 
harvesting amounts close to the maximum sustainable yield (MSY). In article 3, 
biomass supply curves - based on supply elasticities found in the literature - are 
implemented in the model. Minor model modifications were necessary to allow the 
implementation of the policy instruments in the model. Results of the sensitivity and 
uncertainty analysis of previous articles are used to reduce the computational 
complexity. The article contributes to literature by assessing for the first time the 
effect of energy policy instruments on the deployment of new bioenergy technologies 
with a spatially explicit model. Existing studies assess the effect of policy instruments 
on second generation biofuel production, heat and power production but do not 
consider BECS. Spatial factors as determinant of production costs of different 
technologies are mostly not considered in published analyses (see introduction to 
article 3).  
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Model results indicate that biofuel blending obligations considering second 
generation biofuels are very costly and inefficient in reducing CO2 emission and in 
substituting fossil fuels. Taxes on CO2 emissions are cost-effective with regard to 
both policy objectives. However, at high carbon prices BECS is introduced to the 
technological portfolio and the fossil fuel substitution declines. The EU ETS is less 
effective because not all fossil fuels are included in the trading scheme. Subsidies on 
pellets furnaces are also cost-effective. However, the level of the policy instrument is 
limited due to restrictions in demand. BIGCC is a costly technology and therefore, 
direct feed-in tariffs rate worse than taxes or pellet subsidies. However, they are 
rated better than the biofuel instrument. The cost-effectiveness of all policy 
instruments are evaluated at three different energy price levels which are most 
influential to model results as shown in previous articles. The ordering of the cost-
effectiveness of policy instruments is robust to changes in the energy price levels. 

2.4 Comparison of model results between articles 
A comparison between article 1 and the other two articles is not easily possible, 
because only BIGCC is included as conversion technology and CO2 prices of up to 
only 35 € tCO2-1 are considered in article 1. Nevertheless, when observing the CO2 
emission reduction and biomass consumption in article 1 at different power price 
levels, it can be observed that CO2 emission reduction per unit of consumed biomass 
is lower than in the other two articles due to the fact that only BIGCC is considered. 
The results show that the assessment of a single conversion technology only allows 
conclusions about that technology and about technological restrictions (e.g. heat  

 

Figure 3: Distribution of BIGCC power production in article 2 (50 € tCO2-1). 
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demand restricts supply). The total potentials are overestimated, because conversion 
technologies competing for the same feedstocks are not considered. Model results of 
article 2 and article 3 can be easily compared because both articles analyze the 
consequences of a CO2 tax on the optimal technological mix. Table 1 provides a 
comparison between these results. Absolute values in CO2 emission substitution and 
fossil fuel substitution differ significantly between article 2 and 3. However, it is not 
surprising, because the introduction of the supply curve in article 3 causes an 
increase in marginal biomass supply costs which leads to reduced bioenergy 
production. Lower CO2 emission reductions and fossil fuel substitution are the 
consequences. The technological mix between the two articles differs mainly with 
respect to the amount of BIGCC that goes into solution. Input parameters are 
modeled stochastically in article 2 while mean values of the distributions are 
assumed in article 3. The model parameter sets in article 2 contain parameter 
combinations that include low investment costs of BIGCC plants and high conversion 
efficiencies. In such settings, BIGCC is partially competitive to pellet production. A 
histogram (see Figure 3) showing the distribution of BIGCC production in article 2 at 
a carbon price of 50 € tCO2-1 confirms that 66% of all Monte-Carlo runs produce a 
BIGCC power output of 0 TWh y-1. Monte-Carlo simulations were only used in the 
first two articles. Monte-Carlo simulations are computationally demanding, but 
allow an extended sensitivity and uncertainty analysis and provide output 
distributions rather than point realizations. A good example is the difference of the 
technological mixes produced by the model in article 2 and article 3. Using the mean 
value of input parameters, BIGCC is not selected, but as article 2 shows, the 
consideration of a wide range of possible parameter inputs produces a certain 
probability for the technology to be included in the optimal portfolios. 

2.5 Additional research articles 
Articles A.1-A.3 provide additional analyses to selected research questions. Article 
A.1 analyzes optimal locations of different bioenergy technologies and implications  

Table 2: Comparison of paper results. 

Article CO2 Price 

 

Mix of 

Technologies 

 

CO2 

Emission 

Reductions 

Fossil fuel 

Substitution 

Biomass 

used 

 

 (€ tCO2-1)  (% BIGCC  

 /% BECS  

 /% Pellets) 

(MtCO2y-1) (TWh y-1) (TWh y-1) 

1a  PPIb: III -/100/- 3.94 - 13.30 

1a  PPIb: V -/100/- 4.90 - 17.06 

2a  0 10/0/90 2.71 10.24 9.60 

2a  50 12/6/82 4.31 15.10 14.45 

2a  100 1/38/61 5.65 14.32 15 

3 0 0/0/100 1.80 6.76 6.37 

3 50 0/0/100 3.00 11.25 10.62 

3 100 -/39/61 5.11 12.95 13.69 
a…Mean of the distribution of results 
b…See Article 1 for description of p(ower) p(rice) i(ntervals) 
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for rural development are derived. Clearly, pellet production is to be favored over 
BIGCC production because pellet plants are optimally located in less favored rural 
regions while BIGCC is optimally placed close to urban centers. Article A.2. compares 
methanol and ethanol production from forest wood and short rotation poplar grown 
on agricultural land. It specifically focuses on the value of the waste heat produced in 
the plant. The district heating extension of the optimization model is first applied in 
this article. The results indicate that waste heat utilization has a significant impact on 
final production costs of biofuels. Furthermore, ethanol production is more cost-
effective than methanol production. Article A.3 focuses on the competition between 
BIGCC and ethanol production under consideration of additional supply of woody 
biomass from sawmills and of additional demand for biomass from existing biomass 
fired combined heat and power plants in Austria. The results show that sawmill co-
products are a cheap source of woody biomass. At high prices of CO2, ethanol 
production is more cost-effective than BIGCC. However, articles A.2 and A.3 were 
written in early stages of model development and very optimistic assumptions 
concerning the efficiencies of ethanol production from woody biomass are made. 
These assumptions rely on a single unpublished research article on second 
generation biofuel production. They have been more realistically adjusted in the 
latter articles. Therefore, results and conclusions of articles A.2. and A.3 are different 
from the results of article 2 and article 3.  
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3 Summary and Outlook 

This thesis presents a spatially explicit energy system model that allows the 
assessment of the competitiveness of bioenergy conversion technologies and of the 
cost-effectiveness of alternative bioenergy policy instruments. Uncertainty is 
explicitly addressed. The implementation of spatial factors in the model is necessary, 
because spatial variability in production costs is high between locations. The applied 
methodology allows the assessment of new technologies that are currently not 
available on the markets. Although certainly restricted due to the chosen system 
boundaries (see sections 1.2.1-1.2.7), the model allows insights into the relative 
effectiveness of bioenergy conversion technologies for reducing CO2 emissions and 
substituting fossil fuels. The uncertainties inherent in a model that assesses new 
bioenergy technologies at uncertain fossil fuel prices are explicitly addressed with 
Monte-Carlo simulations. The procedure is computationally demanding but provides 
insights into possible outcomes and model parameter sensitivities and uncertainties.  

With regard to total CO2 emission reductions various factors are not considered by 
the model, yet (see section 1.2 for details): 

‐ Effects of forest management on the forest carbon cycle; 
‐ Effects of policy instruments on direct and indirect land use changes in 

other regions, i.e. leakage effects from imports and exports; 
‐ Assumptions on CO2 emissions in a baseline scenario. 

The consideration of the first two issues will likely produce lower reduction levels, 
however, the assumptions on the CO2 emission baseline may increase or decrease 
CO2 emission reductions.  

Future research shall enhance the model by additionally including important 
economic and technical options, for instance co-firing and fuel switching in district 
heating networks as well as consider the effects of the forest carbon cycle on CO2 
emission savings. A dynamic model version will be necessary to better account for 
the time preferences inherent in forest management and investment analysis. The 
application of the model to new regions and countries is an additional important 
research opportunity, because different energy demand structures and different 
baseline CO2 emission conditions alter the results with regard to optimal conversion 
technologies. A drawback of the chosen uncertainty approach is that it does not 
provide the user with optimal decisions under uncertainty. One research option is 
therefore to develop a stochastic programming version [71] of the model. Model 
linkages to biomass production models and full economy models to analyze rural 
development impacts of bioenergy production are a further relevant direction of 
research.  

The research questions are extensively answered in the three articles. With regard to 
research questions I and II, which deal with the optimality of bioenergy technologies 
and policy instruments, clear conclusions can be drawn from article 2 and article 3. 
Model results in both articles indicate that heat and, to some extent BIGCC and 
BECS, is the most cost-effective conversion route for woody biomass with regard to 
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CO2 emission reductions. Utilizing large amounts of biomass resources for biofuel 
production is not recommended, because the costs are high and CO2 emission 
reductions and fossil fuel substitutions are low. The better insulation of buildings 
and the installation of other low carbon heating technologies (e.g. heat pumps) may 
alter the competitiveness of biomass resources in the heating sector and may shift 
some of the resources from pellet to BIGCC production. A carbon tax on all fossil 
fuels is the most cost-effective policy instrument to reduce CO2 emissions in the bio-
energy sector. The EU ETS does not include all fossil fuels in the trading of CO2 
emission permits and is therefore less effective. A trade-off between both policy 
objectives – substitution of fossil fuels and CO2 emission reductions –arises if CCS is 
available. A subsidy on pellets provides similar effects to a carbon tax, but is limited 
due to demand restrictions. Biofuel blending obligations are not cost-effective in 
reaching the two policy goals. The bioenergy technologies analyzed in this thesis will 
not be available before 2012 and are therefore not able to contribute to Kyoto targets. 
Nevertheless, Figure 4 shows model results on possible contributions of Austrian 
bioenergy production to the Kyoto GHG emission reduction targets and to the 
renewable energy targets in the EU directive 2009/28/EG. At a price of 150 € tCO2-1 
and with BECS available, 43% of the necessary CO2 emission reductions (based on 
2007 emission levels) can be attained by bioenergy production. Almost the same 
contribution (42%) to the renewable energy targets can be observed with a carbon 
tax. If BECS is not available, the contribution to Kyoto drops to 29% while 46% of the 
renewable energy targets are attainable by bioenergy. It has to be noticed that the 
results refer to the energy consumption level of 2007 and a substantial increase in 
the production of fuel wood in Austrian forests is necessary. 

With regard to research question III, which addresses the existence of restrictions 
imposed by the spatial structure of demand, the model results of article I indicate 
that the amount of waste heat that BIGCC plants produce, need large heat demand 
sinks that are limited in Austria. Mainly cities like Vienna, Linz, Salzburg, Graz and 
Klagenfurt provide heat demand densities that are large enough for such plants. 
However, article 2 reports that pellet and second generation biofuel production can 
be found closer to wood resources as the distribution of products to consumers is 
cheaper than biomass transportation and waste heat production is low. The demand 
for power and fuel does not restrict bioenergy projects. Forest wood resource 
availability is clearly the limiting production factor. When assuming that pellets are 
mainly used for replacing heating oil as fuel in single dwellings, total pellet 
production potentials are restricted by the demand side, i.e. there is more potential 
for pellet production than potential for the substitution of heating oil. With regard to 
research question V, which deals with the uncertainty of the model parameters, the 
following conclusions can be derived: the sensitivity analyses in article 1 as well as 
the results of article 2 and article 3 indicate that energy prices and CO2 prices mainly 
contribute to the uncertainty about cost-efficient technology mixes. Parameters 
related to the technologies, e.g. investment costs and conversion efficiencies, rank as 
the second most important. Particularly parameters related to CCS are highly 
uncertain and therefore strongly influence the technological portfolio with regard to 
BECS. Fossil fuel prices and prices of CO2 emission permits in the EU ETS have 
proven to be very volatile in the recent past. While the volatility of fossil fuels can 
hardly be influenced locally, an introduction of a fixed carbon tax instead of emission  
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Figure 4: Contribution of bioenergy to Kyoto and renewable energy targets with BECS 
(left) and without BECS (right). 

trading may reduce the uncertainty in relation to CO2 prices and lead to more stable 
portfolios of low carbon technologies [72]. Further research in this direction will be 
needed. Model results are stable with regard to second generation biofuel 
production: although a very wide range of parameter combinations was considered 
in article 2, second generation biofuel production was never selected as production 
technology under different CO2 pricing scenarios. Pellet production is selected in 
most scenarios, but the competitiveness in scenarios without any policy intervention 
depends on input parameter variations. Likewise, the introduction of BIGCC into the 
technological portfolio depends on the variations in input parameters. In Article 3, 
the effects of three different energy price scenarios are analyzed. Although the 
absolute contributions differ among energy prices, the ranking of the policy 
instruments with regard to their ability to reach policy goals does not change.  
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SUMMARY

Combined heat and power (CHP) plants fired by forest wood can significantly contribute to attaining the target of increasing
the share of renewable energy production. However, the spatial distribution of biomass supply and of heat demand limits the
potentials of CHP production. This article assesses CHP potentials using a mixed integer programming model that optimizes
locations of bioenergy plants. Investment costs of district heating infrastructure are modeled as a function of heat demand
densities, which can differ substantially. Gasification of biomass in a combined cycle process is assumed as production
technology. Some model parameters have a broad range according to a literature review. Monte-Carlo simulations have
therefore been performed to account for model parameter uncertainty in our analysis. The model is applied to assess CHP
potentials in Austria. Optimal locations of plants are clustered around big cities in the east of the country. At current power
prices, biomass-based CHP production allows producing around 3% of the total energy demand in Austria. Yet, the heat
utilization decreases when CHP production increases due to limited heat demand that is suitable for district heating.
Production potentials are most sensitive to biomass costs and power prices. Copyright r 2009 John Wiley & Sons, Ltd.

KEY WORDS: combined heat and power; district heating; bioenergy; biomass; mixed integer programming; Monte-
Carlo simulation

1. INTRODUCTION

Decreasing dependency on imported fossil oil and
climate change mitigation are the main motives for

European renewable energy policies. The European
Commission set the target to reach 20% of
renewable energy consumption by 2020 [1]. The
Commission emphasizes that a significant increase
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in the utilization of biomass is necessary to reach
this target. The Austrian government aims at
increasing the share of renewable energy produc-
tion from currently around 23–34% by 2020 [1].
Wood is an important feedstock for biomass-
based energy production in Austria. Over the last
five years substantial subsidies have stimulated the
installation of additional heat plants and power
plants fired by biomass [2,3]. However, a further
increase in power production is necessary to
achieve the energy production targets. Such
increases are possible because the annual growth
in wood stocks is currently not fully explored [4].
Combined heat and power (CHP) production is a
favorable form of power production because heat
that would otherwise be lost can be used in district
heating. However, the geo-spatial distribution of
biomass supply and heat demand has significant
impacts on total system costs [5,6] and is therefore
a factor that limits CHP potentials. Temporal
distribution of heat demand also matters [7]. There
are numerous geo-spatial explicit bioenergy mod-
els available, which can be used to assess costs and
optimal locations of bioenergy systems. They are
based on geographic information systems and/or
linear programming methodology and mainly
assess CHP and biofuel technologies. Several
models concentrate on single parts of the supply
chain—either on the biomass supply logistics and
energy production [8–10] or on the energy
distribution [11,12]—without considering the
whole bioenergy system. Models that do consider
the whole supply chain either do not regard district
heating costs at all [9,10,13] or do not take into
account spatial factors in estimating costs for
district heating infrastructure [14]. In this article,
technical and least cost potentials for CHP
production are assessed by including the spatially
explicit estimation of heat demand into an
approved full supply chain model of bioenergy
production [15,16]. The model optimizes the
locations of bioenergy plants considering the
spatial distribution of biomass supply and costs
resulting from biomass transportation. Technical
and economic restrictions implied by the spatial
distribution of heat demand are considered in the
assessment of potentials. Model parameters, which
are based on a literature review, can vary

substantially. Monte-Carlo simulations are there-
fore performed to account for model parameter
uncertainties. Furthermore, an extended sensitivity
analysis allows identifying the parameters that
have the strongest influence on the total potentials.
Parameter influence on model output is expressed
by elasticity estimations. The median absolute
percentage error (MdAPE) is calculated to mea-
sure the contribution of parameters to model
uncertainty.

The article is structured as follows: after pre-
senting the optimization model in Section 2.1, the
estimation of input parameters biomass supply,
transportation and conversion technology, heat
demand and district heating costs is discussed in
Sections 2.2–2.6. The handling of parameter un-
certainty is described in Section 2.7. Following the
results in Section 3, the sensitivity analysis is pre-
sented in Section 4. The discussion and conclu-
sions conclude the article in Section 5.

2. DATA AND METHODS

A mixed linear integer programming (MIP) model
is built to optimize the locations of biomass-fired
CHP plants. It includes the production and
transportation of biomass, the conversion of
biomass to power and heat in the CHP plant and
the distribution of heat to district heating con-
sumers (Figure 1). An average year of operation
is simulated; therefore, investment costs are
accounted as annuities in the model. However,
this average year is divided into heating seasons to

CHP
plant

Peak Demand 
Boiler

Settlement

Heat transportation pipeline

Heat distribution network

Building

Forest Wood

Transportation
(Truck)

Figure 1. Model of biomass-fired CHP plant.
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capture restrictions in heat consumption due to
seasonal variations in temperature.

2.1. The model

Austria is divided into 150 biomass supply regions
(i). Possible plant locations (j) are deterministically
spread at a vertical and horizontal distance of
0.411 over Austria. Biomass is harvested and
transported (variable bi;j) from the supply regions
to the plants. Investments into plants are modeled
by the binary variable uplantj . The plants produce
power (variable pchpj Þ and heat (variable qchpj ).
Power demand (parameter pD) is satisfied by pchpj

and power production with fossil fuels (variable pfp).

Heat consumption is modeled by seasons (t).
Heat is transported to the boundaries of the
settlements (h) with transportation pipelines (bin-
ary variable u

pipe
j;h;ps) of varying sizes (ps). District

heating distribution networks (binary variable
udneth;ns ) of different extensions (ns) distribute the
heat within the settlements. Heat transported from
CHP plants to the settlements (variable qdhj;h;ps;t)
and heat from peak boilers (variable qpeakh;t ) supply
the district heating network. Peak boilers are used
as backup for the CHP plants and as additional
heat source in times of high heat demand (Figure 1).
District heating competes with local heat production
(variable qlocalh;t Þ by small boilers inside of the
buildings.

Biomass utilization in the plants is restricted byX
j

bi;jp �bi ð1Þ

where parameter �bi denotes the total amount of
biomass available in supply region i. The produc-
tion of the CHP plant is restricted by the size of
the installed equipment:

q
chp
j p �qju

plant
j ð2Þ

where parameter �qj is the total annual heat pro-
duction capacity of plant j. Heat and power pro-
duction is determined by the biomass input and
conversion efficiency (parameter Zchpj Þ in

Zchpj

X
i

bi;j ¼ pchpj þ qchpj ð3Þ

Parameter aj is introduced to model the relation-
ship of power and heat production, which is given by

p
chp
j ¼ ajq

chp
j ð4Þ

Power demand (parameter pD) is satisfied by
power production of the CHP plants, pchpj , and by
power generation with fossil fuels modeled with
variable pfp: X

j

pchpj þ pfp ¼ pD ð5Þ

Heat production, qchpj , limits the amount of heat
available for district heating. The power and heat
production is modeled on an annual time period.
Variations in heat demand in winter and summer
are however considered. Seasonal supply of heat in
the plant is restricted byX

h;ps

qdhj;h;ps;tpDttq
chp
j ð6Þ

where parameter Dtt denotes the relative length of
a season.

The production of heat has to meet the demand
(parameter qDh;t) in each period, which is guaran-
teed by

Zdhh;t
X
j;ps

Ztransj;h;ps;tq
dh
j;h;ps;t

 !
þqpeakh;t

 !
þZlocalh;t qlocalh;t ¼q

D
h;t

ð7Þ

where parameter Ztransj;h;ps;t denotes the heat losses in
the pipe system from the plant to the settlement.
The heat losses in the transportation pipeline are
different for each combination of plant and settle-
ment as the distances of the plants to the settle-
ments vary. Losses in the heat distribution network
within the settlement are modeled by parameter Zdhh;t.
Parameter Zlocalh;t is introduced to describe conversion
efficiencies of local heating systems.

The sum of heat produced by the CHP plant
and by the peak demand boiler has to match the
district heating demand (parameter qDh;ns;t) in
settlement h. This is modeled by

Zdhh;t
X
j;ps

Ztransj;h;ps;tq
dh
j;h;ps;t

 !
þ qpeakh;t

 !

¼
X
ns

qDh;ns;tu
dnet
h;ns ð8Þ
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The existence of a transportation pipeline, in
case a settlement is supplied by a CHP plant, is
ensured by

qdhj;h;ps;tp �qpipeps;t u
pipe
j;h;ps ð9Þ

where parameter �qpipeps;t denotes the capacity of the
pipeline.

Only one district heating network may be built
in each settlement which is ensured by

X
ns

udneth;nsp1 ð10Þ

The total cost of the supply chain in the ob-
jective function f ðb; p; q; uÞ is given by:

The different summands in the objective func-
tion are:

1. Biomass supply costs (parameter csupi ), trans-
portation costs (parameter ctransi;j ) and bioenergy
production costs (parameter cprodj ) times the
amount of biomass used.

2. Annualized costs of investing in a plant
(parameter c

plant
j ) times the binary variable for

the plant selection.
3. Annualized costs of building a pipeline from the

plant to the settlement (parameter cpipej;h;ps) times
the binary variable for the pipeline selection.

4. Annualized costs for installing a district heating
network in the settlement (parameter cdneth;ns )
times the binary variable for district heating
network selection.

5. Costs for producing peak heat (parameter
c
peak
t ) times the amount of peak heat
produced.

6. Costs for producing local heat including
investment and fuel costs (parameter clocalt )
times the amount of local heat produced.

7. Costs for producing power with fossil fuel
(parameter cfp) times the amount of power
produced.

8. CO2 emissions of biomass transportation (emis-
sion factor eti;j), emissions of fossil power
production (emission factor efp), emissions of
local heating systems (emission factor elocalh ) and
emissions of peak heat production (emission
factor epeak) are multiplied by the CO2 price
(parameter cem).

The MIP is finally defined as:

min ½f ðb; p; q; uÞ�

s:t: ð1Þ � ð10Þ

0pbi;j ; p
chp
j ; pfp; qchpj ; qpeakh;t ; q

dh
j;h;ps;t; q

local
h;t

udneth;ns ; u
pipe
j;h;ps; u

plant
j 2 f0; 1g ð12Þ

2.2. Biomass supply

Domestic forest wood is considered as feedstock
for biomass-based heat and power produc-
tion. Spatial distribution of forestry yields is
estimated with increment curves from Assman’s
yield table [17], assuming sustainable forest

f ðb; p; q; uÞ ¼
X
i;j

ðcsupi þ ctransi;j þ cprodj Þbi;j þ
X
j

cplantj uplantj

þ
X
j;h;ps

cpipej;h;psu
pipe
j;h;ps þ

X
h;ns

cdneth;nsu
dnet
h;ns

þ
X
h;t

cpeakt qpeakh;t þ
X
h;t

clocalt qlocalh;t þ cfppfp

þ cem
X
i;j

eti;jbi;j þ efppfp þ
X
h;t

elocalh qlocalh;t þ
X
h;t

epeakqpeakh;t

 !
ð11Þ
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management, and a net primary production (NPP)
map from Running [18]. This is calibrated
with the observations from the national forest
inventory of Austria [4]. The forest cover is taken
from the Corine Land Cover data set [19]. An
equation system describes the forest increment and
mortality per hectare and year depending on yield
level, age and stand density. An NPP map was
used to estimate the yield level. The observed
increment data from the Austrian national inven-
tory was used to calibrate the transformation from
NPP to yield level. The diameter of the harvested
wood, which is used in the CHP plants, is below
15 cm. The total potential is reduced by the wood
demand of (i) private households, (ii) existing
bioenergy plants and (iii) the pulp and paper
industry. Biomass costs are taken from local
market statistics.

2.3. Transportation and conversion technology

Biomass transportation costs and CO2 emissions
are considered by calculating Euclidean distances
between biomass supply sites and plant locations.
The transportation distance is estimated using a
ratio of actual road length to direct distance [16].
Trucks have to travel once each direction; there-
fore, those distances are doubled.

Combustion and gasification are major tech-
nologies for producing power and heat from bio-
mass. Gasification has higher technical efficiencies
and is projected to be economically more compe-
titive than combustion although few plants have
already been built [20,21]. The study assesses
pressurized biofuel-integrated gasification com-
bined cycle plants (BIGCC). The biomass is gasi-
fied with pressurized air. The resulting gas is burnt
in a gas turbine, using combined cycle CHP tech-
nique [20]. Table I lists economical and technical
plant parameters for the model. The likely plant
size was determined in a pre-analysis. The model
was run with 1000 stochastically determined input
parameter sets, varying the plant size between 50
and 300MWbiomass. A response surface of the in-
put parameters on the total power production
potential (similar to Section 4) was estimated and
the maximum of the response surface with regard
to the plant size was calculated. A plant size of

130MWbiomass was found to maximize the total
CHP production.

2.4. Emissions

The model tracks emissions in biomass transporta-
tion as well as emissions of reference technologies,
which may be replaced by the biomass CHP plants.
Fossil-fueled-based power production is chosen as
the reference system in the power sector. Biomass-
based power production is able to provide baseload
power similar to fossil fuels. Average emissions of
the Austrian fossil fuel mix are calculated by
weighting the emission factors for gas, oil and coal
with the proportion that the fuel has in Austrian
power production [22]. The emissions of the
reference system for district heating are determined
by weighting the fuels currently in use of the specific
settlement with the corresponding emission factors.
All emission factors are taken from the Austrian
Inventory Report [23].

2.5. Heat demand estimation

This section briefly presents the estimation of the
spatial distribution of heating demand, which is a
necessary input parameter to the optimization
model. The heating demand of private dwellings
and the demand of commercial and industrial
facilities is computed for all Austrian settlements.
The geographical position and size of each
settlement are known with a spatial resolution of
1 km2. The methodology was used before on an
aggregated national and regional scale [24–26] as
well as on spatially explicit scales [11,27].

2.5.1. Private dwellings heating demand model. A
bottom-up approach is applied to estimate the

Table I. Technical and economical parameters of gasi-
fication plant [20].

Investment costs 78Mh
Fixed O&M costs 2.50% of investment
Variable O&M costs 3.276 hMWhbiomass

�1

Plant size 130MWbiomass

Minimum load 30.00%
CHP conversion efficiency 90.00%
Alpha factor 91.50%
Full load hours 7200 h year�1

Lifetime 25 years
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heat demand of private dwellings. The age and
type of dwelling areas and the spatial distribution
of the areas are known. These data are combined
with typical energy coefficients for those buildings.
The dwellings data are based on the Austrian
Buildings- and Dwellings Census [28]. The final
energy demand denoted by qDd

h is estimated for
each settlement h. It describes the amount of
energy necessary to heat the dwelling stock. The
calculation is given in Equation (13). Buildings
already connected to a district heating network are
not included in the calculation:

qDd
h ¼

X
bt

X
ba

ECbt;baAh;bt;bawdhbt
HDDh

HDDref
ð13Þ

The dwelling areas (parameter Ah;bt;ba) differ-
entiated by building type (bt) and building age (ba)
are combined with energy coefficients (parameter
ECbt;ba). The coefficients represent average heating
demand values for buildings of a specific type and
age. The coefficients are calculated by assuming a
constant amount of heating degree days (para-
meter HDDref ) and a constant indoor temperature
of 201C, 24 h a day [27]. Behavior of consumers
who generally decrease the temperature through-
out the night or when nobody is in the dwelling is
considered by introducing a usage factor (para-
meter wdhbt ) into Equation (13). Users of district
heating systems choose higher indoor tempera-
tures than users of single stoves with solid fuels
due to easier handling of the former one. In ad-
dition, different indoor temperatures are selected
in single- and multi-dwelling buildings [29]. Cli-
matic influences are regarded by correcting the
heat demand using parameter HDDh that denotes
local heating degree days.

2.5.2. Commercial and industrial heat demand
model. A different calculation procedure is used
for commercial and industrial heat demand. No
data on the type of commercial activity are
available in conjunction with commercial and
industrial building areas. However, the number of
employees (parameter EMh;es) per economic sector
is known in all settlements. Primary energy
consumption for space heating, warm water and
process heat per employee and per economic sector
(parameter ECEesÞ can be calculated from the

Austrian analysis of useful energy [30]. The
accuracy of the data is limited because the economic
sectors do not differentiate between industrial
production subsectors. An overall, average factor
is therefore used. Equation (14) shows the calcula-
tions of the final energy demand, denoted by qDc

h :

qDc
h ¼

X
es

EMh;esECEes
HDDh

HDDCref
Zcom ð14Þ

Local heating degree days (parameter HDDh)
are used to correct for spatial climatic variations.
Parameter HDDCref is chosen in a way that the
sum of the climatically corrected heating demand
for all settlements equals the heating demand
without climatic correction. Parameter Zcom denotes
the average efficiency of heating systems used in
commercial buildings.

2.5.3. Total heat demand model. The combination
of private and commercial heating demand and the
determination of seasonal heating demand are
shown in Equation (15). Parameter Dsh;t denotes
the proportion of the heat demand that is consumed
in season t in settlement h and is calculated as the
proportion of heating degree days in the season and
of total heating degree days per year. Parameter con
denotes—as a percentage—the amount of dwellings
that are connected to the district heating network
within a settlement. Generally, not all dwellings
within a settlement are connected to district heating.
The parameter con is a factor applied equally to all
district heating cells:

qDh;t ¼ Dsh;tconðqDd
h þ qDc

h Þ ð15Þ

2.6. District heating costs

Investment costs of the transportation pipeline, of
the heat distribution pipeline network, of the peak
heat boiler and of heat exchangers are considered
in the model. Costs for building pipelines c

pipe
j;h;ps of

different sizes are calculated as average costs from
typical cost structures in the industry [31]. While
the transportation pipeline delivers heat from the
plant to the boundaries of the settlement, the heat
distribution network delivers the heat within the
settlement. The costs of the heat distribution
network cdneth;ns are the most expensive part of the
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district heating system due to the large extension
of such networks [32,33]. The geometry and the
density of a settlement are important determinants
of the costs of the distribution network. The
spatial distribution of the heat consumers and the
road system determine the length of the heat
distribution network and therefore the construc-
tion costs [34]. When information on the structure
of settlements is available, a classification of
settlements could be used to estimate district
heating distribution costs [35]. However, such data
are not obtainable for Austria. Therefore, a
relation between heat demand density and the
costs for distributing heat is assumed. Generally,
for supply systems relying on pipe networks,
decreasing costs per unit can be expected with
increasing demand density due to shorter pipes per
consumer [12]. A direct estimation of costs
depending on the heat demand density can be
found in [32]. It is used in this study. Figure 2
compares this estimation to a cost calculation
in a real world project [33]. Additionally to the
district heating network, costs for gas-fired peak
demand boilers and for heat exchangers necessary
to exchange heat of the district heating network
with the pipe system inside of buildings are
considered.

Local heating systems, whose costs are denoted
by parameter clocalt , concur with district heating.
The costs of such systems are determined from

literature [36]. In addition, heat prices charged
by district heating utilities in Austria are used as
indicators for local heating costs. This is feasible as
district heating utilities charge a heat price just
below the price of an alternative heating technol-
ogy under the assumption that alternate cost pri-
cing is applied [37,38].

2.7. Model parameter uncertainty

The values of some parameters are highly un-
certain because they specify volatile prices or
economical and technical characteristics of yet
unavailable technology. Other parameters cannot
be estimated more accurately, because the infor-
mation is not available at all. Analyzing the
influence of variances in the model parameters
on the model output is therefore a relevant part of
this article. The precise value of the parameters is
usually not known; however, a plausible range of
values can be determined from historical data sets,
from literature reviews and from expert opinion.
A range of parameter values was defined for 9 of
the 25 model parameters (index l) (Table II). The
remaining parameters are not stochastically mod-
eled because they are either determined by results
of pre-analysis (plant capacity �qj, see Section 2.3),
or they are known with high accuracy
(Ztransj;h;ps;t; �q

pipe
ps;t ; aj ; Z

chp
j , emission factors) or are non-

restricting constraints (pD) or are determined by
another stochastically modeled parameter (the
value of con determines qDh;t and qDh;ns;t, see
Equation (15)) or are known to have little influence
on model output from previous sensitivity analysis
(Zdhh;tZ

local
h;t ; c

prod
j ; cpipej;h;ps). A plausible range of para-

meters values is not sufficient to estimate a
probability distribution of the input parameters.
Therefore, the parameters are assumed to be
normally distributed. The mean m and the standard
deviation s of the distribution Nðm;sÞ are deter-
mined by the upper limit upl and lower limit lol of
the plausible parameter range, that is,
m ¼ ðupl þ lolÞ=2 and s ¼ ðm� lolÞ=1:96 as pro-
posed in [42]. It is assumed that there is no
covariance between the parameters, that is, they
are independently drawn. This assumption may not
hold for energy and biomass prices. However, as all
parameters are normally distributed, combinations
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Figure 2. Comparison of district heating network costs
in Konstantin [32] and AGFW [33].
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of extreme values are minor. In addition, the price
ranges of consideration are narrow and reflect
annual price variations on the markets for the years
2004–2007. Consequently, the price variations can
be seen to specify annual price volatilities on the
energy markets, which are assumed to be indepen-
dent from each other. Monte-Carlo simulations for
1000 independent draws of parameter sets are used
in the model. Solving the model for each parameter
set yields a probability distribution of the model
outputs that are used for further analysis.

3. RESULTS

3.1. Optimal locations

Possible plant locations are deterministically spread
at a vertical and horizontal distance of 0.411 over
Austria. In total, 89 possible positions are evaluated
by counting the number of times a location was
selected in the 1000 Monte-Carlo simulations
(Figure 3). In this manner an indication of
favorable locations considering all parameter varia-
tions can be given. Locations selected by the model
are compared with locations of real biomass-fired
CHP plants. However, CHP plants of a capacity of
130MWbiomass, which is the plant size assumed in
the model, are currently not being built in Austria.
Therefore, the biggest Austrian CHP plants (capa-
cities of 20–66MWbiomass) are chosen as reference.
Figure 3 shows optimal locations selected by the
model and the locations of the four real CHP

plants. The locations of real installations and
positions favored by the model correspond. Plants
are mainly located around bigger cities due to the
high heat densities in these regions. More plants
are located in the east of the country because the
highest yield potentials of forest wood and the
biggest cities in Austria, Vienna, Linz and Graz, are
located there. Therefore, biomass transportation
costs and heat demand distribution costs are low.

3.2. Power and heat production potentials

Potentials of CHP production are measured with
variable ptot ¼

P
j p

chp—representing the total
power production in CHP plants—and variable
qtot ¼ ð

P
h;t qh;t=Z

local
h;t � qlocalh;t Þ—representing the

total local heat production substituted by district
heating. The model results represent not single
values but rather probability distributions due to
the Monte-Carlo simulations. The distributions of
ptot and qtot show high variances. The power price,
which has a broad plausible range of values and a
strong influence on output, mainly contributes to
the variance. This is confirmed by the sensitivity
analysis (Section 4) and by Figure 4 that shows a
plot of the power price against ptot and qtot. The
total production potential is mainly influenced by
the number of plants that are built. As plants are
modeled as integer variables, an additional plant
increases the total production potential signifi-
cantly. Although power production is modeled
with a continuous variable, the annual production

Table II. Ranges of model input parameters.

Parameter Lower bound lol Upper bound upl References

Annualized district heating costs cdneth;ns
(% of standard calculation)

50 150 [32,33]

Biomass supply bi (% of standard
calculation)

95 105 Expert opinion

Biomass costs c
sup
i (hGJ�1) 4.34 5.83 [39]

Plant setup costs cplantj (Mh) 52 130 [20,21]
Transportation costs ctransi;j
(% of standard costs)

85 115 [16], Expert opinion

Price local heat clocalt (hMWh�1) 62 80 [36], district heating prices
Carbon price cem (h/tCO2

Þ 6 30 Prices at European Energy Exchange
2005–2008 [40]

Connection rate con (%) 61 74 Expert opinion
Power price cfp (hMWh�1) 30 79 [41] and Prices at European Energy

Exchange 2006–2008, [40]
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per plant does not vary substantially as a high level
of production is necessary to make the plants
profitable. The separated clusters in Figure 4
therefore represent the different number of plants
built in the scenarios.

The model results are examined by dividing the
sample of results in five groups of equal sample
size to facilitate the interpretation. The groups
are determined by five different intervals (I1,y,I5)
of power prices (Table III and Figure 4).

Figure 3. Number of times plant locations were selected in 1000 model runs.
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Figure 4. Power production potentials and heat utilization depending on power price.

Table III. Power price intervals for analysis of produc-
tion potentials (hMWh�1).

Interval
Power price lower

bound
Power price upper

bound

I1 — 43.51
I2 43.52 51.69
I3 51.70 57.11
I4 57.12 64.50
I5 64.51 —
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Copyright r 2009 John Wiley & Sons, Ltd. Int. J. Energy Res. (2009)

DOI: 10.1002/er



Consequently, the variance of model results is re-
duced within each interval, which provides a better
picture of bioenergy production potentials. The
power and heat production potentials of each in-
terval are shown in Figure 5. The bars represent
the mean of the distribution. Boxplots indicate the
range of the results. At current power prices,
which are comparable to the prices of interval I3,
the mean (1st and 3rd quartile) of the power pro-
duction is at 5.72 TWh (4.91–6.24TWh). This ac-
counts for 9.53% (8.19–10.40%) of total Austrian
power consumption while heat and power pro-
duction together sum up to 3.02% (2.67–3.30%) of
total Austrian energy consumption. The mean (1st
and 3rd quartile) of the lowest price interval I1
corresponds to 4.62% (3.55–6.08%) of Austrian
power consumption. At prices of above
65 hMWhpower

�1 (I5), almost the total available
forest biomass is utilized in CHP production and a
maximum of 12.06% (12.18–12.61%) of power
consumption can be supplied by CHP plants in
Austria. The variance of model results decreases as
power prices get higher because cost variations
become less influential.

In CHP plants, the production of heat is higher
than power production due to higher conversion
efficiencies. However, the amount of heat used for
district heating is lower due to spatial and tem-
poral demand restrictions. Figure 6 shows that the
proportion of produced to utilized heat declines
when power production is increased. The reasons
for decreasing heat utilization are twofold: first,

different district heating settlements vary in their
infrastructure costs. Therefore, some settlements
are not selected because of high district heating
infrastructure costs. Second, the total heat demand
in some settlements is low. Big plants as assumed
in the model produce excess heat in areas with low
population densities.

4. SENSITIVITY ANALYSIS

A sensitivity analysis is applied to test which
model parameters have a strong influence on
model outputs and which contribute most to the
uncertainty of model results. Sensitivity elasticities
describe the relative change of the output to
relative changes in the input [43]. Elasticities can
be defined for all possible combinations of input
parameters and output variables. Variable ptot is
used for further descriptions. The elasticities of
variable qtot are calculated likewise. The elasticity
is defined as

ptotparl
¼
@ptot

@parl

parl
ptot

ð16Þ

where ptotparl
is the elasticity between ptot and parl.

The derivative @ptot=@parl cannot be derived ana-
lytically from the optimization model. However,
it is possible to estimate a response surface by
applying a linear regression model of the output
on the input parameters and thereby approxi-
mating a continuous function [44]

ptot ¼ b0 þ
X10
l¼1

blparl þ e ð17Þ
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Figure 5. Power production and heat utilization at
different price intervals I1–I5 (for intervals, see Table III).
The bars represent the mean of the distribution of

the results.

Price Intervals

Pr
op

or
tio

n 
of

 H
ea

t U
til

iz
at

io
n 

to
 H

ea
t P

ro
du

ct
io

n
(%

)

I1 I2 I3 I4 I5
0

10

20

30

40

50

60

70

Figure 6. Proportion of heat utilization to heat production.

J. SCHMIDT ET AL.

Copyright r 2009 John Wiley & Sons, Ltd. Int. J. Energy Res. (2009)

DOI: 10.1002/er



where coefficent b0 is the intercept, coefficients bl
are the regression coefficients and e is an error
term. The parameter vectors parl which represent
the input to the Monte-Carlo simulation and the
corresponding result vectors ptot, both consisting
of n elements, are used in the regression analysis.
The regression is not able to capture the whole
dynamics of the noncontinuous relationship be-
tween the variables that result from the MIP.
However, the ordinary least-square estimator ex-
hibits a fit of R2 ¼ 0:86. The signs of the coeffi-
cients have the expected direction for all
parameters. The response surface is used to nu-
merically compute the elasticities:

ptotparl
¼
@ptot

@parl

parl
ptot
¼ bl

parl
ptot

ð18Þ

When no power is produced at all, the elasticity
is not defined, as the denominator of the fraction
in Equation (18) is 0 in such a case. Undefined
elasticities are excluded from further calculations.
The mean of each elasticity distribution and for all
observed parameter/output combinations are re-
ported in Table IV. Moreover, Figure 7 shows
boxplots to illustrate the probability distribution
of the elasticities. The elasticity indicates how
much the model output changes in percent, if a
model input parameter changes by 1%. Para-
meters power price cfp and biomass supply costs
csupi are elastic with regard to the power output,
that is, the absolute value of the parameters is
greater than one. Transportation costs have the

smallest influence on the total power output.
Output variable qtot is mainly influenced by the
connection rate con. The power price is less im-
portant. The impact of the connection rate on heat
production potentials is explained by the direct
correlation of heating demand and connection
rate, that is, the heating demand is a function of
the connection rate. Increasing the heating de-
mand allows the supply of more heat to the set-
tlements by decreasing infrastructure costs.
Transportation costs show little effect on the total
heat production potential.

Elasticities are a measure for the relative impact
of a relative change in the input parameters on the
output. However, if the uncertainty of the dis-
tribution of a parameter is low, a high elasticity
does not imply that the parameter contributes
a lot to the uncertainty of the model. To estimate
the contribution of a parameter to model
uncertainty, the MdAPE [45] is calculated as error
measure from the response surface following [42].
The results are reported in Table IV. The power
price—which has high elasticities—also con-
tributes most to model uncertainty with regard to
both output variables. However, while the CO2

price cem has a low elasticity, it contributes a lot to
the uncertainty of the model. The same is the case
for district heating infrastructure costs cdneth;ns .
They show a high contribution to uncertainty with
regard to the heat output. Both parameters cem

and cdneth;ns show a wide plausible range of values,
which explains the high contribution to model
uncertainty.

Table IV. Results of sensitivity analysis: mean of elasticities and MdAPE.

Mean of elasticity MdAPE

Parameter ptotparl
qtotparl

ptot (%) qtot (%)

Biomass supply costs (c
sup
i ) �1.10 �0.54 6.76 3.66

CHP plant investment costs (cplantj ) �0.49 �0.35 4.00 3.04
District heating infrastructure costs (cdneth;ns ) �0.23 �0.52 4.87 11.48
Transportation costs (ctransi;j ) �0.16 �0.09 1.09 0.65
CO2 price (cem) 0.30 0.19 8.65 6.10
Connection rate (con) 0.54 1.14 2.23 5.14
Local heating costs (clocalt ) 0.62 0.87 3.36 5.13
Biomass supply (bi) 0.82 0.23 1.66 0.49
Costs of fossil power production (cfpÞ 1.34 0.76 24.12 15.10
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5. DISCUSSION AND CONCLUSIONS

There is a considerable potential for CHP produc-

tion at price levels between 52 and 57 hMWhpower
�1 .

These prices are close to current market prices.

About 83% of the total available biomass-fired

CHP production can be mobilized according to

our model analysis. Although feed in tariffs

guaranteed for biomass-based power production

are currently even higher than 57 hMWhpower
�1 , the

biomass-based CHP production levels have not

been achieved. However, it has to be regarded that

the potentials of BIGCC technologies that are

currently not available on the market are assessed

in this article. Additionally, the sensitivity analysis

shows that the market price of biomass has

significant impact on the total production poten-

tial. However, market feedbacks on the biomass

price due to increased biomass consumption are

not modeled yet. Others [46] estimate costs of

biomass-based CHP production to be around

54 hMWhpower
�1 . Low biomass costs and constant

district heating distribution costs of densely

populated urban areas are assumed in [20,21].

They estimate very low power costs of biomass-

based CHP production ranging between 32 and

42 hMWhpower
�1 . These results may be justifiable for

favorable locations. Yet, a national cost assess-
ment of CHP potentials has to consider the spatial
distributions of heating demand and biomass
supply. The methodology presented in this article
allows assessing least cost options of CHP systems
accounting for the spatial distribution of heating
demand in national contexts. The analysis shows
that the spatial and temporal distributions of
heat demands have a significant impact on
CHP production. The seasonal variation in heat
demand decreases the overall utilization potential
of heat, that is, the plants produce a lot of excess
heat in summer. The spatial variation in heat
demand limits the amount of plants that are able
to use heat for district heating. There are only a
limited number of settlements where heat demand
densities are high enough to allow building district
heating networks. However, the accuracy of the
current industrial heat demand model is low and
the restriction on CHP production potentials due
to the lack of heat demand may be partly removed
if the accuracy could be increased—and if poten-
tial new industrial CHP consumers are added.
The model does not yet evaluate the partial
substitution of fossil fuels by co-firing in fossil
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Plant Investment
Costs

District Heating
Infrastructure Costs 

Transportation
Costs
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Rate

Costs Local
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Figure 7. Boxplots of elasticities between power production (ptot) as well as heat substitution (qtot) and nine
stochastically modeled parameters parl .
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CHP plants or by totally switching from fossil fuels
to biomass in already existing district heating
networks. More research in this direction is neces-
sary. Lower heat demand densities due to better
insulation of buildings [25] and warmer winter
temperatures due to climate change [27] may
decrease district heating potentials in the future.

Optimal locations for plants are mainly con-
centrated around bigger cities because heat dis-
tribution in district heating networks is cheap there.
The distance to the biomass supply and resulting
biomass transportation costs are less important for
the choice of the optimal location. The east of
Austria is better suited for CHP production due to
sufficient forest wood supply and higher heat
demand densities of bigger cities. The existing CHP
plants around Vienna and Linz confirm this result.

About 3.0% of total Austrian energy con-
sumption could be supplied by biomass-fired CHP
plants at current market prices. The Austrian
renewable energy targets require a production
increase of 11%, assuming that consumption stays
at current levels until 2020. Biomass-based CHP
production can account for 27% of that necessary
increase at current market prices. Utilizing the
total available biomass from Austrian forests al-
lows producing up to 3.6% of the total energy
consumption. However, high levels of CHP pro-
duction would reduce the total conversion effi-
ciency because less of the produced heat can be
used for district heating.

Energy prices are highly volatile, for example,
power prices have increased by 100% between 2003
and 2008. Therefore, impacts of price variations
should be explicitly assessed in model analysis. The
power and emission prices as well as district heating
costs have the most impact on model output. While
power and emission prices reflect stochastic
processes in the energy system and market, the
uncertainty of the parameter describing district
heating costs could be reduced by further research.
Another future research direction should be the
assessment of bioenergy technologies that compete
with CHP. Heat generation in single home heating
systems is the main competitor to CHP production,
whereas other technologies like second-generation
biofuel production may become sound alternatives
of wood use in the future [47]. Future application of

the model to assess the competition of different
technologies should therefore be an important re-
search opportunity.

NOMENCLATURE

Variables

�bi 5 biomass supply
bi;j 5 biomass transportation
pfp 5 power production with fossil fuels
pchpj 5 power production in the CHP plant
ptotparl

5 elasticity between power produc-
tion and input parameters

ptot 5 total CHP power production
qlocalh;t 5 local heat production

qpeakh;t 5 peak heat production

qchpj 5 heat production in the CHP plant

qdhj;h;ps;t 5 heat transportation from plant to
district heating network

qtotparl
5 elasticity between heat substitu-

tion and input parameters
qtot 5 total fossil heat generation sub-

stituted by CHP production
udneth;ns 5 binary variable for investment in

district heating network
u
pipe
j;h;ps 5 binary variable for investment in

transportation pipeline
u
plant
j 5 binary variable for plant investment

Parameters

Ah;bt;ba 5 dwelling area
cfp 5 costs of power generation with

fossil fuels
c
sup
i 5 costs of biomass supply

ctransi;j 5 costs of biomass transportation

cplantj 5 costs of plant investment

cprodj 5 costs of CHP production

cpipej;h;ps 5 costs of transportation pipeline
investment

cdneth;ns 5 costs of district heating network
investment

clocalt 5 costs of local heat production
cpeakt 5 costs of peak heat production
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cem 5CO2 price
con 5 district heating connection rate
e 5 error term
efp 5CO2 emission factor of power

generation with fossil fuels
elocalh 5CO2 emission factor of local heat

production
eti;j 5CO2 emission factor of biomass

transportation
epeak 5CO2 emission factor of peak heat

production
ECbt;ba 5 heat consumption coefficient
ECEes 5 heat consumption per employee
EMh;es 5 number of employees
HDDh 5 spatial explicit heating degree days
HDDref 5 reference heating degree days for

private demand
HDDCref 5 reference heating degree days for

commercial heating demand
lol 5 lower bound of plausible range of

parameters
n 5 number of runs in Monte-Carlo

Simulation
pD 5 power demand
parl 5 input parameter vector

qDd
h 5 private heating demand

qDc
h 5 commercial heating demand

qDh;t 5 heat demand

qDh;ns;t 5 heat demand in district heating
networks of different size

�qj 5 heat production capacity of CHP
plant

�qpipeps;t 5 capacity of heat transportation
pipeline

upl 5 upper bound of plausible range of
parameters

aj 5 alpha value of CHP plant

b0; bl 5 regression coefficients

Zchpj 5 conversion efficiency in CHP plant
Ztransj;h;ps;t 5 transportation efficiency of heat

pipeline
Zdhh;t 5 efficiency of distributing heat in

district heating network
Zlocalh;t 5 local heat conversion efficiency

Zcom 5 heat conversion efficiency in com-
mercial buildings

Dtt 5 relative length of a season
wdhbt 5 heating system usage factor
Dsh;t 5 proportional heat consumption in

season

Subscripts

ba 5 building age
bt 5 building type
es 5 economic sector
h 5 settlements
i 5 biomass supply sites
j 5 plant locations
l 5model input parameter
ns 5 district heating network size
ps 5 pipeline size
t 5 season
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Gesamte Elektrizitätsversorgung Aufbringung). E-Control:
Vienna, 2009. See also: http://www2.e-control.at/portal/
page/portal/ECONTROL_HOME/STROM/ZAHLENDA
TENFAKTEN/ENERGIESTATISTIK/JAHRESREIHEN.

23. Umweltbundesamt. Austria’s National Inventory Report,
Umweltbundesamt Österreich, 2008.
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Index Austria (Energieholzindex Österreich). Land-
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A spatially explicit comparison of conversion te
Bioenergy is regarded as cost-effective option to reduce CO2 emissions from fossil fuel combustion.
Among newly developed biomass conversion technologies are biomass integrated gas combined cycle
plants (BIGCC) as well as ethanol and methanol production based on woody biomass feedstock. Further-
more, bioenergy systems with carbon capture and storage (BECS) may allow negative CO2 emissions in
the future. It is still not clear which woody biomass conversion technology reduces fossil CO2 emissions
at least costs. This article presents a spatial explicit optimization model that assesses new biomass con-
version technologies for fuel, heat and power production and compares them with woody pellets for heat
production in Austria. The spatial distributions of biomass supply and energy demand have significant
impact on the total supply costs of alternative bioenergy systems and are therefore included in the mod-
eling process. Many model parameters that describe new bioenergy technologies are uncertain, because
some of the technologies are not commercially developed yet. Monte-Carlo simulations are used to ana-
lyze model parameter uncertainty. Model results show that heat production with pellets is to be pre-
ferred over BIGCC at low carbon prices while BECS is cost-effective to reduce CO2 emissions at higher
carbon prices. Fuel production – methanol as well as ethanol – reduces less CO2 emissions and is there-
fore less cost-effective in reducing CO2 emissions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The Austrian government has committed to reduce greenhouse
gas (GHG) emissions by 13% below the level of 1990 in the period
2008–2012 [1]. The private heating sector, the transport sector and
the power and heat production sector contributed to 56% of total
anthropogenic GHG emissions in Austria in 2006 [2]. In 2006, Aus-
tria was far away from reaching emission reduction targets. Bioen-
ergy is seen as an economic viable and politically favorable option
to reduce CO2 emissions in Austria. Particularly wood is an impor-
tant feedstock for biomass based energy production. Over the last 5
years, substantial subsidies have stimulated the installation of
additional heat and power plants fired by biomass in Austria
[3,4]. Further increases are possible because the annual growth
in wood stocks is currently not fully exploited [5]. There are several
technologies available to produce bioenergy from woody biomass
(Fig. 1). The commodities produced by plants of different type re-
ll rights reserved.

: +43 1476543692.
chmidt).

l. Cost-effective CO2 emission re
chnologies. Appl Energy (2009
place fossil fuels in several sectors. CO2 reduction potentials are
therefore varying between conversion technologies. It is still not
obvious which conversion chain saves most CO2 emissions. In addi-
tion, the systems’ costs of a conversion chain influence the compet-
itiveness with respect to fossil commodities.

This article assesses the use of forest biomass to reduce CO2

emissions in three sectors including heat, power and transporta-
tion fuels. In each sector, at least one conversion technology is cho-
sen for the assessment. The selection of technologies for the
modeling process depends on their techno-economic performance
in comparison to other bioenergy technologies in the sector. In the
heating sector, pellets heating systems are chosen. Burning pellets
in single stoves to heat dwellings is highly efficient [6]. Pellets are
also convenient to handle for the user due to their high energy den-
sity and low storage space requirements in comparison to other
wood fuels [7]. We model pellets production in a bioenergy com-
bine that integrates pellets production with combined heat and
power production [8] and burning of the pellets in single dwelling
heaters. A biomass integrated combined cycle (BIGCC) production
technology with optional combination with carbon capture and
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Nomenclature

Variables
bi;j;l biomass transported to plants (MW hbiomass)
esav total emission reductions (tCO2)
qbio

j heat production in the plant (MW h)
qdh

j;h;ps;t heat transportation from plant to district heating net-
work (MW h)

qlocal
h;t local heat production (MW h)

qpeak
h;t peak heat production (MW h)

totem total CO2 emissions (tCO2)
udnet

h;ns binary variable for investment in district heating net-
work (–)

upipe
j;h;ps binary variable for investment in transportation pipe-

line (–)
uplant

j;l binary variable for plant investment (–)
zbio

j;c amount of energy commodity produced in a plant
(MW h)

zbio
j;k;c amount of energy commodity transported to consumers

(MW h)
zfossil

k;c amount of fossil fuel used to satisfy demand (MW h)

Parameters
b0;bm regression coefficients (–)
gbio

c;d efficiency of converting a bioenergy commodity to use-
ful energy (–)

gconv
j;l;c conversion efficiency in bioenergy plants (–)

gdh
h;t efficiency of distributing heat in district heating net-

work (–)
gfossil

c;d efficiency of converting fossil fuel to useful energy (–)

gheat
j;l heat efficiency in bioenergy plants (–)

glocal
h;t local heat conversion efficiency (–)

gtrans
j;h;ps;t transportation efficiency of heat pipeline (–)

�bsup
i biomass supply capacity (MW h y�1)

�bj;l production capacity of plant (MW h y�1)

cccs costs of carbon capture and storage (€ tCO�1
2 )

cdnet
h;ns annualized costs of investment in district heating net-

work (€ y�1)
cem CO2 price (€ tCO�1

2 )
cfossil

c price of fossil fuel (€ MW h�1)
cinv

c investment cost necessary at consumer (€ MW h�1)
clocal

t costs of local heat production (€ MW h�1)
csup

i costs of biomass supply (€ MW h�1
biomass)

cpipe
j;h;ps annualized costs of investment in transportation pipe-

line (€ y�1)
cpeak

t costs of peak heat production (€ MW h�1)
cplant

j;l annualized costs of plant investment (€ y�1)

cprod
j;l variable costs of bioenergy production (€ MW h�1

biomass)

ctransb
i;j;l costs of biomass transportation from i to j (€

MW h�1
biomass)

ctransc
j;k;c costs of transporting commodity from j to k (€ MW h�1)

cplantref
l reference plant investment costs (€)

dk;d energy demand (MW h y�1)
e error term (–)
eccs

l carbon capture rate in plant (tCO2 MW h�1
biomass)

efossil
c CO2 emission factor of fossil fuels (tCO2 MW h�1)

elocal
h CO2 emission factor of local heat production (tCO2

MW h�1)
epeak

h;t CO2 emission factor of peak heat production (tCO2

MW h�1)
etrans

i;j CO2 emission factor of biomass transportation from i to j
(tCO2 MW h�1

biomass)
etrans

j;k;c CO2 emission factor of commodity transportation (tCO2

MW h�1)
lom lower bound of plausible range of parameters (depend-

ing on parameter)
n number of runs in Monte-Carlo simulation (–)
OM operation and management costs (% of investment

costs)
parm input parameter vector (depending on parameter)
qD

h;t heat demand in settlement (MW h season�1)

qD
h;ns;t heat demand in district heating network (MW h sea-

son�1)
qpipe

ps;t capacity of heat transportation pipeline (MW h sea-
son�1)

s annuity factor (–)
sf scaling factor (–)
sizej;l plant size (MWbiomass)

sizeref
l reference plant size (MWbiomass)

Dtt relative length of a season (–)
upm upper bound of plausible range of parameters (depend-

ing on parameter)

Subscripts
c energy commodity (–)
d energy demand for useful energy (–)
h settlement (–)
i biomass supply site (–)
j plant location (–)
k demand region (–)
l technology (–)
m input parameter (–)
ns district heating network size (–)
ps pipeline size (–)
t season (–)
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storage (CCS) is chosen for the power production sector. Such
plants produce power more efficiently than steam engines [9,10].
Carbon capture and storage is an emerging low carbon technology
and one of the view options that allows achieving negative CO2

emissions [11] which may be necessary to manage climate risk
appropriately [12]. It is therefore also included in our analysis. For-
est wood is currently not used as feedstock for fuel production in
the transportation sector. However, so called second generation
technology allows converting woody biomass into fuels. Biofuels
as ethanol, Fischer Tropsch (FT) diesel, DME or methanol can be
produced by such technologies [13]. Hydrolysis and subsequent
fermentation is identified to be the best available ethanol process
technology according to the techno-economic efficiency [14]. Gas-
ification of biomass allows producing FT diesel, DME and methanol
Please cite this article in press as: Schmidt J et al. Cost-effective CO2 emission re
A spatially explicit comparison of conversion technologies. Appl Energy (2009
[15]. However, from those conversion technologies, the methanol
process is identified as the least cost option for CO2 reductions
[16,17]. We selected therefore ethanol production through hydro-
lysis and methanol production through gasification as CO2 reduc-
tion options in the transportation sector. Biomass transportation
costs as well as energy distribution costs have significant impact
on the final cost of a bioenergy supply chain [18,19]. Particularly,
district heating (DH) may induce high infrastructure costs depend-
ing on the spatial densities of heat demand. The spatial variability
of energy demand is high in Austria [20], which significantly im-
pacts distribution costs. The different technologies and plants con-
sidered in the analysis produce a wide set of commodities which
have to be transported by various means (e.g. pipelines, truck
transportation) to consumers. The relative competitiveness of a
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007

http://dx.doi.org/10.1016/j.apenergy.2009.11.007
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Fig. 1. Energy conversion routes for forest wood [15,63].
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conversion technology also depends on the spatial distribution of
consumers and costs arising from distribution of final products.
Consequently, spatially explicit modeling is necessary in assessing
the competiveness and CO2 reduction potentials of alternative con-
version technologies.

There are several studies that have assessed the techno-eco-
nomic performance of emerging bioenergy technologies based on
woody biomass [14,15,17,20–31]. Table 1 lists which technologies
were assessed by which methodologies and if spatial explicit mod-
eling has been used in the studies. Only a few models consider spa-
tial factors in their analysis. Most of them are limited to assessing a
single technology. For instance, [30] has applied a GIS analysis to
compare BIGCC and pellets production. A large set of technologies
has been assessed by the two models presented in [28]. Both are
global energy models and do not consider specific details of the
technologies as well as spatial factors therefore. Bioenergy systems
with carbon capture and storage (BECS) are not included in their
analysis. A detailed technical study on new bioenergy technologies
can be found in [17]. A wide range of technologies, including DME,
methanol and ethanol production as well as pellets production in
stand alone plants and in energy combines and BIGCC are assessed
within that study. Demand restrictions are only discussed but for-
mally not considered in modeling CO2 emission reductions and
costs of technologies. Spatial factors of any kind are not explicitly
included in the assessment and BECS is not considered. However,
spatial factors are fundamental in analyzing and comparing differ-
ent conversion technologies. We apply a spatially explicit mixed
integer programming (MIP) model to assess different conversion
technologies by optimizing the supply chains as well as the loca-
tion of bioenergy facilities at least cost. It is therefore possible to
assess the relative competitiveness of alternative technologies
and to seek least cost plant locations in Austria. Many of the tech-
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nological input parameters are highly uncertain, because some of
the technologies are currently not available on the market. Addi-
tionally, prices of fossils fuels are highly volatile. They, however,
determine mainly the competitiveness of the bioenergy technolo-
gies. Monte-Carlo simulations are used to account for model
parameter uncertainties. An extended sensitivity analysis allows
identifying the model parameters which have the highest impact
on results and contribute most to uncertainty.

The article is structured as follows: system boundaries, technol-
ogies and other model parameters are briefly discussed in Sections
2.1–2.6. The optimization model and the use of Monte-Carlo simu-
lations to deal with model parameter uncertainty are presented in
Sections 2.7–2.9. Section 3 reports on results including optimal
locations, scenario and sensitivity outcomes. Section 4 closes the
article with a discussion of results and conclusions. The appendix
contains details on the model, determination of optimal plant
sizes, sensitivity analysis and model validation.
2. Methods and materials

2.1. System boundaries, assumptions and limitations

We apply a static, spatially explicit MIP model to assess the rel-
ative competitiveness of bioenergy conversion technologies in
Austria. The model includes the full supply chain of bioenergy pro-
duction from wood harvests to final energy distribution. Bioenergy
conversion technologies in the transportation, heating and electric-
ity sectors are modeled explicitly. Forest wood serves as feedstock.
Biomass supply and energy demand are limited to domestic Aus-
tria only, therefore, imports and exports of biomass and bioenergy
products are not accounted for. It is assumed that newly built bio-
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Table 1
List of publications on new bioenergy technologies for woody biomass.

Paper Technologies considered Methodology Spatially
explicit

[20] BIGCC MIP Yes
[21,22] Methanol MIP Yes
[23] Methanol Calculation of production potentials and CO2 emission reductions (no

economic assessment)
No

[31] Ethanol MIP Yes
[24,25,26] CCS with pulp and paper mills Calculation of total costs and emission reductions No
[27] CCS with ethanol Calculation of total costs and emission reductions No
[15] Co-combustion, BIGCC, fuel wood, Fischer Tropsch biodiesel, ethanol System perburtation analysis (no economic analysis) No
[28] BIGCC, methanol, ethanol Linear program No
[29] Ethanol, bio-oil, BIGCC Comparative cost calculations No
[30] BIGCC, pellets GIS Yes
[14] Ethanol through hydrolysis, ethanol through gasification Comparative cost calculations No
[17] Ethanol, methanol, DME, pellets, BIGCC Comparative cost and emission reduction calculations No
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energy plants replace fossil fuels in each of the sectors. The CO2

emission baseline for each sector consists of the technologies and
fuels currently in use in Austria. The model does not consider ef-
fects of wood harvests on the forest CO2 cycle but assumes that
wood production is organized CO2 neutral, i.e. forests sequestrate
amounts of the CO2 released by burning of previously harvested
biomass. However, CO2 emissions from biomass transportation
are considered in the model. A stochastic approach is used to mod-
el varying prices and demand levels. The next sections report de-
tails on bioenergy technologies, model input parameters, CO2

emission baseline assumptions, the optimization model and how
we assess uncertainty. The model input parameters including tech-
nical plant characteristics are reported in Table 2. Details on the
validation of the model can be found in Appendix A.

2.2. Technologies

2.2.1. Biofuel integrated gasification combined cycle (BIGCC)
In biomass combined heat and power (CHP) plants, a steam en-

gine is operated with evaporated water that is produced by burn-
ing biomass. The technology is well known and plants of varying
sizes are installed in Austria [4]. However, the power to heat ratio
is low: the total conversion efficiency for power reaches about 30%
[10]. Gasification of biomass in an integrated combined cycle plant
allows reaching efficiencies that are significantly higher than in
plants with steam engines. The power efficiency goes up to 43%.
However, no commercial plants have been installed yet [9]. Instal-
lation costs are high and plants have to be sized bigger than steam
engines to be economically competitive [9]. In this article, a pres-
surized BIGCC plant is assessed as it is expected to have the best
power to heat ratio of all gasification technologies [9,10].

2.2.2. Bioenergy system with carbon capture and storage (BECS)
CCS allows decreasing the release rate of CO2 of fossil fuelled

power plants. CO2 is captured either before or after combustion
and then transported to permanent storages. BECS combines this
technology with biomass fired CHP plants. This way, CO2 is re-
moved from the atmosphere: CO2 is sequestrated in tree growth
and released in the energy production process where it is captured
and permanently stored. A transfer of atmospheric CO2 to the per-
manent storage is therefore possible [11,32,33].

The captured CO2 is transported by pipelines or ships to the fi-
nal deposits which may be oil, gas or coal fields, deep saline aqui-
fers or oceans. Costs for CCS arise mainly from transportation and
compression of the CO2. Gas and oil fields are low cost storages be-
cause the injected CO2 can be used to increase the total depletion
of the fields. Risks are associated with all possible deposits: CO2

may leak slowly or suddenly from the deposits [34,35] and thus
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either decrease the utility of CCS or even pose a risk to life. In
the case of CO2 storage in deep oceans, marine eco-systems may
be affected negatively [36]. This article assesses BECS in combina-
tion with BIGCC.

2.2.3. Transportation fuel production
Second generation transportation fuel production from woody

biomass increases per hectare yields of fuel in comparison to first
generation fuels which are mainly produced from agricultural crop
grains [37]. However, second generations biofuels are not yet fully
available on a commercial level. Two conversion technologies are
considered in this article: (i) enzymatic hydrolysis of biomass with
subsequent fermentation to ethanol and (ii) gasification of biomass
with subsequent reforming to methanol.

2.2.3.1. Ethanol from ligno cellulose. The fuel characteristics of etha-
nol are very similar to fossil gasoline. Up to 10% of ethanol can be
blended with fossil gasoline without the need to modify car en-
gines [37]. In the production process, biomass is first pre-treated
for the hydrolysis of (hemi)cellulose. The sugars from hydrolysis
are fermented to ethanol. Lignin is a residual of the process and
is burnt in a CHP plant to produce heat and power for the ethanol
production process. Depending on the quantity of lignin contained
in the biomass, surplus production of power is possible. A detailed
description of the process can be found in Piccolo [14] and Hame-
linck [38]. The theoretical conversion efficiency for ethanol is lim-
ited to about 52%, current pre-commercial installations are
however far from reaching these fuel yields. Costs for raw materi-
als and plant investments are high and depend on the processing
technology [14,38].

2.2.3.2. Methanol through gasification. Methanol can be used as
transportation fuel by blending it with gasoline. Mixtures of up
to 85% methanol and 15% gasoline are possible, requiring minor
modifications of car engines [22]. In the production process, the
biomass is first gasified. Subsequently, the gas is cleaned and high-
er hydrocarbons are created through gas reformation. Shift reac-
tions and gas separation then produce the methanol. Production
in very large facilities is necessary to make the production process
competitive [21]. Theoretical conversion efficiencies reach up to
70%, which are, however, not reached in current pre-commercial
installations [39]. District heating networks can be fed with sur-
plus heat from the production process [21].

2.2.4. Pellets
Wood pellets are made of dry wood stock and are small, cylin-

drical objects [7]. They have an average higher heating value (HHV)
of 18.5 GJ t�1 [40]. Transport as well as storage of pellets is cheaper
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Table 2
List and ranges of model parameters as well as method of data generation.

Nmb Parameter name Variable name Unit Minimum lom Maximum upm Methoda Sources

Prices
1 Power cfossil

c
€ MW h�1 29.09 73.80 B [56]

2 Heating oil cfossil
c

€ MW h�1 22.18 66.74 B [55]

3 Gasoline cfossil
c

€ MW h�1 27.34 44.70 B [55]

– CO2 price cfossil
c € tCO�1

2 Scenarios: 0, 25, 50, 75, 100 € tCO�1
2

–

Investment costs for plants (100 MW size)
4 BIGCC cplant

j;l
Million € 62.61 70.22 ND [9,10,33]

5 BECSb
cplant

j;l
Million € 4.48 11.15 ND [32,33,64]

6 Ethanol cplant
j;l

Million € 83.75 107.56 ND [14,38]

7 Methanol cplant
j;l

Million € 82.73 111.93 ND [39]

8 Pelletsc
cplant

j;l
Million € 9.22 10.77 ND [41,65]

Variable production costsd

9 BIGCC cprod
j;l € MW h�1

biomass
1.85 6.43 ND [9,10,33]

10 BECSe
cprod

j;l € MW h�1
biomass

1.85 6.43 ND [9,10,33]

11 Ethanol cprod
j;l € MW h�1

biomass
6.16 10.00 ND [14,38]

12 Methanol cprod
j;l € MW h�1

biomass
1.77 2.40 ND [39]

13 Pellets cprod
j;l € MW h�1

biomass
0.94 2.60 ND [41,65]

Efficiency
Commodity Plant type gconv

j;l;c –

14 Power BIGCC gconv
j;l;c – 0.34 0.43 ND [9,10,33]

15 BECS gconv
j;l;c – 0.25 0.33 ND [32,33,64]

16 Ethanol gconv
j;l;c – 0.01 0.04 ND [14,38]

17 Pellets gconv
j;l;c – 0.04 0.06 ND [41,65]

18 Heat BIGCC gconv
j;l;c – 0.43 0.47 ND [9,10,33]

19 BECS gconv
j;l;c – 0.33 0.55 ND [32,33,64]

20 Methanol gconv
j;l;c – 0.05 0.10 ND [21,51]

21 Pellets gconv
j;l;c – 0.02 0.02 ND [41,65]

22 Ethanol Ethanol gconv
j;l;c – 0.35 0.39 ND [14,38]

23 Methanol Methanol gconv
j;l;c – 0.54 0.60 ND [39]

24 Pellets Pellets – 0.79 0.84 ND [41,65]

Other parameters
25 Costs carbon capture and storage cccs

€ tCO�1
2

13.06 41.62 ND [32,33,64]

26 Connection rate district heating – Factor 0.61 0.74 ND Estimate
27 Transportation costs ctransb

i;j;l € MW h�1
biomass km�1 0.03 0.04 ND [21,66]

28 Local heating costs clocal
t € MW h�1

heat
72.00 88.00 ND [20,67]

29 Emission savings BECS eccs
l tMW h�1

biomass
0.19 0.40 ND [32,33,64]

30 Biomass supply costs csup
i

€ MW h�1 20.08 26.79 B [47]

31 Amount of biomass supply – Factor 0.95 1.05 ND Estimate
32 DH infrastructure costs cdnet

h;ns
Factor 0.50 1.50 ND [68,69]

33 Efficiency of distributing heat in DH network gdh
h;t

Factor 0.94 0.99 ND Estimate

34 CO2 emissions fossil power ef
c;ff tCO2MW h�1

power
0.54 0.58 ND [70]

a (B)oostrapping, (N)ormal (D)istribution.
b Additional to standard CHP costs.
c Without CHP unit.
d Not including biomass costs.
e Without carbon capture and storage costs.
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compared to sawdust or traditional fuel wood because of the better
HHV. Pellets can be manipulated with compressed air which facil-
itates the handling of pellets in comparison to other wood based
energy products [7]. Pellets can be used either in power or heating
plants or in small local boilers to directly heat buildings. Boilers
with condensing heating technology allow increasing the energy
efficiency significantly above that of traditional fuel wood fur-
naces. In this study, the use of pellets in heating boilers for single
dwellings is assessed.

The production process of pellets starts with the drying of the
wood which requires large amounts of heat. The wood is ground
and then pressed through a die resulting in the final pellets. This
process consumes significant amounts of electricity [41]. The elec-
tricity as well as the heat necessary for drying can be produced in a
Please cite this article in press as: Schmidt J et al. Cost-effective CO2 emission re
A spatially explicit comparison of conversion technologies. Appl Energy (2009
separate CHP unit. A part of the feedstock is burnt in the CHP. Sur-
plus power (heat) can be sent to the power grid (a district heating
network) [8]. Such a combined power, heat and pellets production
is assessed in the model, assuming that a BIGCC is used for power
and heat production.
2.3. Plant investment costs

As the optimization model considers one year of operation,
plant investment costs are annualized. Investment costs
depend on the plant size. A standard scaling function with a
scaling factor sf of 0.7 [9,39,42] is used to model economies of scale.
The annual plant costs cplant

j;l for a plant of technology l at location j
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Table 3
CO2 emission reductions in tCO2 MW h�1

biomass relative to heating oil (pellets), to the
Austrian fossil fuel mix in power production (BIGCC and BECS) and fossil gasoline
(ethanol and methanol). Lower (upper) bounds assume the lower (upper) bound of
conversion efficiencies given in Table 1 and 0% (100%) usage rate of surplus heat for
district heating. Sources: Table 1, [2], own calculations.

Pellets BIGCC BECS Ethanol Methanol

Lower bound 0.26 0.23 0.33 0.10 0.14
Upper bound 0.28 0.37 0.76 0.12 0.19
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include annualized investment costs and operation and manage-
ment costs. The costs are given by

cplant
j;l ¼ ðsþ OMÞ sizej;l

sizeref
l

 !sf

cplantref
l ; ð1Þ

where s is the annuity factor assuming a lifetime of 25 years and an
interest rate of 10%. Parameter OM denotes annual operating and
management costs in percent of investment costs. In the scaling
function, parameter sizej,l is used to model the size of the plant.
The reference size for a plant of type l at location j is denoted by
sizeref

l . Parameter cplantref
l are reference costs of a plant with tech-

nology l. There is an upper limit on the size of plants because the
equipment cannot be scaled infinitely. Maximum plant sizes are
250 MW for all plant types [9,38]. All economical and technological
parameters – which are listed in Table 2 – are chosen to reflect ex-
pected technological developments within the next 10 years.

2.4. Forest wood supply

In this analysis domestic forest wood is regarded as feedstock to
bioenergy production. Forests cover about 47% of land in Austria.
On average, wood harvests are currently lower than the amount
that can be sustainably harvested [5]. If forests are managed at
the maximum sustainable yield, additional fuel wood is available
to supply new bioenergy projects. The spatial distribution of for-
estry yields is estimated with increment curves from Assman’s
yield table [43], assuming sustainable forest management, and a
net primary production (NPP) map from Running [44]. It is cali-
brated with the observations from the national forest inventory
of Austria [5]. The forest land cover is taken from the Corine Land
Cover dataset [45]. An equation system describes the forest incre-
ment and mortality per hectare and year depending on yield level,
age, and stand density. An NPP map was used to estimate the yield
level. The observed increment data from the Austrian national
inventory was used to calibrate the transformation from NPP to
yield level. The diameter of the harvested wood, which is used in
the CHP plants, is below 15 cm. Wood that is additionally available
for new bioenergy plants is determined by reducing the total har-
vest potential by current wood harvests as stated in official statis-
tics [46]. Wood prices have been determined from the energy
wood index [47] that reports prices of fuel wood every quarter of
a year.

2.5. CO2 emissions

The model tracks CO2 emissions from bioenergy production as
well as CO2 emissions from fossil fuel combustions. CO2 emissions
from biomass transportation are also included into the model
while it is assumed that CO2 emissions created from burning bio-
mass are offset by tree growth. This assumption is consistent with
the current version of the UNFCC reporting guidelines for the Kyoto
protocol that assumes that woody biomass use in energy applica-
tions is CO2 emission neutral [48]. The optimal mix of biomass
technologies depends on technologies and products that are cho-
sen as competitors to bioenergy production. We assume that bio-
energy power production competes with the current fossil fuel
based power production i.e. with the mix of fossil fuels currently
used for power production in Austria. This assumption is made be-
cause biomass based power production is able to produce base and
peak load power similar to fossil fuels. Ethanol and methanol are
competing with gasoline as a direct substitute. Pellets replace fossil
heating oil in single dwelling buildings because oil boilers are most
appropriate to be substituted by wood pellets boilers [7]. District
heating substitutes fuels currently used in the settlements. The
CO2 emission factor for a settlement is determined by weighting
Please cite this article in press as: Schmidt J et al. Cost-effective CO2 emission re
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CO2 emission factors of fuels with the amount of the respective fuel
that is used in the settlement.

Estimations of CO2 emission reductions per TWhbiomass for the
different technologies – regarding the chosen reference technolo-
gies – are listed in Table 3. Those values are given for illustration
only and show theoretical lower and upper bounds of CO2 emission
reductions. The figures in row ‘‘Upper bound” represent conversion
efficiencies (and rates of carbon storage for BECS) that are equal to
the upper bound of the parameters in Table 2. The use of surplus
heat for district heating is assumed to reach 100%. The figures in
row ‘‘Lower bound” represent the lowest possible conversion effi-
ciency assuming a surplus heat utilization of 0%. The table shows
that ethanol production reduces fewer CO2 emissions than any
other technology, regardless if upper or lower bounds are
considered.

2.6. Energy demand

Heating demand is estimated spatially explicit with a bottom
up model that combines average consumption values with private
dwelling areas and with the number of employees for commercial
buildings and industrial applications. Heating demand is differen-
tiated by fuels. The bottom up model is validated with national
consumption values for heating fuels. Heating demand is esti-
mated in cells of 1 km2 size for whole Austria. The costs of the dis-
trict heating infrastructure are determined by applying an
exponential cost function that depends on heat demand density.
Cells where the costs for district heating infrastructure of con-
sumed heat are higher than the costs of the competing fossil heat-
ing technology are not included in the optimization model.
Therefore, the model complexity can be reduced without loosing
accuracy of results, because cells where the district heating infra-
structure alone is more costly than total heat generation costs of
competing technologies will not be selected in the optimization
model. The demand for heat in non-district heating areas is deter-
mined by dwellings that are currently heated by oil boilers. Pellets
use is restricted to single-dwellings buildings [7]. The detailed
description of the heating demand model can be found in [20].
Transportation fuel consumption is estimated based on the spatial
distribution of the population, which is combined with the average
gasoline consumption per capita in the year 2006 [49].

2.7. The optimization model

A MIP model, that builds on previous work published in [20–
22,31,50–52] is used to minimize the costs for supplying demand
regions (index k) with different forms of energy products (index
d) from either biomass plants or fossil fuels. Biomass is transported
from supply regions (index i) to possible plant locations (index j)
where different conversion technologies (index l) may be em-
ployed to produce different commodities (index c). Ethanol, meth-
anol and pellets are transported to the demand regions by truck.
Power is directly distributed to the power grid, while heat is deliv-
ered to the settlements (index h) using pipelines of different sizes
(index ps). District heating networks of different sizes (index ns)
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Fig. 2. Diagram of the mixed integer programming model.
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have to be built in the settlements to allow heat distribution. Bio-
energy competes with fossil fuels. Fig. 2 shows the overall scheme
of the model. It is static and models 1 year of operation. All invest-
ment costs are annualized assuming an interest rate of 10% and
25 years of economical lifetime. Heating seasons (index t) are used
to differentiate between seasonal heating demands.

The total costs in the objective function f(b, z, q, u) are
minimized:

f ðb; z; q;uÞ ¼
X
i;j;l

csup
i þ ctransb

i;j;l þ cprod
j;l þ eccs

l cccs
� �

bi;j;l

þ
X

j;l

cplant
j;l uplant

j;l þ
X
j;k;c

ctransc
j;k;c þ cinv

c

� �
zbio

j;k;c

þ
X
k;c

cfossil
c zfossil

k;c þ
X
j;h;ps

cpipe
j;h;psu

pipe
j;h;ps þ

X
h;ns

cdnet
h;ns udnet

h;ns

þ
X

h;t

cpeak
t qpeak

h;t þ
X
h;t

clocal
t qlocal

h;t þ cemtotem ð2Þ

where

totem ¼
X
i;j;l

etrans
i;j bi;j;l þ

X
j;k;c

etrans
j;k;c zj;k;c þ

X
k;c

efossil
c zfossil

k;c

þ
X
h;t

elocal
h qlocal

h;t þ
X
h;t

epeak
h;t qpeak

h;t �
X
i;j;l

eccs
l bi;j;l ð3Þ

The different summands in the objective function represent:

1. Biomass supply costs (parameter csup
i ), biomass transportation

costs (parameter ctransb
i;j;l ), bioenergy production costs (parameter

cprod
j;l ) and carbon capture and storage costs (parameter cccs times

the amount of CO2 emissions captured by unit of biomass eccs
l )

times the amount of biomass (variable bi,j,l).
2. Annualized costs of plant investments (parameter cplant

j;l ) times
the binary variable for plant selection (uplant

j;l ).
3. Costs for transporting energy commodities to demand regions

(parameter ctransc
j;k;c ) plus investment costs (parameter cinv

c ) times
the amount of commodities (variable zbio

j;k;c). Costs for power
transportation and investment are zero as it is assumed that
the power can be sold directly to the power grid. For ethanol,
methanol and pellets, transportation costs from plants to
demand regions by truck are considered. Investment costs cinv

c

are zero for biofuels, because no additional investments are
necessary to operate cars with ethanol or methanol. For pellets,
the investment costs represent the average difference between
a pellets boiler and an oil boiler per unit of useful energy
produced.
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4. Costs for fossil fuels (parameter cfossil
c ) times the amount of fossil

fuels used in a demand region (variable zfossil
k;c ).

5. Annualized costs of building a pipeline from the plant to the
settlement (parameter cpipe

j;h;ps) times the binary variable for pipe-
line selection (upipe

j;h;ps).
6. Annualized costs for installing a district heating network in the

settlement (parameter cdnet
h;ns ) times the binary variable for dis-

trict heating network selection (udnet
h;ns ).

7. Costs for producing peak heat (parameter cpeak
t ) for district heat-

ing times the amount of peak heat (variable qpeak
h;t ) produced.

8. Costs for producing local heat including investment and fuel
costs (parameter clocal

t ) times the amount of local heat (variable
qlocal

h;t ) produced.
9. Total CO2 emissions (totem) which consist of: (i) CO2 emissions

of biomass transportation (CO2 emission factor etrans
i;j ), (ii) CO2

emissions of commodity transportation (CO2 emission factor
etrans

j;k;c ), (iii) CO2 emissions of fossil energy production (CO2 emis-
sion factor efossil

c ), (iv) CO2 emissions of local heating systems
(CO2 emission factor elocal

h ), (v) CO2 emissions of peak heat pro-
duction (CO2 emission factor epeak

h;t ), and (vi) CO2 emission sav-
ings by BECS in bioenergy production (CO2 emission factor
eccs

l ). Total CO2 emissions (totem) are multiplied by the CO2 price
(parameter cem).

The objective function in Eq. (2) is minimized subject to the fol-
lowing constraints. Biomass utilization (variable bi,j,l) in the plants
is restricted byX

j;l

bi;j;l 6
�bsup

i ; ð4Þ

where parameter �bsup
i denotes the total amount of biomass available

in supply region i.
The plant size constraints the production byX

i

bi;j;l 6
�bj;lu

plant
j;l ; ð5Þ

where parameter �bj;l is the production capacity of plant j using tech-
nology l. The commodity production (variable zbio

j;c ) is determined by
the biomass input and conversion efficiency (parameter gconv

j;l;c )
shown in the following equation:X

i;l

gconv
j;l;c bi;j;l ¼ zbio

j;c : ð6Þ

District heat production is modeled with variable qbio
j because it is

distributed differently than the other commodities:
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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X
i;l

gheat
j;l bi;j;l ¼ qbio

j ; ð7Þ

where gheat
j;l is the conversion efficiency for heat. Distribution of

commodities to demand regions k is restricted byX
k

zbio
j;k;c 6 zbio

j;c ; ð8Þ

where variable zbio
j;k;c denotes the amount of a commodity c trans-

ported from plant location j to demand region k.
Energy demands (parameter dk,d) are satisfied by different com-

modities from bioenergy production (variable zbio
j;k;c) and by fossil

fuels (variable zfossil
k;c ):X

j;c

gbio
c;d zbio

j;k;c þ
X

c

gfossil
c;d zfossil

k;c ¼ dk;d: ð9Þ

In the equation, parameter gbio
c;d (gfossil

c;d ) describes the efficiency of
converting bioenergy commodities (a fossil fuel) to forms of useful
energy.

The part of the model handling the usage of surplus heat for dis-
trict heating and the district heating infrastructure can be found in
Appendix B.

The MIP is finally defined as:

min½f ðb; z; q;uÞ� ð10Þ
s:t:

ð2Þ—ð9Þ; ðB:1Þ—ðB:5Þ
0 6 bi;j;l; zbio

j;c ; z
bio
j;k;c; z

fossil
k;c ; qbio

j ; qpeak
h;t ; qdh

j;h;ps;t ; q
local
h;t

udnet
h;ns ;u

pipe
j;h;ps;u

plant
j;l 2 f0;1g:
2.8. A pre-selection of plant size and plant locations

As the model size grows exponentially with the number of pos-
sible plant locations (index j), the model is limited with respect to
its spatial resolution. The plant size has also significant effect on
total costs [21]. Therefore, a three-step approach is performed to
pre-select likely plant locations and plant sizes in Austria:

(1) A set of likely locations is identified which is suitable for bio-
energy production using results of previous studies [20,21].
The model is solved separately for each technology with
alternative plant sizes ranging from 50 MWbiomass to
250 MWbiomass, varying plant investment costs according to
the scaling function in Section 2.3. As some of the parame-
ters are uncertain, the model is run 1000 times with varying
parameter values (see Section 2.9). Then a surface response
function is estimated and the first derivate of that function
is taken to determine the optimal plant size (see Appendix
C for details).

(2) The model is again run 1000 times separately for each tech-
nology, using the previously determined plant size. If a loca-
tion has been selected it is used for the subsequent analysis.
This reduces the total number of possible locations from 60
to around 15, depending on the technology.

(3) The pre-selected locations are used in the complete model
with all technologies.

2.9. Sensitivity and uncertainty analysis

We assess technologies which are currently not available on the
market. Uncertainties related to investment and operation costs
are therefore high. Additionally, energy prices are also volatile.
Uncertainties in model parameters are considered by applying
Monte-Carlo simulations, following the approach in [53]. Probabil-
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ity distributions (i.e. normal) are assumed for uncertain input
parameters (index m). Then, n different input parameter sets are
built and the simulation is run n times, thus providing n different
results. The results are statistically analyzed to test the influence
of model parameters on output (sensitivity) and determine which
parameters contribute most to model uncertainty (uncertainty
analysis).

A literature review provides upper (upm) and lower (lom) bounds
for investment and production costs as well as for technological
parameters of bioenergy plants, transportation costs, district heat-
ing infrastructure costs, biomass availability, biomass costs, and
CO2 emission factors. It is assumed that the parameters are ran-
domly distributed, following a normal distribution with parame-
ters l = (upm + lom)/2 and r = (l � lom)/1.96. Input parameters are
randomly drawn from the distribution, values lower than lom or
higher than upm are removed. A different method is used to capture
volatile energy prices because these are generally correlated [54].
Energy prices are determined by using a database of prices for
heating oil, gasoline [55], power prices [56] and fire wood [47] be-
tween January 2003 and December 2008. A bootstrapping process
[57] is applied to determine the values of the different parameters
for the Monte-Carlo simulation. Prices are determined by ran-
domly choosing one of the 24 quarters in the statistical database.
The prices of fossil fuels, biomass and power are set to the value
of that quarter. Table 2 shows all stochastically modeled parame-
ters and the corresponding range of values. All prices and costs
are given in €2008.
3. Results

3.1. Optimal plant sizes and optimal locations

The optimal sizes of BIGCC, methanol and ethanol plants are
found to be 250 MW which is the maximum allowed in the model.
The impact of economies of scale is therefore more important to
total production costs than biomass transportation costs. A size
of 180 MW is found to be optimal for pellets plants. Regarding
the optimal plant locations, the model results (Fig. 3) show clearly
that BIGCC plants are clustered around bigger cities while fuel and
pellets plants are more evenly distributed over the country. Cities
like Vienna and Graz are main locations for BIGCC and BECS plants.
A reason is that heat production of BIGCC is ten times higher than
of pellets and fuel plants. Proximity to main heat consumers such
as big cities is therefore important for BIGCC and BECS plants. Con-
sequently, biomass needs to be transported over longer distances.
The transportation of fuels and pellets by truck does not influence
the choice of locations much. Therefore, pellets and fuel plants are
positioned closer to biomass resources.
3.2. Technological mixes and CO2 emission reductions

CO2 emission reductions and technological mixes depend
mainly on the CO2 price. This section presents least cost technolog-
ical mixes and CO2 emissions for five different CO2 prices (0, 25, 50,
75, 100 € tCO�1

2 ). The upper limit of 100 € tCO�1
2 is chosen because

the European Emission Trading Scheme introduces a penalty of
that amount for participants that have not bought sufficient num-
ber of allowances on the market. This penalty can therefore be con-
sidered as upper limit on the CO2 price. Fig. 4 presents the
technological mix under the influence of alternative CO2 prices. Ta-
ble 4 reports the share of biomass utilization of the technologies
with confidence intervals. Pellets production is the predominant
technology in each scenario while fuel production is not selected
in any of the CO2 price scenarios. Fuel conversion technologies
are inferior with regard to cost-efficient CO2 emission reductions
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Fig. 3. Optimal locations of bioenergy plants.
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because conversion efficiencies and CO2 emissions savings are low
relative to the other technologies and investment costs are compa-
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rably high. BIGCC is economically viable for lower CO2 prices. Loca-
tions with large and concentrated amounts of heat demand make
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Table 4
Mean and confidence intervals of biomass utilization per technology at different CO2 prices in percent. Note: L and U denote the lower and upper bound of the 99% confidence
interval of the mean.

CO2 price (€ tCO�1
2 ) BIGCC biomass use (% of total biomass) BECS biomass use (% of total biomass) Pellets biomass use (% of total biomass)

Mean L U Mean L U Mean L U

0 10 5 14 0 0 0 90 81 99
25 21 14 28 1 0 2 77 70 85
50 12 8 15 6 3 9 82 78 86
75 5 2 7 23 19 28 72 67 76

100 1 0 2 38 32 44 61 55 67
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Fig. 5. Mean of CO2 emission reductions (grey bars, in MtCO2) and fossil fuel
substitution (white bars, in TWh) at alternative CO2 prices. Note: the intervals
indicate the 99% confidence interval of the mean.
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BIGCC competitive to pellets production. BECS utilization starts at
around 50 € tCO�1

2 and is increasing with the CO2 price. At 100 €

tCO�1
2 , about 38% of biomass is used for BECS. At low CO2 prices,

only part of the available biomass (64% for 0 € tCO�1
2 and 81% for

25 € tCO�1
2 ) is utilized for bioenergy production. At 50 € tCO�1

2 , al-
most all available forest biomass (96.30%) is used to produce
bioenergy.

CO2 emission reductions (esav) in each of the scenarios are
determined by the following equation:

esav ¼
X
k;c;d

efossil
c zfossil

k;c dk;d
1

gfossil
d

þ
X

h;t

elocal
h qD

h;t
1

glocal
h;t

 !
� totem ð11Þ

Fig. 5 shows the CO2 emission reductions and the amount of fos-
sil fuels that are substituted in the five scenarios. At a CO2 price of 0
€ tCO�1

2 , annual CO2 emission reductions of 2.71 MtCO2 y�1 are
achieved. This amounts to around 3% of total Austrian CO2 emis-
sions. At a price of 100 € tCO�1

2 , this sum goes up to 5.64 MtCO2 y�1

(6.27% of total CO2 emissions in Austria). A significant contribution
to Austrian climate targets can thus be achieved through using bio-
energy. However, there is a tradeoff between fossil fuel substitu-
tion and CO2 emission savings: at high CO2 prices – when BECS
utilization is increased – less fossil fuels are substituted due to
the lower conversion efficiencies of BECS (Fig. 5).
3.3. Sensitivity and uncertainty analysis

The sensitivity of model results to changes in input parameters
and the contribution of single parameters to model uncertainty are
discussed in this section. Each of the five CO2 price scenarios is ana-
lyzed separately. Elasticities are estimated to measure the percent-
age change of model outputs on percentage change of model input
parameters. The estimation process involves determining a re-
sponse surface by means of linear regression and subsequent
numerical calculation of the elasticities. The procedure is outlined
in Appendix D. If the uncertainty of the distribution of a parameter
is low, a high elasticity does not necessarily imply that the param-
eter contributes a lot to the uncertainty of the model. To estimate
the contribution of a parameter to model uncertainty, an error
measure is calculated from the response surface following [53].
The mean absolute percentage error (MAPE) was calculated in
[53] as error measure. MAPE was criticized as it puts high penalties
on errors if the actual value is very low [58]. The median absolute
percentage error (MdAPE) protects against such outliers [59] and is
therefore used in this study.

The results of the sensitivity and uncertainty analysis of two
scenarios are discussed in detail as they are of special interest:
the first one, 25 € tCO�1

2 represents a price that is close to the mean
market price at the European Energy Exchange. The second one, 75
€ tCO�1

2 , is the lowest CO2 price that allows BECS production. The
means of elasticities from Monte-Carlo simulations are plotted
against the uncertainty of the parameter measured as MdAPE in
Fig. 6. Only model parameters that are significant in the regression
Please cite this article in press as: Schmidt J et al. Cost-effective CO2 emission re
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analysis on the 90% level are shown. The numbers in the figure are
a reference to column 1 in Table 2 where all stochastically modeled
parameters are listed. At 25 € tCO�1

2 , the efficiency of converting
wood to pellets (24) is elastic and positively related to CO2 emis-
sion reductions. The availability of biomass (31), biomass costs
(30), the oil price (2), the efficiency of BIGCC plants (14) and the
power price (1) are inelastic and positively related with CO2 emis-
sion reductions. A negative, inelastic relationship exists between
the costs of district heating infrastructure (32) and variable costs
for BIGCC plants (9). While most of the results are as expected, it
is not immediately intuitively clear that biomass costs are posi-
tively correlated with CO2 emission reductions, i.e. that an increase
in biomass costs causes an increase in bioenergy production. This is
a result of the bootstrapping mechanism. Increases in biomass
costs are positively correlated with increases in power and fossil
fuel costs in the price data. However, relative biomass cost in-
creases are lower than increases in energy prices. This allows for
additional production of bioenergy because higher energy prices
more than compensate the increase in feedstock prices. The oil
price (2) and biomass costs (30) contribute most to model
uncertainty.

BECS parameters, i.e. efficiency of power and heat production in
BECS plants (15 and 19), the costs (25) and the efficiency (29) of
carbon capture and storage are relevant parameters in the 75 €

tCO�1
2 scenario. There are also minor changes regarding pellets

parameters. The efficiency of pellets production (24) is not signifi-
cant in this scenario while the variable costs (13) and the efficiency
of power production (17) in pellets plants are significant. However,
the elasticity as well as uncertainty of the parameters is very low. It
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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is of interest that the sign of the elasticity of the efficiency of power
production in BIGCC plants (14) changes. While it is positive in the
first scenario, it is negative in the second one. High power efficien-
cies in BIGCC plants decrease the utilization of BECS, which saves
more CO2 emissions than the former. The costs of biomass (30) also
change the sign and are negative in the 75 € tCO�1

2 price scenario.
While the relative difference between biomass costs and energy
prices is relevant in the low CO2 emission-price scenario, the rela-
tive difference between biomass costs and the CO2 price is more
relevant in the high emission-price scenario. CO2 price and bio-
mass costs are not correlated, therefore the sign of the elasticity
of biomass costs (30) changes. Uncertainty of model results is
mainly influenced by the oil price (2) and BECS plant parameters,
i.e. the efficiency (29) and costs of carbon capture and storage
(25), and the efficiency of power (15) and of heat production
(19). The elasticities of all five CO2 price scenarios are shown in
Fig. 7. The figure shows that elasticities decrease with increasing
CO2 price, because the higher CO2 price stabilizes results. However,
when BECS becomes selected at 75 € tCO�1

2 , the elasticities increase
because the introduction of the technology adds uncertainty to the
model.
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4. Discussion and conclusions

The model results show clearly that ethanol and methanol from
forest wood is not an economically and technically sound option to
reduce CO2 emissions in Austria. For countries similar to Austria
this result may be valid, if heat demand is high and considerable
amounts of fossil fuels can be replaced by either pellets or district
heating. Pellets production is preferred to BECS production at low
CO2 prices. National statistics confirm the trend of biomass based
power and heat production: the number of dwellings heated by
biomass increased by 13% from 2003/2004 to 2007/2008, which
has resulted in an estimated increase of around 2 TWhbiomass

[60]. Furthermore, biomass based power production has increased
by about 1 TWh in the same period [4]. It should be noticed that
both, biomass based power production and pellets boilers, are cur-
rently subsidized. The model results are very much in line with
findings of other research. Fuel production is rated worst with re-
spect to costs and CO2 emission reductions [15,17,28]. The model
results clearly show that spatial restrictions in heat demand have
significant impact on the competiveness of BIGCC. The results also
show that BECS is an economically viable option to reduce CO2

emissions. However, there is a tradeoff between fossil fuel substi-
tution and CO2 emission savings. Less fossil fuels are replaced by
BECS due to the lower efficiency. Additionally, serious concerns
are related to carbon capture and storage: it is not clear by now
if CO2 storages are environmentally safe. All results on potentials
of the technologies to reduce CO2 emissions depend on the as-
sumed CO2 emission baseline. Outside of the bioenergy sector, var-
ious new CO2 emission reduction technologies like photovoltaic
and wind for the power sector, insulation and solar heating for
the heating sector and electric vehicles in the transportation sector
are either already used or emerging. Assuming different baseline
CO2 emissions in the bioenergy scenarios – e.g. a fossil fuel free
power sector – changes the relative techno-economic efficiency
of bioenergy technologies for climate change mitigation. Interpre-
tations of the results of this paper have to regard this model
boundary.

The spatial distribution of biomass supply and energy demand
is important for total costs and CO2 emission savings. The locations
of pellets plants are scattered over Austria while BIGCC plants
are located closely to big cities due to the high heating demand
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Fig. 8. Results of model validation for CHP plants (left) and for pellets plants (right).
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densities and amounts. Biomass transportation costs are therefore
higher for BIGCC plants. The total production costs can significantly
decrease with respect to economies of scale of bioenergy plants.
Plants of smaller size do not show the same competitiveness like
plants of the size discussed in our analysis. Both elasticities and
uncertainties related to energy prices are high. Energy prices are
the main factor in determining the competiveness of bioenergy
plants, particularly at low CO2 prices. However, technical plant
parameters, i.e. conversion efficiencies and carbon capture and
storage rates influence model results significantly.

Model results indicate that pellets production and subsequent
combustion for heating dwellings is a low cost technology to re-
duce CO2 emissions. The technology is available on the markets
and substitution of existing heating oil fuelled boilers would be
favorable. There is also some potential for big scale BIGCC plants.
However, there are little suitable locations for such plants. BECS
is a high cost option for reducing CO2 emission and risks associated
with the permanent storage of the CO2 have to be considered as
well. Total CO2 emission reduction potentials are, however, higher
than for any of the other technologies.
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Appendix A. Model validation

The validation of models that assess emerging technologies is a
difficult task because there is no real world data available which
can be used for comparison with model results. No commercial
installations of BIGCC, BECS, methanol and ethanol production
are currently operating. Regarding parameters and costs of future
technologies, we relied therefore on expert opinion, on peer re-
views and on existing publications to validate the model. Publica-
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tions applying our model on methanol [21,22,51], ethanol [31],
biodiesel [52] and BIGCC [20] production are available. Regarding
the validation of the model with respect to the selection of optimal
plant locations, we opted for validating the model with existing
pellets facilities and additionally CHP steam engine plants.
Although CHP steam engine plants have different technical and
economical properties than BIGCC, it is expected that the choice
of the location is similar to BIGCC because feedstock supply and
heat demand are important for both types of plants. Facilities in-
stalled since 2002 (for CHP) and since 1998 (for pellets) serve as
basis for model validation [61]. The year 2002 is chosen because
the green electricity law was implemented in Austria in that year
while first large scale pellets plants started operations in 1998.
The green electricity law guarantees feed-in tariffs to power pro-
duced from biomass and triggered a substantial increase in the
number of CHP plants installed. Large scale pellets production
started earlier in Austria but also experienced a boost due to sub-
sidies given by state governments for the installation of pellets
heating systems. For the validation process, only facilities that
are larger than 20 MWbiomass are considered. We do not assume
that the model performs well for plants of lower capacity due to
the limited spatial resolution of the model. Investment costs and
plant characteristics – size and efficiencies – were taken from data
provided publically by the operating companies on their websites.
Eleven CHP and 17 pellets plants of a capacity above 20 MWbiomass

were built in the period. Model parameters were set to values cor-
responding to the year of 2004. Additional to the 28 existing loca-
tions, 36 additional locations were added to the model to test if the
model selects the right locations. The model was forced to choose
11 locations for CHP plants and 17 locations for pellets plants
among the 64 possible locations. The results of the validation pro-
cess are shown in Fig. 8. For the CHP case, the model selected 9 of
11 positions correctly. Only two locations are chosen differently,
and both are plants of lower capacity (27 MWbiomass and 31 MWbio-

mass). In the pellets case, the model selected 11 out of 17 locations
correctly. An explanation is that the optimal position of pellets
plants depends less on the proximity to the consumers than in
the CHP case. Distribution of pellets is inexpensive in comparison
to district heating and therefore the proximity to wood resources
is of more importance. Wood resources are, however, not as con-
centrated as heating demand. Locations differ therefore less in
their suitability for pellets production than for CHP production
which explains why the model does select only a subset of the
locations found in reality. Considering this, the model performs
well in the selection of plant locations.
duction through heat, power and biofuel production from woody biomass:
), doi:10.1016/j.apenergy.2009.11.007
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Appendix B. District heating model

Heat production limits the amount of heat available for district
heating. The commodity production is modeled on an annual time
period. However, variations in heat demand in winter and summer
are considered in the model. Seasonal supply of heat in the plant is
restricted byX
h;ps

qdh
j;h;ps;t 6 Dttqbio

j ; ðB:1Þ

where parameter Dtt denotes the relative length of a season.
The production of heat has to meet the demand (parameter qD

h;t)
in each period, which is guaranteed by

gdh
h;t

X
j;ps

gtrans
j;h;ps;tq

dh
j;h;ps;t

 !
þ qpeak

h;t

 !
þ glocal

h;t qlocal
h;t ¼ qD

h;t ; ðB:2Þ

where parameter gtrans
j;h;ps;t denotes the heat losses in the pipe system

from the plant to the settlement. Losses in the heat distribution net-
work within the settlement are modeled by parameter gdh

h;t . Param-
eter glocal

h;t is introduced to describe conversion efficiencies of local
heating systems.

The sum of heat produced by the bioenergy plant and by the
peak demand boiler has to match the district heating demand
(parameter qD

h;ns;t) in settlement h. This is modeled by

gdh
h;t

X
j;ps

gtrans
j;h;ps;tq

dh
j;h;ps;t

 !
þ qpeak

h;t

 !
¼
X

ns

qD
h;ns;tu

dnet
h;ns : ðB:3Þ

The existence of a transportation pipeline, in case a settlement
is supplied by a bioenergy plant, is ensured by

qdh
j;h;ps;t 6

�qpipe
ps;t upipe

j;h;ps; ðB:4Þ

where parameter �qpipe
ps;t denotes the capacity of the pipeline.

Only one district heating network can be built in every settle-
ment, which is ensured byX

ns

udnet
h;ns 6 1: ðB:5Þ
Appendix C. Determination of optimal plant size

The optimal plant size with regard to the biggest CO2 emissions
savings is determined by first running the model with 1000 sto-
chastically determined input parameters for each technology sep-
arately. The plant size is varied between 50 MWbiomass and
250 MWbiomass. From the results, a response surface is estimated
by regressing the total CO2 emission savings on all input parameter
variations parm, assuming that the plant size has a quadratic effect
on model output as biomass transportation distance and econo-
mies of scale in bioenergy production have opposite effects:

esav ¼ b0 þ
X

m

bmparm þ bmþ1size2 þ e ðC:1Þ

The b0 is the intercept, bm are the regression coefficients, bm+1 is
the regression coefficient of the quadratic term of the plant size,
and e is an error term. The optimal size of the plants with regard
to CO2 emission savings is determined by calculating the root of
the first derivate (@esav=@size). However, for biofuel plants and
CHP plants, the root of the derivate is bigger than the maximally
allowed plant size (250 MWbiomass). Therefore, the plant size is
set to 250 MWbiomass. The optimal size for pellets plants is
180 MWbiomass.
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Appendix D. Sensitivity analysis

Elasticities can be estimated for all combinations of input
parameters and output variables. Variable esav is used for further
descriptions of elasticity estimations. The elasticity is defined as:

esavparm
¼ @esav
@parm

parm

esav ; ðD:1Þ

where esavparm
is the elasticity between esav and parameter parm.

The derivative @esav
@parm

cannot be derived analytically from the optimi-
zation model. However, it is possible to estimate a response surface
by applying a linear regression model of the output on the input
parameters and thereby approximating a continuous function [62],

esav ¼ b0 þ
X

m

bmparm þ e; ðD:2Þ

where coefficient b0 is the intercept, coefficients bm are the regres-
sion coefficients and e is an error term. The size of the plant is fixed
and is therefore not included in this estimation. The parameter vec-
tors parm, which represent the input to the Monte-Carlo simulation,
and the corresponding result vectors esav are used in the regression
analysis. The regression is not able to capture the whole dynamics
of the non-continuous relationship between the variables which re-
sult from the MIP. However, the ordinary least square estimators
exhibit fits of R2 > 0.5 for all combinations of input parameters
and outputs. The signs of the coefficients have the expected direc-
tion for all parameters. The response surface is used to numerically
compute the elasticities:

esavparm
¼ @esav
@parm

parm

esav ¼ bm
parm

esav ðD:3Þ

When no bioenergy is produced at all, the elasticity is not de-
fined as the denominator of the fraction in Eq. (D.3) is zero. Unde-
fined elasticities are excluded from further calculations. The
procedure is applied separately to the five CO2 price scenarios.
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Abstract 

Climate  change mitigation and  security of energy  supply are main drivers of Austrian energy policies. 
Bioenergy  production  based  on  forest  wood  harvests  is  an  important  option  for  renewable  energy 
generation  in Austria.  Several policy  instruments  such  as CO2 emission  trading,  feed‐in  tariffs, biofuel 
blending  obligations,  and  subsidies  for  pellet  furnaces  are  currently  implemented  in  the  bioenergy 
sector.  New  conversion  technologies  are  being  developed  to  increase  the  technological  options  of 
utilizing  wood  in  energy  production.  These  options  include  second  generation  biofuel  production, 
bioenergy  systems  with  carbon  capture  and  storage  (BECS),  and  biomass  integrated  gasification 
combined cycle plants (BIGCC). The effect of policy instruments on deployment of these technologies is 
not  obvious.  We  address  this  question  by  applying  a  spatially  explicit  energy  system  model  that 
minimizes  the  costs  of  bioenergy  system  considering  competing  fossil  fuels  and  the  effect  of  energy 
policy  instruments. The model allows estimating bioenergy  system costs,  the amount of CO2 emission 
reductions, and the substitution of fossil fuels generated by the instruments. Model results indicate that 
carbon  taxes  are  the most  cost‐effective  policy  instrument  for CO2  emission  reductions while biofuel 
blending obligations are costly and cause negative emission reductions and negative fossil substitution in 
comparison to a baseline scenario. 
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Nomenclature  

Variables  Unit  Description 

, ,bi j l   MWhbiomass  Biomass transported to plants 

, ,i o ub   ‐  Decision variable in seperable programming 
p   € MWh‐1  Price of wood supply 
q   MWh  Quantity of wood supply 

q j
bio   MWh  Heat production in the plant 

, , ,q dh
j h ps t   MWh  Heat transportation from plant to district heating network 

,q local
h t   MWh  Local heat production 

,q peak
h t   MWh  Peak heat production 

totem   tCO2  Total CO2 emissions  

,u dnet
h ns   ‐  Binary variable for investment in district heating network 

, ,u pipe
j h ps   ‐  Binary variable for investment in transportation pipeline 

,u plant
j l   ‐  Binary variable for plant investment 

,zbio
j c   MWh  Amount of energy commodity produced in a plant 

, ,zbio
j k c   MWh  Amount of energy commodity transported to consumers 

,z fossil
k f   MWh  Amount of fossil fuel used to satisfy demand 

Parameters     
, oε ε   ‐  Elasticity of biomass supply 

ttΔ   ‐  Relative length of a season 

,
bio
c dη
  ‐ 

Efficiency of  converting  a bioenergy  commodity  to useful 
energy 

, ,
conv
j l cη

  ‐  Conversion efficiency in bioenergy plants 

,
dh
h tη   ‐  Efficiency of distributing heat in district heating network 

,
fossil
f dη

  ‐  Efficiency of converting fossil fuel to useful energy 

,
heat
j lη

  ‐  Heat efficiency in bioenergy plants 

,
local
h tη   ‐  Local heat conversion efficiency 

, , ,
trans
j h ps tη   ‐  Transportation efficiency of heat pipeline 

,i ob   MWh y‐1  Maximum sustainable yield (MSY) in supply cell 

,

_

j lb MWh y‐1  Production capacity of plant 

,s ob   MWh y‐1  MSY in federal state 

C   ‐  Constant in wood supply function 
ccsc € tCO2

‐1  Costs of carbon capture and storage 
l

f
fossic

  € MWh‐1  Price of fossil fuel 
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inv
cc
 

€ MWh‐1  Investment cost necessary at consumer 

,
plant
j lc   € y‐1  Annualized costs of plant investment 

,
prod
j lc   € MWhbiomass

‐1  Variable costs of bioenergy production 
sup
ic   € MWhbiomass

‐1  Costs of biomass supply 

, ,
transb
i j lc   € MWhbiomass

‐1  Costs of biomass transportation from i to j 

, ,
tr
j c

c
k
ansc

  € MWh‐1   Costs of transporting commodity from j to k 

, ,
pipe
j h psc

  € y‐1  Annualized costs of investment in transportation pipeline 

,
dnet
h nsc   € y‐1  Annualized costs of investment in district heating network  
peak
tc   € MWh‐1  Costs of peak heat production 
local
tc   € MWh‐1  Costs of local heat production 
emc   € tCO2

‐1  CO2 price 

,k dd
  MWh y‐1  Energy demand 

ccs
le

 
tCO2 MWhbiomass

‐1  Carbon capture rate in plant 
fossil
fe   tCO2 MWh‐1  CO2 emission factor of fossil fuels 
local
he   tCO2 MWh‐1  CO2 emission factor of local heat production 

,
peak
h te   tCO2 MWh‐1  CO2 emission factor of peak heat production 

,
trans
i je   tCO2 MWhbiomass

‐1   CO2 emission factor of biomass transportation from i to j 

, ,
trans
j k ce   tCO2 MWh‐1  CO2 emission factor of commodity transportation 

,
blend

c df
  ‐ 

Mandatory  share of bioenergy  commodity  in  final energy 
demand 

p   € MWh‐1  Price of forest wood 
*q   MWh  Supply of wood harvests 
*
uq   ‐  Quantities for separable programming 

, ,, ,i o s oq q q   MWh y‐1 
Observed quantities of wood harvests total,  in supply cell, 
in federal state 

,
D
h tq
  MWh season‐1  Heat demand in settlement 

, ,
D
h ns tq

  MWh season‐1  Heat demand in district heating network 

,

_ pipe

ps tq   MWh season‐1  Capacity of heat transportation pipeline 

,s f
ftx tx   ‐  Binary parameters controlling which fossil fuels are priced  

Subscripts     
c   ‐  Energy commodity 
d   ‐  Energy demand for useful energy 
f   ‐  Fossil fuels 
h   ‐  Settlement 
i   ‐  Biomass supply site 
j   ‐  Plant location 
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k   ‐  Demand region 
l   ‐  Technology 
ns   ‐  District heating network size 
o   ‐  Forest ownership 
s   ‐  Federal state 
ps   ‐  Pipeline size 
t   ‐  Season 
u   ‐  Index for separable programming 

 

1. Introduction 

Climate change mitigation and  security of energy  supply are main drivers of current European energy 
policies (Berndes and Hansson, 2007). Austria committed to a 13% reduction  of green house gases with 
respect to the reference year of 1990 in the Kyoto commitment period of 2008‐2012 (European Council, 
2002) and to an increase of renewable energy production by 11 percentage points until 2020 according 
to  the  EU  directive  2009/28/EG.  Currently,  Austria  is  far  from  reaching  the  Kyoto  target 
(Umweltbundesamt,  2008)  and  significant  efforts  are  necessary  to  meet  the  2020  energy  targets 
(Nakicenovic  et  al.,  2008).  The  forestry  sector  represents  an  important  source of Austrian  renewable 
energy production. Further  increases  in  forestry biomass utilization are still possible  (Schadauer, 2004) 
and necessary to reach the climate and renewable energy targets. Several policy instruments are in place 
to facilitate the achievement of these targets. These policy instruments are  implemented either for the 
whole energy sector or only for the bioenergy sector itself including:  

• The EU Emission Trading Scheme  (EU ETS), which was  introduced  in 2005. About 250  facilities 
which  emit  around  one  third  of  total  CO2  emissions  were  affected  in  Austria.  CO2  emission 
permits were allocated to installations for free in the start‐up phase by applying a grandfathering 
principle, i.e. emissions are allocated relative to emissions of the facilities in the last years. These 
CO2 emission permits can be traded on a market to attain efficient allocations. The second phase 
of  the EU ETS  runs  from 2008  to 2012. The main differences  to  the  first phase  (from 2005  to 
2008) are a slightly lower cap (reduction from 33.19 MtCO2 to 32.8 MtCO2) and the auctioning of 
1.2% of the permits  in the  initial phase of the scheme  (Lebensministerium, 2007; Paoletta and 
Taschini, 2006). A major drawback of the EU ETS is that only one third of total CO2 emissions are 
currently  covered  by  the  system.  Bioenergy  projects  are  assumed  to  be  carbon  neutral  and 
therefore do not have to acquire EU ETS permits for their operation.  

• The EU directive 2003/30/EG obliges all member  states  to blend a  share of 5.75% of biofuels 
with gasoline until 31st December 2010. Austria ratified this law in 2003. In 2009, the EU decided 
on  directive  2009/28/EG, which  demands  among  other  targets  a  share  of  10%  of  renewable 
energies  in the transportation sector.  In contrast to directive 2003/30/EG,  this regulation does 
not dictate the utilization of biofuels. Electric cars which use renewably produced electricity or a 
shift  to  train  transportation are measures  that can also be applied. However, biofuels are one 
major technological option to reach the targets in the short term.  
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• Feed‐in tariffs for different forms of renewable electricity production such as small water power 
plants, photovoltaic power, wind power and bioenergy power plants are defined in the Austrian 
renewable energy  law.  Installations receive feed‐in tariffs for 12 years. However, there  is a cap 
on the total costs for this scheme such that not all power producers may be able to get into this 
scheme.  Feed‐in  tariffs  are  currently  chosen  to  be  close  to  production  costs  of  specific 
technologies  and  therefore  depend  on  the  respective  technology,  e.g.  feed‐in  tariffs  for 
photovoltaic power are higher than for bioenergy plants.  

• Subsidies are granted for pellet heating systems by federal states in Austria. House owners who 
install new pellet heating systems receive a subsidy on the investments, regardless if the system 
is installed in a new building or if the heating system of an existing building is replaced.  

• A CO2 tax on all fossil fuels  is currently under political discussion in Europe. Such tax may cover 
CO2  emissions  inside  as well  as  outside  EU  ETS,  including  fossil  fuel  consumption  in  private 
households. A  CO2  tax  is  currently not  implemented  in Austria but  in  several other  European 
states, including France and Sweden.  

These  policy  instruments  have  likely  different  effects  on  the  production  technologies  chosen  in  the 
sector. Costs  for reducing CO2 emissions, the achievable reduction potentials, and the amount of fossil 
fuel substitution vary with the policy instrument (Berndes and Hansson, 2007).  

This  article  assesses  the  effect  of  energy  policy  instruments  on  the  deployment  of  bioenergy 
technologies,  costs  for  reducing  CO2  emissions,  and  the  potential  of  substituting  fossil  fuels.  We 
particularly  consider  new  conversion  technologies,  which  are  expected  to  become  commercially 
available within the next ten years. Biomass  integrated combined cycle  (BIGCC) plants, bioenergy with 
carbon capture and storage (BECS), and second generation biofuels are included in our assessment. The 
applied methodology allows estimating costs of different policy instruments in attaining climate change 
and energy  security  targets by considering  technologies  that are  currently not  commercially available. 
Studies  that  compare  the  techno‐economic  performance  of  new  bioenergy  conversion  technologies 
based on woody biomass and/or the effectiveness of policy instruments (Azar et al., 2003; Berndes and 
Hansson, 2007; Gielen et al., 2003; Wahlund et al., 2004) come to diverging results. While Wahlund et al. 
(2004), Berndes and Hansson (2007) and Azar et al. (2003) clearly prefer utilization of biomass for heat 
and  combined  heat  and  power  (CHP)  production  over  utilization  for  transportation  fuel  production, 
Gielen et al. (2003) conclude that transportation fuel production is a viable option. However, the studies 
differ in their regional resolution (worldwide – Europe wide – national), their technical detail and in their 
assumptions on the availability of other  low carbon technologies  in the respective sectors. BECS  is not 
included  in any of  the available comparative assessments. Additionally,  the competition between heat 
and  CHP  production  depends  on  spatial  factors.  Biomass  transportation  costs  as  well  as  energy 
distribution costs have significant  impact on the  final cost of the bioenergy supply chain  (Eriksson and 
Björheden,  1989;  Grohnheit  and  Mortensen,  2003).  Particularly  district  heating  may  induce  high 
infrastructure costs depending on the spatial densities of heat demand. The spatial variability of energy 
demand  is high  in Austria and distribution  costs vary  (Schmidt et al., 2009b).  Including  spatial explicit 
modeling  in  the  analysis  therefore  increases  the  significance  of  the  results  with  regard  to  the 
competition of heating and CHP production. This article  contributes by assessing  the effect of  several 
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energy policy  instruments on the deployment of new bioenergy technologies applying a spatial explicit 
energy system model. Especially BIGCC and BECS are significant technologies for reducing CO2 emissions 
in the future. 

The  article  is  structured  as  follows:  section  2  introduces  the model  and  the  data,  the  technologies 
included  in  the  assessment  and  the  policy  scenarios.  Section  3  presents  the  results  including  costs, 
emission  reductions,  and  fossil  fuel  substitution  of  seven  policy  instrument  scenarios.  Section  4 
summarizes the article with a discussion of the results and major conclusions. Details on biomass supply 
and district heating modeling can be found in Appendix A and Appendix B.  

2. Methodology 

2.1. A technoeconomic spatially explicit model 
We  apply  a  spatially  explicit,  techno‐economic  mixed  integer  program  (MIP)  to  assess  the  cost‐
effectiveness of different policy instruments in attaining policy objectives. The model minimizes the costs 
of supplying a defined area (e.g. region or country) with transportation fuels, heat and electricity from 
either  bioenergy  or  fossil  fuels.  It  is  static  and  simulates  one  year  of  operation with  several  heating 
demand seasons. Our model considers domestic biomass supply and energy demand in Austria and does 
not currently allow imports and exports of biomass or bioenergy commodities. The model decides which 
(i.e.  pellet, methanol,  BIGCC  or  BECS)  and where  bioenergy  plants  shall  be  built  and which  demand 
regions  are  supplied  with  bioenergy  and/or  with  fossil  fuels.  Each  plant  produces  various  energy 
commodities (Figure 1). They can replace fossil fuels  in the private heating, the power generation, and 
the  transportation  sector.  By  assumption,  pellets  are  burnt  in  furnaces  of  households,  power  is 
transmitted  to  the national  grid,  surplus heat  is delivered  to district heating networks  and methanol 
replaces gasoline  for  transportation purposes. The objective  function  is minimized and consists of  the 
costs  of  biomass  supply  (see  Appendix  A),  biomass  transportation,  plant  investment,  district  heating 
infrastructure,  investments  in  pellet  furnaces,  carbon  capture  and  storage  (CCS),  and  commodity 
transportation  (i.e.  pellets,  transportation  fuels)  to  consumers.  Biomass  supply  curves  determine  the 
costs of woody feedstocks that are regionally available, while prices of fossil fuels are given exogenously. 
Demands  for  energy  commodities  are  assumed  to  be  constant.  The  model  assesses  the  relative 
effectiveness of policy instruments within the bioenergy sector and with respect to attaining two policy 
objectives  i.e.  reducing CO2  emissions  and  substituting  fossil  fuels without  considering  additional  low 
carbon technologies outside of the sector. We assess energy supply system costs associated with a shift 
from  fossil  fuels  to  bioenergy  while  transaction  costs  induced  by  the  policy  instruments  are  not 
considered in the analysis. Taxes currently applied to both fossil and bioenergy fuels are not included in 
the model as well. Table 2 reports the specific settings of model parameters.  

2.2. Biomass conversion technologies 
Fossil  fuel  consumption  occurs  mainly  in  three  sectors:  private  heating,  power  generation,  and 
transportation.  In each sector, at  least one conversion technology  is chosen depending on the techno‐
economic performance in comparison to other bioenergy technologies available in the same sector. We 
have  chosen  pellet  heating  furnaces  as  technological  option  in  the  private  heating  sector.  The 
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combustion  of  pellets  in  furnaces  to  heat  dwellings  is  highly  effective  in  comparison  to  other wood 
heating technologies such as  log furnaces (Ammann et al., 2009). Pellets are also convenient to handle 
for  the user due  to  their high energy density and  low  storage  space  requirements  (Gustavsson et al., 
2005). Bioenergy‐combine plants integrate pellet production with CHP production (Wahlund et al., 2002) 
and are  regarded as production  technology  in  the model. Biomass  integrated  combined  cycle  (BIGCC) 
plants  produce  power more  efficiently  than  currently  employed  steam  engines  (Dornburg  and  Faaij, 
2001; Marbe  et  al.,  2004).  They  are  therefore  chosen  as  technological  option  in  the  power  sector. 
Bioenergy with  carbon  capture  and  storage  (BECS)  is  an  emerging  technology  and  one  of  the  view 
options that allows achieving negative CO2‐emissions (Kraxner et al., 2003), which may be necessary to 
manage  climate  risk  effectively  (Obersteiner  et  al.,  2001).  BIGCC  with  CCS  is  therefore  included  as 
additional  technological  option  in  the  assessment.  In  the  transportation  sector,  so  called  second 
generation technologies allow converting forest biomass into fuels, which are currently not commercially 
viable. Nevertheless, various fuels such as ethanol, Fischer Tropsch (FT) diesel, DME or methanol can be 
produced by such  technologies  (Fatih Demirbas, 2009). Gasification of biomass  is estimated  to be  the 
most  competitive  second  generation  technology  (Semelsberger  et  al.,  2006)  and  allows producing  FT 
diesel,  DME  and methanol  (Bram  et  al.,  2009).  Among  these  biomass  conversion  technologies,  the 
methanol production process has been identified as the least cost option for CO2 reductions (Faaij, 2006; 
Wahlund  et  al.,  2004).  Methanol  production  is  therefore  chosen  as  conversion  technology  for  the 
transportation sector in this analysis. 

2.3. CO2 emissions and reference technologies 
We assume that forest wood production is organized in a CO2 neutral way,  i.e. that forests sequestrate 
the CO2  released by burning of previously harvested biomass.  This  assumption  is  consistent with  the 
current  version  of  the  UNFCC  reporting  guidelines  for  the  Kyoto  Protocol  that  assumes  that woody 
biomass use in energy applications is CO2 emission neutral (UNFCCC, 2006). Transportation of biomass 

 
Figure 1: Diagram of the mixed integer programming model. 
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Table 1: Main model parameters. 

Parameter name  Unit  Value Sources 

Investments Costs Plants (100 MW Size)     
BIGCC  Million €  66.42  (Dornburg and Faaij, 2001; Marbe et al., 2004; Uddin 

and Barreto, 2007) 
BECSa  Million €  7.82  (Azar et al., 2006; Rhodes and Ketih, 2005; Uddin and 

Barreto, 2007) 
Methanol  Million €  97.33  (Hamelinck and Faaij, 2001)

Pelletsb  Million €  10.00  (Polagye et al., 2007; Thek and Obernberger, 2004)

Variable Production Costsc   
BIGCC  € MWhbiomass

‐1  4.14  (Dornburg and Faaij, 2001; Marbe et al., 2004; Uddin 
and Barreto, 2007) 

BECSd  € MWhbiomass
‐1  4.14  (Dornburg and Faaij, 2001; Marbe et al., 2004; Uddin 

and Barreto, 2007) 
Methanol  € MWhbiomass

‐1  2.09  (Hamelinck and Faaij, 2001)

Pellets  € MWhbiomass
‐1  1.77  (Polagye et al., 2007; Thek and Obernberger, 2004)

Efficiency   
Commodity  Plant Type 
Power  BIGCC    0.39  (Dornburg and Faaij, 2001; Marbe et al., 2004; Uddin 

and Barreto, 2007) 
BECS    0.29  (Azar et al., 2006; Rhodes and Ketih, 2005; Uddin and 

Barreto, 2007) 
Pellets    0.05  (Polagye et al., 2007; Thek and Obernberger, 2004)

Heat  BIGCC    0.45  (Dornburg and Faaij, 2001; Marbe et al., 2004; Uddin 
and Barreto, 2007) 

BECS    0.44  (Azar et al., 2006; Rhodes and Ketih, 2005; Uddin and 
Barreto, 2007) 

Methanol   0.08  (Leduc et al., 2009a; Leduc et al., 2008)

Pellets    0.03  (Polagye et al., 2007; Thek and Obernberger, 2004)

Methanol  Methanol   0.57  (Hamelinck and Faaij, 2001)

Pellets  Pellets    0.82  (Polagye et al., 2007; Thek and Obernberger, 2004)

Other Parameters     
Costs CCS  € tCO2

‐1  27.34  (Azar et al., 2006; Rhodes and Ketih, 2005; Uddin and 
Barreto, 2007) 

Transportation Costs  €  MWhbiomass 
‐1 

km‐1 
0.04  (Gronalt and Rauch, 2007; Leduc et al., 2008)

Local Heating Costs  € MWhheat
‐1  80.00  (Schmidt et al., 2009b; Styles and Jones, 2007)

Emission Savings BECS  tCO2 

MWhbiomass
‐1 

0.30  (Azar et al., 2006; Rhodes and Ketih, 2005; Uddin and 
Barreto, 2007) 

Biomass Elasticity 
Small Property 
Large Property 
State Owned 

 
0.40 
0.50 
0.70 

(Schwarzbauer, 1997)

 
aadditional  to  standard  CHP  costs,  bwithout  CHP  unit,  cnot  including  biomass  costs,  dwithout  carbon 
capture and storage 
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from the supply sites to the bioenergy plants produces CO2 emissions which are  included  in the model. 
The model tracks CO2 emissions from biomass transportation as well as CO2 emissions produced by fossil 
fuels. Negative emission  factors are applied to BECS  to consider the effect of CCS. The choice of  fossil 
reference technologies influences model results significantly. Emission reductions achieved by bioenergy 
technologies  as  well  as  the  economic  competitiveness  depend  on  the  reference  technologies.  We 
assume  that  bioenergy  replaces  fossil  fuels which  are  currently  (year  2009)  in  use  in Austria. Model 
results refer CO2 emission reductions and costs to a baseline scenario that comprises current fossil fuel 
consumption. BIGCC and BECS are, unlike other  renewable energy  technologies, able  to produce base 
and  peak  load  power  similar  to  thermal  power  plants  based  on  fossil  fuels.  In  the  model,  power 
production therefore competes with the mix of fossil fuels currently consumed  in power production  in 
Austria. Methanol is blended with gasoline for utilization in transportation sector (Leduc et al., 2008) and 
is therefore regarded as direct substitute of gasoline. Wood pellet boilers most likely replace heating oil 
boilers because they are similar in operation and both need fuel storage space (Gustavsson et al., 2005). 
District  heating  replaces  the mix  of  fuels  that was  previously  consumed  by  local  furnaces within  the 
dwellings.  The  CO2  emission  factor  of  the  heating  fuel mix  is  determined  by weighting  CO2  emission 
factors of single fuels with the amount of the fuel currently consumed  in the settlement. CO2 emission 
reductions for the different bioenergy technologies with regard to the reference technologies and costs 
of reference technologies can be found in Table 1 and Table 2. 

Table 2: Emissions and costs of the reference technologies based on fossil fuels. 

Bioenergy 
Product 

Fossil  Reference 
Technology 

Emissions  of 
Reference 
Technology 
(tCO2 MWh‐1) 

Costs of Reference Technology determined by 

Pellets  Heating oil furnaces  0.28  Fuel  costs  determined  by  heating  oil  price  on 
international stock markets (Energy Information 
Administration,  2009).  Investment  costs  for 
pellet furnaces are estimated to be higher than 
those of oil furnaces by 345€ kW‐1. 

Power  Fossil  fuel  mix  in 
Austrian  power 
production.  
Average 2003‐2007:  

‐ 40% Coal 
‐ 8% Oil 
‐ 52% Gas 

 

0.57  Power  Price  at  European  Energy  Exchange 
(European Energy Exchange, 2009). 

District 
Heating 

Heat  produced  in 
current  local  furnaces 
(Fuel  mix  in 
settlement) 

0.10‐0.35  
(depending  on 
settlement) 

Heat prices  charged by district heating utilities 
as indicator for local heating costs 
(Rolfsman  and  Guastafsson,  2002;  Schmidt  et 
al., 2009b; Sjödin and Henning, 2004). 

Methanol  Gasoline  0.26  Gasoline  price  on  international  stock  markets 
(Energy Information Administration, 2009). 
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2.4. Energy demand 
Heating  demand  is  estimated  spatially  explicit  with  a  bottom  up  model  that  combines  average 
consumption  values with  private  dwelling  areas  and with  the  number  of  employees  for  commercial 
buildings and industrial applications. The bottom up model is validated with national consumption values 
for heating  fuels. Heating demand  is estimated  in cells of 1 km2 size. The costs of  the district heating 
infrastructure are determined by applying an exponential cost  function that depends on heat demand 
density.  Cells  where  the  costs  for  district  heating  infrastructure  are  higher  than  the  costs  of  the 
competing  fossil  heating  technology  are  excluded  in  the  optimization model.  Therefore,  the model 
complexity can be reduced without loosing accuracy of results, because cells where the district heating 
infrastructure alone is more costly than total heat generation costs of competing technologies will not be 
selected  in our scenario analyses. The demand  for heat  in non‐district heating areas  is determined by 
dwellings that are currently heated by oil boilers. Pellets use is restricted to those buildings (Gustavsson 
et al., 2005). A detailed description of the heating demand model can be found in (Schmidt et al., 2009b). 
Transportation fuel consumption is estimated based on the spatial distribution of the population, which 
is combined with the average gasoline consumption per capita in the year 2006 (Statistik Austria, 2007). 

2.5. Optimization model 
A MIP model, that builds on previous work published  in (Leduc, 2009; Leduc et al., 2009a; Leduc et al., 
2009b; Leduc et al., 2009c; Leduc et al., 2008; Leduc et al., 2009d; Schmidt et al., 2009a, 2009b) is used 
to minimize  the costs  for  supplying demand  regions  (index k) with different  forms of energy products 
(index d) from either biomass plants or fossil fuels. Biomass is transported from supply regions (index i) 
to possible plant locations (index j) where different conversion technologies (index l) may be employed 
to  produce  different  commodities  (index  c).  Ethanol,  methanol  and  pellets  are  transported  to  the 
demand regions by truck. Power is directly distributed to the power grid, while heat  is delivered to the 
settlements (index h) using pipelines of different sizes (index ps). District heating networks of different 
sizes (index ns) have to be built in the settlements to allow heat distribution. Bioenergy competes with 
fossil fuels (index  f ). Figure 2 shows the overall scheme of the model. It is static and models one year of 

operation. All  investment costs are annualized assuming an  interest rate of 10% and 25 years of econ‐
omical lifetime. Heating seasons (index  t ) are used to differentiate between seasonal heating demands. 

The total costs in the objective function  ( )b,z,q,uf  are minimized: 
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B BThe different summands in the objective function represent: 

1. Biomass supply costs as described in Appendix A.  

2. biomass  transportation  costs  (parameter  , ,
transb
i j lc ), bioenergy production  costs  (parameter  ,

prod
j lc ) 

and  carbon  capture  and  storage  costs  (parameter  ccsc   times  the  amount  of  CO2  emissions 

captured by unit of biomass  ccs
le ) times the amount of biomass (variable  , ,bi j l ). 

3. Annualized  costs  of  plant  investments  (parameter  ,
plant
j lc )  times  the  binary  variable  for  plant 

selection ( ,u plant
j l ).  

4. Costs  for  transporting  energy  commodities  to  demand  regions  (parameter  , ,
transc
j k cc )  plus 

investment costs (parameter  inv
cc ) times the amount of commodities  (variable  , ,zbio

j k c ). Costs for 

power  transportation  and  investment  are  zero  as  it  is  assumed  that  the  power  can  be  sold 
directly to the power grid. For ethanol, methanol and pellets, transportation costs from plants to 

demand regions by truck are considered. Investment costs  inv
cc  are zero for biofuels, because no 

additional investments are necessary to operate cars with ethanol or methanol. For pellets, the 
investment costs represent the average difference between a pellets boiler and an oil boiler per 
unit of useful energy produced. 

5. Costs for fossil fuels (parameter  l
f
fossic ) times the amount of fossil fuels used in a demand region 

(variable  ,z fossil
k f ).  

6. Annualized costs of building a pipeline from the plant to the settlement (parameter  , ,
pipe
j h psc ) times 

the binary variable for pipeline selection ( , ,u pipe
j h ps ). 

7. Annualized  costs  for  installing  a  district  heating  network  in  the  settlement  (parameter  ,
dnet
h nsc ) 

times the binary variable for district heating network selection ( ,u dnet
h ns ). 

8. Costs  for producing peak heat  (parameter  peak
tc )  for district heating  times  the amount of peak 

heat (variable  ,q peak
h t ) produced. 

9. Costs  for producing  local heat  including  investment and  fuel costs  (parameter  local
tc )  times  the 

amount of local heat (variable  ,
local
h tq ) produced. 

10. Total CO2 emissions  ( totem ) which consist of:  (i) CO2 emissions of biomass  transportation  (CO2 

emission factor  ,
trans
i je ), (ii) CO2 emissions of commodity transportation (CO2 emission factor  , ,

trans
j k ce ), 

(iii) CO2 emissions of  fossil energy production  (CO2 emission  factor  l
f
fossie ),  (iv) CO2 emissions of 

local heating systems (CO2 emission factor  local
he ), (v) CO2 emissions of peak heat production (CO2 
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emission  factor  ,
peak
h te ),  and  (vi)  CO2  emission  savings  by  BECS  in  bioenergy  production  (CO2 

emission  factor  ccs
le ).  Total CO2  emissions  ( totem )  are multiplied by  the CO2 price  (parameter 

emc ). Binary parameters  stx and  f
ftx   control  if  all  fossil  fuels or only part of  the  fossil  fuels  is 

taxed by a specific policy instrument. 

The  objective  function  in  equation  (1)  is  minimized  subject  to  the  following  constraints.  Biomass 

utilization (variable  , ,bi j l ) in the plants is restricted by  

( )
1

*
, , ,

,,

*
, ,b ,ou u i o ui o

o
j

u
i l

j l

q q q bε≤ ∑∑  
(3) 

as described in detail in Appendix A. The convexity condition necessary for the linearization of the supply 
curve is guaranteed by: 

, ,0 1.i o u
u

b≤ ≤∑   (4) 

The plant size constraints production by 

,

_

, , ,b u ,plant
j li j l j l

i

b≤∑  
(5) 

where  parameter  ,

_

j lb   is  the  production  capacity  of  plant  j   using  technology  l .  The  commodity 

production (variable  ,zbio
j c ) is determined by the biomass input and conversion efficiency (parameter  , ,

conv
j l cη ) 

shown in the following equation: 

, , , , ,
,

b z .conv bio
j l c i j l j c

i l

η =∑   (6) 

District heat production is modeled with variable  qbio
j  because it is distributed differently than the other 

commodities:  

, , ,
,

b q ,heat bio
j l i j l j

i l

η =∑   (7) 

where  ,
heat
j lη   is  the  conversion efficiency  for heat. Distribution of  commodities  to demand  regions  k  is 

restricted by 

, , ,z z ,bio bio
j k c j c

k

≤∑   (8) 

where  variable  , ,zbio
j k c   denotes  the  amount  of  a  commodity  c transported  from  plant  location  j   to 

demand region  k . 
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Energy  demands  (parameter  ,k dd )  are  satisfied  by  different  commodities  from  bioenergy  production 

(variable  , ,
bio
j k cz ) and by fossil fuels (variable  ,z fossil

k f ): 

, , , , , ,
,

z z .bio bio fossil fossil
c d j k c f d k f k d

j c f

dη η+ =∑ ∑   (9) 

In the equation, parameter  ,
bio
c dη  ( ,

fossil
f dη ) describes the efficiency of converting bioenergy commodities (a 

fossil fuel) to forms of useful energy.  

The policy instruments are implemented in the following way: the price of carbon emissions is controlled 

by  the value of  emc . The binary parameters  stx and  f
ftx  control which CO2 emissions are  taxed by  the 

particular policy  instrument. Feed‐in  tariffs are modeled by  setting  the  fossil power price  l
f
fossic   to  the 

level  of  the  tariff.  The  investment  costs  for  pellet  furnaces  inv
cc are  decreased  in  the  pellet  subsidy 

scenario. The compliance with biofuel blending obligations is guaranteed by 

, , ,
bio blend
j c c d k d

j k
z f d≥∑ ∑   (10) 

where  ,
blend

c df is the mandatory share of a bioenergy commodity in total useful energy demand. The part of 

the model handling the usage of surplus heat for district heating and the district heating  infrastructure 
can be found in Appendix B.  

The MIP is finally defined as: 

( )min b, ,q, uf z⎡ ⎤⎣ ⎦  

. .s t  

( ) (10), ( .1)3 ( .5)B B− −  

, , , , , , , , , , ,0 b , z , z , z , q ,q ,q ,qbio bio fossil bio peak dh local
i j l j c j k c k f j h t j h ps t h t≤  

{ }, , , ,u , u , u 0,1 .dnet pipe plant
h ns j h ps j l ∈  

(11) 

 

2.6. Policy scenarios 
We  assess  the  cost‐effectiveness  of  five  energy  policy  instruments  with  respect  to  reducing  CO2 
emissions and substituting fossil fuels at least costs. Table 3 reports the levels of the policy instruments 
considered  in the analysis. The baseline scenario (BA) does not contain any policy  intervention. The TX 
policy  scenario  taxes  CO2  emissions  of  all  fossil  fuels,  including  private  heating. With  respect  to  CO2 
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emission  reduction  costs,  a  carbon  tax  and  a CO2 emission  trading  scheme  that  covers  all  fossil  fuels 
theoretically produce the same reduction costs if the same price is assigned to CO2 emissions in the two 
schemes. The model treats both  instruments equally. The results of the TX scenario are therefore also 
applicable to a CO2 emission trading scheme for all fossil fuels. A further discussion of carbon tax versus 
CO2 emission trading schemes can be found in Pope and Owen (2009). The EU ETS is modeled in the TS 
scenario where the application of a carbon price  is  limited to the industrial power and heat production 
only. Trading of allowances in the EU ETS is not modeled explicitly, instead a constant certificate price is 
assumed. Investment subsidies are guaranteed to pellet furnaces in the PF scenario. Feed‐in tariffs that 
guarantee fixed levels of power prices are modeled in the FT scenario. In the BF scenario, fixed shares of 
biofuel  in  transportation  fuel consumption are  imposed. The  technological development, security, and 
the ecological effects of carbon storage remain unsecure (Holloway, 1997; Thistle et al., 2006; van der 
Zwaan  and Gerlagh, 2009). Therefore, TX  and TS  are  assessed with  and without BECS,  the  respective 
scenarios are called TXn and TSn. BECS is not relevant in the assessment of the other policy instruments, 
because none of them selects BECS as conversion technology. Costs, CO2 emission reductions, and fossil 
fuel substitutions in the scenarios are compared to a fossil fuel baseline as outlined in section 2.3.  

3. Results 

3.1. Costs, emission reductions and fossil fuel substitution 
Total CO2 emission  reductions,  fossil  fuel substitution, and biomass utilization  for all policy  instrument 
scenarios  are  presented  in  Figure  2  and  Figure  3.  The  figures  also  show  the  selected  conversion 
technologies for each policy instrument scenario. Technologies chosen in the baseline scenario (BA), 

Table 3: Levels of policy instruments considered in the model. 

Policy 
Instrument 

Description  Range  Increment 

TX  Tax on CO2 emissions of all fossil fuels   2 € tCO2
‐1 to 150 € tCO2

‐1  2 € tCO2
‐1 

TS  CO2 emission  trading  scheme  in  industrial 
power and heat production 

2 € tCO2
‐1 to 150 € tCO2

‐1  2 € tCO2
‐1 

TXn  Tax  on  CO2  emissions  of  all  fossil  fuels, 
BECS is not allowed 

2 € tCO2
‐1 to 150 € tCO2

‐1  2 € tCO2
‐1 

TSn  CO2 emission  trading  scheme  in  industrial 
power  and  heat  production,  BECS  is  not 
allowed 

2 € tCO2
‐1 to 150 € tCO2

‐1  2 € tCO2
‐1 

PF  Subsidies to pellet furnaces  23 € KW‐1 to 968 € KW‐1  22.5 € KW‐1 
FT  Feed‐in  tariffs  for  biomass  power 

production 
70 € MWh‐1 to 270 € MWh‐1  2 € MWh ‐1 

BF  Biofuel shares imposed  0.20 % to 12.00 %  0.20% 
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Figure 2: CO2 emission savings, fossil fuel substitution, biomass usage and technological mix in the CO2 price scenarios. 

which  is  shown  as  first  point  in  every  figure,  are  no‐regret  options,  i.e.  they  are  cheaper  than  the 
scenario that only applies fossil fuels. In the BA scenario, 1.80 MtCO2 y

‐1 are reduced with average costs 
of ‐26 € tCO2

‐1. Only pellet production is competitive when no energy policy instrument is implemented. 
In a CO2  tax  system  (TX), pellet production  is  increased at  low CO2 prices and BECS  substitutes pellet 
production  if  the  CO2  price  rises  above  92  €  tCO2

‐1.  The  additional  BECS  plants  cause  an  increase  in 
biomass  harvests  and  subsequently  an  increase  in  domestic marginal  biomass  costs.  The  increased 
feedstock  costs  render  pellet  production  unprofitable.  The  amount  of  fossil  fuels  saved  per  unit  of 
biomass declines when the share of BECS grows in the technological portfolio. The lower conversion 
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Figure 3: CO2 emission savings, fossil fuel substitution, biomass usage and technological mix in the additional policy 
instrument scenarios. 

efficiencies  of  BECS  in  comparison  to  pellet  production  cause  the  decreasing  rate  of  fossil  fuel 
substitution. In the CO2 emission trading scheme scenario (TS), CO2 is only priced in the industrial power 
and heat production  sector. BIGCC  replaces pellet production  at  low CO2  prices, while BECS  replaces 
BIGCC at CO2 prices above 60 € tCO2

‐1. The rate of fossil fuel substituted per unit of biomass declines. The 
share of unused surplus heat increases due to restrictions in district heating demand. In the carbon tax 
scenario  that does not allow BECS  (TXn), pellet production  is  the main  technological option. However, 
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demand for pellets is constrained by the amount of heating oil that can be replaced by pellets. At a CO2 
price of 140 € tCO2

‐1  pellet production substitutes the total demand for heating oil and BIGCC is used as 
additional  option  to  reduce  CO2  emissions.  In  the  CO2  emission  trading  scenario without BECS  (TSn), 
pellet production  is gradually substituted by BIGCC production. The rate of biomass utilization to fossil 
fuel substitution declines with increasing shares of BIGCC. In the low cost area, emission reductions and 
fossil fuel substitutions are cost‐effectively achieved  in the pellet policy (PF). The pellet policy scenario 
has,  however,  an  upper  limit  because  of  demand  limitations.  All  Austrian  single‐dwelling  heating  oil 
boilers  are  replaced by  pellet boilers  at  an  investment  subsidy  level of  967.5  €  kW‐1. BIGCC  replaces 
pellet production in the feed‐in tariff scenario (FT) causing a declining rate of fossil fuel substitution per 
unit of biomass. It can also be observed that the rate of heat used for district heating purposes declines, 
i.e. heat is wasted because there are not sufficient settlements that can be used as heat sink. Increasing 
the  bioenergy  utilization  by  imposing  a mandatory  blend  of  biofuels  with  fossil  gasoline  (BF)  is  an 
expensive and an  ineffective option to mitigating climate change and substituting  fossil  fuels. Emission 
reductions and fossil fuel substitution in comparison to the baseline scenario are negative for low biofuel 
blends  and only positive when biofuel  legislation  imposes blends of  gasoline  that  contain more  than 
9.2% of biofuel. 

3.2. Costeffective policy instrument comparisons 
Cost‐effectiveness policy  instruments  in  reducing  emissions  and  substituting  fossil  fuels  are  shown  in 
Figure 4. The graph shows that BF causes a decline in CO2 emission reductions and fossil fuels substituted 
in comparison to the baseline scenario. The feed‐in tariff (FT) rates second worst with regard to emission 
reductions but is better than the CO2 emission trading scheme (TS) in substituting fossil fuels. The graph 
shows similarities between the FT scenario and the TS scenario for low carbon prices. In TS, BIGCC – the 
exclusive technological option in FT – is chosen as mitigation option at low CO2 prices. At higher prices, 
BECS  is  viable  in  the  TS  scenario  and  therefore  the  effects  of  FT  and  TS  start  to  diverge.  It  can  be 
observed  that  the FT  scenario and  the TSn scenario behave  identically because BIGCC  is  the exclusive 
technology  at  all  levels  for  both policy  instruments.  Scenarios  TX,  TXn  and  PF  are  similar  at  low  CO2 

prices, because pellets are the cheapest option in the three scenarios. Therefore identical technological 
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Figure 4: CO2 emission reductions (left) and fossil fuels substituted (middle) in relation to costs as well as CO2 emission 
reductions in relation to fossil fuels substitution (right). 
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choices are made. However, when BECS is introduced in the TX scenario and BIGCC in the TXn scenario at 
higher CO2 prices  then the scenario effects diverge. The  fossil  fuel substitution declines significantly  in 
the  TX  scenario while  increases  in  fossil  fuel  substitution  remain  almost  constant  in  the  PF  and  TXn 
scenarios. CO2 emission reductions  in the TX scenario are highest of all policy  instruments. Considering 
the policy objectives with respect to cost‐effective fossil fuel substitution and CO2 emission reduction at 
minimal  costs,  a  comparison  of  the  policy  instruments  can  be  achieved  by  selecting  those  policy 
instruments  that  perform  better  than  any  other  instrument  in  one  of  the  three  aspects.  A  sorting 
algorithm yields that only TX, TXn and PF are effective with this regard.  

3.3. Wood supply and utilization 
Biomass utilization in the model can go up to 20 TWh y‐1. The biomass consumption is additional to the 
consumption observed currently which reaches 19 TWh (Hagauer et al., 2007; Lebensministerium, 2009). 
Marginal  biomass  costs  are  significantly  higher  at high utilization  levels  than  currently  observed.  The 
model  applied  in  Schmidt  et  al.  (2009b)  and  results  of  a  study  on  the  potentials  of  forest  wood 
production  (Schadauer, 2004) estimate  that  the maximum  sustainable  yield  (MSY) of  fuel wood  from 
Austrian  forests  is  around  38  TWh  y‐1  assuming  that  round wood  production  and  forest  land  cover 
remain constant at current  levels. Therefore, additional supply of around 19 TWh y‐1 of  forest wood  is 
available in a sustainable manner when the current consumption of 19 TWh is taken into account. At the 
MSY,  the marginal  costs  are  at  70  € MWh‐1,  compared  to  current  levels  of  14  € MWh‐1.  Although 
marginal costs of domestic  forest biomass supply  increase significantly, biomass  is still utilized at high 
policy instrument interventions as shown in Figure 2 and Figure 3.  

3.4. Sensitivity analysis on fossil fuel prices 
Previous sensitivity analysis of the model  (Schmidt et al., 2009a, 2009b) have shown that fossil energy 
prices have  the most  significant  influence on model  results. Uncertainties  in  the development of  the 
costs  and  efficiencies  of  the  technologies  are  less  important.  Instead  of  conducting  a  full  sensitivity 
analysis  on  all  model  parameters,  we  only  analyze  the  cost‐effectiveness  performance  of  policy 
instruments at changing price levels of fossil fuels. The main focus of the analysis is to determine if the 
effectiveness of the instruments with regard to the two policy objectives ‐ CO2 emission reductions and 
fossil fuel substitution ‐ when different fossil fuel price levels exist. All policy instrument scenarios have 
been run with a high and a  low  fossil  fuel price  level additionally to the standard price scenario  in the 
previous analysis (see Table 4). Annual energy prices from 2004 to 2008 serve as data source for the high 
and low price scenarios (Energy Information Administration, 2009; European Energy Exchange, 2009). 

Scenario  Power 
(€ MWh‐1) 

Heating Oil 
(€ MWh‐1) 

Gasoline 
(€ MWh‐1) 

Standard  52  44  39 
Low  31  28  32 
High  66  52  44 
 

Table 4: Energy prices used in the sensitivity analysis. 
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Figure 5:  Costs, CO2 emissions, and fossil fuel substitution in a low (above) and high price scenario (below). 

Figure  5  shows  the  results  of  the model  analysis. At  low  fossil  fuel  prices,  there  are  none  no‐regret 
options.  At  high  fossil  fuel  prices,  2.52 MtCO2  y

‐1  of  CO2  emissions  are  reduced  without  any  policy 
intervention. In the TX scenario, the total costs of CO2 emission reductions are negative up to a level of 
3.87 MtCO2 y

‐1. In the average price scenario, this point is reached at 3.08 MtCO2 y
‐1. The effectiveness of 

the policy  instruments does not change neither  in the  low nor  in the high scenario,  i.e. TX, TXn and PF 
remain the policy instruments that achieve emission reductions and fossil fuel substitution at least costs. 
However, absolute system costs differ significantly between the scenarios. 

4. Discussion and conclusions 

Model  results  show  clearly  that  the  biofuel  blending  obligation  introduced  in Austria  in  2003  is  very 
expensive  and  ineffective  in  achieving  the  policy  objectives  considering  second  generation  biofuels, 
which are considered more energy efficient than first generation fuels from agricultural crops. Fossil fuel 
substitution  and  CO2  emission  reductions  are  both  not  effectively  attained with  the  current  biofuel 
blending obligation policy instrument. Carbon taxes on all energy sectors are the most cost‐effective way 
of  reducing  CO2  emissions.  CO2  emission  reductions  are  much  bigger  than  fossil  fuel  substitution. 
However, the trade‐off between CO2 emission reductions and fossil fuel substitution is only relevant for 
high carbon prices when BECS is introduced. Subsidies for pellet heaters have a comparable performance 
to a carbon tax. The total performance potentials of this policy  instrument are  limited due to demand 
restrictions in the heating sector. A CO2 trading scheme in the industry sector causes a removal of pellet 
production from the technological portfolio because the private households have no incentive to switch 
heating systems in such a scheme. CO2 emission savings and fossil fuel substitution are therefore smaller 
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than in the tax scenario where all fossil fuels are priced according to their carbon content. If BECS does 
not become available within the next years, a tax on all fossil fuels is still the most cost‐effective way of 
reducing CO2 emissions. Total CO2 emission reduction potentials are significantly  lower than with BECS, 
but fossil fuel substitution is higher. Feed‐in tariffs and a CO2 emission trading scheme show, when BECS 
is not allowed,  same  costs and  reduction potentials and both are not  cost‐effective  compared  to  the 
other policy instruments. All of the modeled policy instruments, besides the carbon tax on all fossil fuels, 
are currently in place in Austria.  

Several  reasons may  explain why  current  instruments  are  implemented  although  they  are  not  cost‐
effective  in reaching energy policy goals. The most common reason  is that other policy objectives shall 
be attained as well. For instance, technology specific policy instruments like feed‐in tariffs perform badly 
with respect to our policy objectives, but may be necessary to trigger future technological developments 
(Sandén  and  Azar,  2005).  Biofuel  blending  obligations  are  considered  measures  for  rural  economic 
development  despite  being  costly  (Berndes  and  Hansson,  2007;  Lehrer).  Nevertheless,  rural 
development goals can be more efficiently combined with energy policy goals  if biomass resources are 
directed to other conversion chains than transportation fuel production,  i.e. heat or power production. 
National statistics confirm the recent trend to biomass based heat and power production, resulting from 
policy  interventions  in  the sector:  the number of dwellings heated by biomass  increased by 13%  from 
2003/2004 to 2007/2008, which has  resulted  in an estimated  increase of around 2 TWhbiomass  (Statistik 
Austria,  2009).  Furthermore,  biomass  based  power  production  has  increased  by  about  1  TWh  in  the 
same period (E‐Control, 2009).  

Our model results also confirm other  research  findings. Fuel production  is rated worst with respect to 
cost‐effectiveness and CO2 emission offsets (Grahn et al., 2007; Wahlund et al., 2004). All results depend 
on  our  assumed  CO2  emission  baseline.  Outside  of  the  bioenergy  sector,  various  new  CO2  emission 
reduction technologies like photovoltaic and wind for the power sector, insulation and solar heating for 
the heating sector, and electric vehicles  in  the  transportation sector are emerging. Assuming different 
baseline CO2 emissions in the bioenergy scenarios – e.g. a power sector with low fossil fuel consumption 
–  changes  the  relative  techno‐economic  efficiency  of  bioenergy  technologies  and  therefore  also  the 
relative  cost‐effectiveness  of  policy  instruments. While  it  does  not matter  in  the  assessment  of  the 
technology specific instruments – i.e. the biofuel blending obligations, the pellet subsidy and the feed‐in 
tariffs  ‐  including additional  low carbon technologies  in  the model have significant  influence on model 
results in the CO2 price scenarios. The low supply elasticities of forest wood, particularly for small forest 
owners,  indicate that additional supply will be costly to mobilize although maximum sustainable yields 
are  currently not attained. Total bioenergy  systems  costs mainly depend on  costs of additional wood 
harvests.  Incentives  to  stimulate  forest  biomass  harvests  are  necessary  such  as  fostering  harvesting 
cooperation and other logistic efforts.  
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Appendix 

A. Biomass supply 

In previous versions of the model  (Schmidt et al., 2009a, 2009b) we assumed constant biomass prices 
and  fixed  limitations on  resource availability which were  indicated by  the maximum sustainable  forest 
yields (MSY). We extended the model in this article by introducing an inverse biomass supply curve using 
a constant elasticity function  

 
1

p Cq ε=  (A.1) 

where  p  is the price,  q is the quantity, C  is a constant and  ε is the supply elasticity. To determine C , a 

given relation of price and quantity is used, i.e. 

 1
pC

qε

=  (A.2) 

where  p  is an observed price and  q the corresponding quantity in the reference period. Thus, Equation 

A.2 can be expressed as 

 

1

q
p p

q
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The integral  

 
*

1 1
* *

*

0 1

q q qA p dq q p
q q

ε ε ε
ε

⎛ ⎞ ⎛ ⎞
= =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ +⎝ ⎠ ⎝ ⎠
∫  (A.4) 

yields the area  A  under the supply curve and thus the biomass supply costs when biomass amount  *q  is 

produced.  

Schwarzbauer  (1997) estimates different  supply elasticities  oε   for different  types of  forest ownership 

(index  o ). Supply elasticities of private owners of small forests are estimated to be  lower (around 0.4) 
than  those  of  private  owners  of  large  forests  (around  0.5),  both  are,  however,  inelastic.  The  supply 
elasticities of state managed forests are even higher (around 0.7). Therefore, the model  includes three 
different biomass supply curves with the respective elasticities  found  in Schwarzbauer  (1997). Data on 
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observed quantities  ,s oq  by ownership are available on the level of federal states (index  s ), while price  p  

is a single national value because local price variations are not reported  (Lebensministerium, 2009). We 
expect them to be of minor magnitude and account for transportation costs explicitly  in the model. To 
further  refine  the  spatial  resolution of  the biomass  supply, we use  spatially  explicit estimates on  the 
MSY. Details on the modeling of MSY can be  found  in Schmidt et al.  (2009b). Denoting the MSY of an 

ownership  (index  o )  in  one  supply  cell  (index  i )  with  ,i ob ,  observed  quantity  ,i oq   for  that  cell  is 

determined by 

 ,
, ,

,

i o
i o s o

s o

bq q
b

=  (A.5) 

i.e. by simply multiplying the total observed value  ,s oq  by the proportion of estimated MSY  ,i ob  and total 

MSY of that state and ownership  ,s ob .  

Equation  A.6  shows  a  transformation  of  Equation  A.4 where  supply  by  ownership  and  grid  cell  are 
included. The function is convex and can therefore be linearized by separable programming (Jensen and 
Bard, 2002) which is also shown in the equation:  
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where parameter  *
uq denotes the share of the observed amount of biomass that is produced, e.g. a value 

of 0.1 means that 10% of the amount of biomass observed in the reference period is supplied. Variable 

, ,i o ub   is a decision variable  involved  in  the separable programming and  u is  the  index of  the separable 

steps. The amount of biomass  , ,i j lb  in a supply cell available for bioenergy production (see model details 

in section 2.5) is limited by  

 ( )
1

* *
, , , ,, ,

, ,

oi j l u u i o ui o i o
j l o u

b q q q q bε+ ≤∑ ∑  (A.7) 

The observed amount of biomass  ,i oq  is added to the left side of equation A.7 because we assume that 

wood demand of existing consumers  remains stable. The  following convexity condition  is necessary  in 
separable programming: 

 , ,0 1.i o u
u

b≤ ≤∑  (A.8) 
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B. District heating model 

Heat production  limits  the amount of heat available  for district heating. The commodity production  is 
modeled  on  an  annual  time  period. However,  variations  in  heat  demand  in winter  and  summer  are 
considered in the model. Seasonal supply of heat in the plant is restricted by 

, , ,
,

q qdh bio
j h ps t t j

h ps

t≤ Δ∑ ,  (B.1) 

where parameter  ttΔ  denotes the relative length of a season. 

The production of heat has to meet the demand (parameter  ,
D
h tq ) in each period, which is guaranteed by 

, , , , , , , , , , ,
,

q q q .dh trans dh peak local local D
h t j h ps t j h ps t h t h t h t h t
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where parameter  , , ,
trans
j h ps tη denotes  the heat  losses  in  the pipe system  from  the plant  to  the settlement. 

Losses in the heat distribution network within the settlement are modeled by parameter  ,
dh
h tη . Parameter 

,
local
h tη  is introduced to describe conversion efficiencies of local heating systems. 

The  sum of heat produced by  the bioenergy plant  and by  the peak demand boiler has  to match  the 

district heating demand (parameter  , ,
D
h ns tq ) in settlement  h . This is modeled by 

, , , , , , , , , , ,
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The  existence  of  a  transportation  pipeline,  in  case  a  settlement  is  supplied  by  a  bioenergy  plant,  is 
ensured by  

, , , , ,,

_
q u ,

pipe
dh pipe
j h ps t j h psps tq≤  

(B.4) 

where parameter  ,

_ pipe

ps tq  denotes the capacity of the pipeline.  

Only one district heating network can be built in every settlement, which is ensured by 

,u 1.dnet
h ns

ns

≤∑   (B.5) 
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Abstract - Pellets for heating, combined heat and 
power (CHP) and methanol production plants are 
promising technologies for energy production from 
forest woods. The spatial distribution of bioenergy 
demands is one of the factors that determines effi-
cient plant locations. Locating bioenergy plants in 
rural areas can create employment and income oppor-
tunities for local communities. In this study, the de-
termination of optimal plant locations considering 
three alternative biomass conversion technologies 
and implications for rural development are analysed 
with respect to optimal plant locations. A spatially 
explicit optimization model, integrating a Monte Carlo 
simulation approach to account for model parameter 
uncertainty, is used to seek optimal locations of bio-
energy plants in Lower Austria. Model results indicate 
that pellets production is most appropriately located 
in rural areas, competitive to fossil fuels, and allows 
substituting the highest amount of fossil fuels when 
compared to methanol and CHP production.1 

 
INTRODUCTION  

Pellets for heating, combined heat and power (CHP) 
and second generation methanol production plants 
are promising technologies for energy production 
from woody feedstock. Besides offsetting green-
house gas emissions and increasing energy security 
through substitution of fossil fuels, bioenergy plants 
are also considered to contribute to rural develop-
ment (BERNDES und HANSSON, 2007). Different en-
ergy commodities can be produced with the plants. 
The spatial distribution of demands for these com-
modities is one of the factors that determines effi-
cient plant locations. Employment in the plants as 
well as in up-stream and down-stream industries can 
be significant (HILLRING, 2002). Consequently, locat-
ing bioenergy plants in biomass rich rural areas 
could be a measure to foster economic development. 
In this study, the optimal locations of bioenergy 
plants considering three biomass conversion tech-
nologies i.e. pellets, CHP and methanol production 
are assessed as well as their implications for rural 
development. The model is performed for the region 
Lower Austria including the city of Vienna. A clear 
characterization of rural and other areas is neces-
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sary to assign plant locations. The definition of rural 
areas according to Palme (1995) is used for this 
purpose. The distinction of regions is based on the 
primary economic activity in the district, differentiat-
ing between human capital intensive, physical capi-
tal intensive and rural regions.  
 

METHODS 
A spatially explicit optimization model (LEDUC et al., 
2008) is used to seek optimal locations of bioenergy 
plants in the region of Lower Austria. In the model, 
bioenergy plants are supplied by domestic forest 
wood. It is assumed that forests can be harvested 
up to the maximum sustainable yield. The spatial 
distribution of biomass supply as well as the spatial 
distribution of energy demand for transportation 
fuels and heat is taken into account. Investment 
costs for district heating networks which are neces-
sary to distribute surplus heat in the bioenergy pro-
duction and the distribution costs of pellets and 
methanol are considered as well. The plants com-
pete with fossil fuels. It is assumed that pellets can 
substitute heating oil in private buildings, district 
heating can substitute the heating fuels currently in 
use, power can substitute electricity generated in 
fossil plants and methanol can substitute fossil gaso-
line.  
 Many of the input parameters are uncertain be-
cause CHP gasification and methanol plants are 
currently not available on commercial level and costs 
are therefore estimates with high uncertainties. 
Additionally, prices of fossil fuels and CO2-emissions 
are highly volatile. Therefore, a Monte Carlo simula-
tion approach is applied to account for uncertainties 
(SCHMIDT et al., 2009). The optimal location of the 
plants is derived for each technology separately. 
Two different sizes (250 MW and 50 MW) are as-
sumed to show the effect of plant size on the opti-
mal locations and on the costs of bioenergy plants. 

Table 1. Model results by plant size and technology. 

Technology Parameter 

250 MW 

Plant 

50 MW 

Plant 

Methanol Plants in Rural Areas (%) 0 80 

 Costs (% of fossil) 128 150 

 Fossil Substitution (TWh) 0.57 0.57 

CHP Plants in Rural Areas (%) 0 9 

 Costs (% of fossil) 100 95 

 Fossil Substitution (TWh) 1.05 1.05 

Pellets Plants in Rural Areas (%) 33 50 

 Costs (% of fossil) 102 97 

 Fossil Substitution (TWh) 1.09 1.12 



 

The investment costs per production unit decrease 
with increasing plant sizes due to economies of 
scale. The model is setup in a way that at least 50% 
of the available biomass is used for bioenergy pro-
duction.  

 
RESULTS & DISCUSSION 

Optimal plant locations are reported in Figure 1. 
Table 1 lists the percentage of plants that are lo-
cated in rural areas, the production costs in com-
parison with fossil fuels and the amount of fossil 
fuels substituted for each technology and plant size. 
The means of the results of the Monte Carlo Simula-
tion are reported. Small methanol and small pellets 
plants are more likely to be found in rural areas than 
bigger plants and CHP plants. Both methanol and 
pellets plants produce less surplus heat than CHP 
plants. They therefore do not need to be located 
close to bigger cities where district heating networks 
can be built efficiently. The costs for distributing 
pellets and methanol to end consumers are not as 
relevant as biomass transportation costs, rural areas 
are therefore more suitable for these bioenergy 
systems. Smaller plants produce even less heat and 
are therefore more likely to be located close to the 
supply of feedstock than bigger plants. Methanol is 
not competitive to fossil fuels because investment 
costs are high for this technology and total conver-
sion efficiencies are low. Pellets plants as well as 
CHP plants of both sizes are, however, able to pro-
duce energy commodities at the costs of fossil fuels. 
For both technologies smaller plants are slightly 
cheaper because higher plant investment costs are 
compensated by lower transportation costs. Regard-
ing the capacity of fossil fuel substitution, CHP and 
pellets plants are a lot more effective than methanol 
production because conversion efficiencies are 
higher. The amount of employment created by bio-
energy projects is hard to quantify. It can be, how-
ever, assumed that the three technologies have 
similar demands for working labour and that plants 
of smaller capacity need relatively more jobs than 
big plants (BERNDES und HANSSON, 2007). 
 The results show that locating pellets plants in 
rural areas is economically viable. Pellets production 
allows the substitution of more fossil fuels than any 
of the other technologies. It is also competitive to 
fossil fuels at current prices. Pellets can be produced 

in small production units. A wide spread distribution 
of plants is therefore possible. Especially the North-
West of Lower Austria (“Waldviertel”) is well suited 
for low scale pellets production, which can create 
employment and income opportunities for the local 
communities as well as promote competitive local 
energy systems. 
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Figure 1. Optimal plant locations for big bioenergy plants (left) and small plants (right) in Lower Austria. 
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Biofuel production in Austria considering the 
use of waste heat: a study on costs and poten-
tials of greenhouse gas reduction1 
Biogene Treibstoffproduktion in Österreich unter Berücksichtigung der Ver-
wendung von Abwärme: eine Analyse der Kosten und Treibhausgasreduk-
tionspotentiale 

Johannes SCHMIDT, Sylvain LEDUC, Erik DOTZAUER, Georg 
KINDERMANN and Erwin SCHMID 

Zusammenfassung  

Die Biotreibstoffproduktion mit Technologien der zweiten Generation 
verspricht geringere Treibhausgasemissionen im Vergleich zu Techno-
logien der ersten Generation. Die Kosten, Emissionen und optimale 
Standorte von Biomassekraftwerken, die diese neuen Technologien 
verwenden, werden mit Hilfe eines linearen Integer- Optimierungs-
modells für Österreich abgeschätzt. Holz aus der Forstproduktion und 
von Kurzumtriebsanlagen geht als biogener Rohstoff in das Modell ein. 
Einnahmen durch den Verkauf der Nebenprodukte Wärme, Strom und 
Biogas, die in der Treibstoffproduktion entstehen, werden ebenfalls 
berücksichtigt. Die Modellresultate zeigen, dass der Ausstoß von 
Treibhausgasemissionen in Österreich durch den Einsatz von Biotreib-
stoffen um 2%-3,5% verringert werden kann. Allerdings ist nur die 
Fermentierungstechnologie in der Lage, Treibstoffe zu konkurrenzfä-
higen Kosten zu produzieren, weil höhere Erlöse durch den Verkauf 
der Nebenprodukte erzielt werden können. 
Schlagworte: Biotreibstoffe, Abwärme, Facility Location Problem, 
Treibhausgase 
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Summary  

Biofuel production through second generation technology is expected 
to lower greenhouse gas (GHG) emissions significantly in comparison 
to first generation biofuels. A spatially explicit mixed-integer program-
ming model has been built to assess costs, emissions and optimal locat-
ions of biofuel production plants in Austria. The model can choose bet-
ween forest woods and short rotation poplar as possible feedstock as 
well as between fermentation and gasification technologies. Revenues 
from selling heat, power and biogas as by-products of biofuel prod-
uction are considered in this analysis. The results of the model indicate 
that biofuel production allows a decrease in GHG emissions by 2%-
3.5% of total Austrian GHG emissions. They also indicate that only bio-
fuels from the fermentation technology are competitive to fossil fuels 
due to higher revenues from by-products. 
Keywords: biofuels, waste heat, facility location problem, greenhouse 
gases 

1. Introduction 

Decreasing dependency on non European oil, climate change mitiga-
tion and rural development were until recently the main drivers of bio-
fuel production in Europe (BERNDES and HANSSON, 2007). For these rea-
sons, the European Union set the goal to replace a share of 5.75% of 
fossil gasoline with biofuels by 2010 and to increase this share to 10% 
by 2020 (EUROPEAN COMISSION, 2007). In the 2007 edition of the gov-
ernment program, the Austrian government set an even more ambi-
tious goal to reach a 20% share by 2020. However, biofuels are criti-
cized for various reasons. The greenhouse gas (GHG) balance of biofu-
els is - depending on the kind of feedstock used - at most equivalent or 
even worse than the one of fossil fuels. The use of fertilizers and land 
conversions due to feedstock production generates large amounts of 
GHG emissions (ZAH et al., 2007; SEARCHINGER et al., 2008). Other crit-
ics state that producing biofuels from food crops increases food prices 
which affects mainly the urban poor in developing countries negatively 
(MÜLLER et al., 2007; GOMEZ et al., 2008). Second generation biofuels 
produced either through gasification or fermentation are a promising 
alternative to the problems caused by first generation biofuels which 
are mainly produced from food crops. Second generation technologies 
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allow the use of a wide range of different biogenic feedstock and trans-
form the whole crop to fuel instead of converting the grain only 
(BRIDGWATER, 2006). They therefore perform better in terms of GHG 
emissions in comparison to first generation plants (ZAH et al., 2007). 
Furthermore, competition to food production could be minimized if 
large scale production shifts from food crops to energy crops are 
avoided (GOMEZ et al., 2008). 
This paper assesses the costs of second generation technologies - gasifi-
cation and fermentation of biomass - using the biofuel model BeWhere 
developed by LEDUC et al. (2008a). BeWhere analyzes the whole supply 
chain from biomass production to delivery of the final product and 
seeks to find optimal locations of biofuel plants. Heat, power and bio-
gas are considered as energy by-products of the biofuel production. 
Selling them increases the profit of biofuel plants. Also, total GHG 
emissions can be further decreased by substituting fossil fuels in di-
verse energy sectors. Using waste heat for district heating purposes is 
considered in former version of BeWhere. However, it was simply as-
sumed that heat can be sold to the market at a fixed price. This paper 
introduces an add-on to BeWhere which allows the spatially explicit 
assessment of waste heat use for district heating. Costs of this applica-
tion as well as effects on total emissions and on optimal plant locations 
are analyzed for the case of Austria. 

2. Methods and Materials 

A spatially explicit mixed-integer programming model has been built 
to find the optimal location and size of biofuel plants by minimizing 
the costs of the full supply chain. The supply of biomass is restricted in 
each supply region. Plants are modeled using energy balance equa-
tions, combined with capacity constraints for production. A vehicle 
fuel demand and a heat demand constraint, which considers competi-
tion between bioenergy and fossil fuels, is defined for each demand 
region. The objective is to minimize the overall costs in order to fulfill 
the demands for heat and vehicle fuel. The cost function includes costs 
for the supply of biomass, operation and investment in plants, trans-
portation of biomass and biofuel and investment costs for district heat-
ing networks. Evaluating the model by solving the optimization prob-
lem generates the optimal locations of production plants and the opti-
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mal supply regions. The basic model is presented in detail in LEDUC et 
al. (2008a), though the version used in this paper contains an add-on 
which explicitly models the use of the waste heat for district heating 
purposes. The supply chain consists of biomass production, biomass 
transport to biofuel plants, production of biofuels and by-products and 
distribution of biofuels and heat to consumers.  
Forest woods and short rotational poplar are considered as feedstocks. 
Spatial distribution of forestry yields is estimated with increment 
curves from Assman’s yield table (ASSMAN, 1970) and a net primary 
production map from RUNNING (1994). This is calibrated with the ob-
servations from the national forest inventory of Austria (SCHADAUER, 
2004). Harvesting costs are a function of tree size (which depends on 
site quality and rotation time) and the slope. The slope is calculated 
using a 30x30m digital elevation map from the SRTM (shuttle radar 
Topography mission) (NASA, 2008). The dimension of the harvested 
wood used for bioenergy has a diameter below 15 cm. Competition 
with paper and chipboards is not taken into account in this study. The 
long rotation periods of around 100 years and the fact that wood re-
siduals from felling remain in the forest support sustainable use of the 
biomass resources. Short rotational poplar yields are estimated using 
the biophysical process model EPIC (SCHMID et al., 2006). A share of 
10% of arable lands is assumed to be available for poplar plantations. 
Short rotation poplar management leads to a slightly increase in soil 
organic carbon stocks compared to crop production on average. The 
spatial distribution of gasoline consumption is estimated by combining 
a population map with average consumption values for Austria. 
Concerning the biofuel production, two technologies are considered: 
gasification and fermentation. Table 1 shows the efficiencies of convert-
ing biomass to various products for the two technologies. While the 
delivery of power and biogas is not modeled in detail - it is assumed 
that they can be sold on the market at a fixed price - the use of waste 
heat for district heating is handled spatially explicit. Spatial distribu-
tion of private and commercial space heating and warm water con-
sumption is estimated. The model combines data on Austrian dwelling 
areas and on employees based on the census of 2001 with average con-
sumption per square meter of living area and per employee. 
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Tab. 1: Efficiencies (%) for converting biomass into fuel and by-products  
Product Gasification Fermentation 
Fuel 50.0 29.3 
Heat 5.0 23.4 
Power 0.0 12.7 
Biogas 0.0 18.3 

Source: LEDUC et al., 2008a; LEDUC et al., 2008b 
 
The methodology was adapted from DORFINGER (2007). Heat has to be 
transported to district heating consumers using an extensive pipeline 
network. The costs of the pipeline network mainly depend on the dis-
tance between the plant and the demand, and on the demand density 
in the settlements. Areas of high heat demand are assumed to be sup-
plied at lower unit costs than low demand areas. Estimations of costs of 
heat distribution networks based on the heat density or population 
density give a wide range of costs (SCHIFFER, 1977; KONSTANTIN, 2007). 
Therefore a sensitivity analysis is used to determine the influence of 
network infrastructure costs on the costs of the final product. 
GHG emissions are compared with those created in a non biofuel sce-
nario. All transport emissions from the biomass production sites to the 
end consumers are considered. It is assumed that fossil fuelled trucks 
are used for all transportation means. CO2 emissions from burning bio-
fuels are assumed to be totally recycled in biomass production. To esti-
mate emission reduction through substitution of fossil transport, power 
and heating fuels, emission factors which represent the current Aus-
trian fuel mix are taken from the Austrian National Inventory Report. 

3. Scenarios and Results 

Three different scenarios were used to assess costs, emissions and op-
timal locations. The base scenario (S1) represents current prices and 
district heating infrastructure costs taken from SCHIFFER (1977). It is 
compared to a scenario without heat use (S2) to assess the influence of 
selling heat on costs, emissions and plant positions. A second district 
heating scenario (S3) assuming lower infrastructure costs for the pipe-
line network (KONSTANTIN, 2007) is modeled to test sensitivity of the 
results to this parameter. In all scenarios 5.75 TWh of biofuels are pro-
duced. A total consumption of 100 TWh of fuels is assumed for Aus-
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tria, a slight increase to the consumption of 96 TWh in 2006 
(BITTERMANN, 2007). 
Table 2 shows the results of the model for all combinations of tech-
nologies, feedstock and scenarios. The cost column gives a comparison 
of fossil fuel costs with biofuel costs, assuming a cost of 0.6 € per liter 
for fossil fuels. Emission savings are shown as share of total Austrian 
emissions in 2006. The last column gives the distance (in millions of 
km) that a 20 ton truck has to drive to deliver the biomass to the plants 
and the biofuel to the gas stations. Gasification of poplar (forest wood) 
needs 22% (46%) of the available biomass. Fermentation uses a higher 
share of 38% (78%) of biomass due to lower conversion efficiency of 
biofuel. 

3.1 Costs 

Producing biofuel from fermentation is in all scenarios cheaper than 
producing from gasification due to higher revenues from by-products.  
 
Tab. 2: Model results 
Technology 
 

Feedstock Scenario Costs 
(% of gasoline 

costs, 
1 liter=0.6 €) 

Emission 
Savings 
(% of total 
Austrian 

emissions) 

Distances  
(Biomass and 
biofuel trans-
port in million 

km) 
S1 118 1.9 11 
S2 124 1.9 10 

Poplar 

S3 116 1.9 11 
S1 142 1.9 25 
S2 146 1.9 24 

Gasification 

Forest 
Wood 

S3 140 1.9 26 
S1 72 3.2 23 
S2 81 2.8 13 

Poplar 

S3 59 3.3 17 
S1 112 3.2 49 
S2 129 2.8 43 

Fermentation 

Forest 
Wood 

S3 100 3.4 48 
Source: own calculations  
 
Producing biofuel from poplar is cheaper than producing from forest 
wood due to lower production costs and due to a decrease of around 
50% in transportation distances. A combination of fermentation and 
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poplar is competitive to fossil fuels in all scenarios. Production of bio-
fuel from forest wood by fermentation is competitive in scenario S3, 
which assumes low district heating infrastructure costs. In all other 
scenarios, biofuel production is not profitable. Use of waste heat has a 
significant influence on the costs of biofuel from fermentation. Com-
paring scenarios S1 and S2, costs go up by 13% (14%) for fermentation 
of poplar (forest wood). Due to lower heat yields in gasification, the 
influence of heat on costs is less: costs rise by 4% (3%) in the no heat 
scenario using poplar (forest wood) as feedstock. In S1 the parameters 
for the cost function of the district heating infrastructure are estimated 
from the results in SCHIFFER (1977) while in S3 results from 
KONSTANTIN (2007) are used. The average heat distribution costs in the 
model decrease by 40% in S3 due to this parameter change. This de-
creases the costs of the biofuel from fermentation of poplar (forest 
wood) by 18% (11%) and makes fermentation of forest wood profitable. 
Low district heating infrastructure costs are therefore a relevant factor 
in making biofuel production competitive. 

3.2 Emissions 

Emission savings from biofuel use are in the range of 1.9% to 3.4% of 
total annual Austrian emissions in the different scenarios. Biomass and 
biofuel transportation emissions do not decrease these results signifi-
cantly. The trucks emit 0.5% to 1.5% of emission savings. Heat use has 
a significant influence on emission reductions in the fermentation sce-
narios. Without using waste heat, emission savings are decreased by 
13%. However, emission savings per unit biomass are lower for heat 
than for biomass since the current heating system stock emits generally 
less GHG per unit of final energy than combustion engines do. The rea-
son is that renewable forms of energy and natural gas are major fuel 
sources in heating. In case of gasification, emission savings by using 
waste heat for district heating are negligible. 
The model does not account for emissions in the feedstock production. 
While it can be assumed that forest wood production has insignificant 
emissions, poplar production may create carbon debts due to fertilizer 
use and land use conversion (ZAH et al., 2007; SEARCHINGER et al., 2008). 
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3.3 Locations 

Due to different energy yields of fermentation and gasification, more 
plants are needed when using fermentation (8) than when using gasifi-
cation (4). Figure 2 shows the optimal locations for plants in scenarios 
S1 and S2. The plants using poplar as feedstock are located in the east 
of Austria since poplar production and gasoline demand are concen-
trated there. Forest wood production is distributed more equally over 
Austria and therefore plant positions can be also found in the west. 
Comparing heat and no heat scenarios, a shift of locations in direction 
of heat demand centers can be observed. These results are backed by 
the fact that total truck transportation distances are decreased in the no 
heat scenarios. For gasification of poplar (forest wood), total transpor-
tation distances decrease by 7% (6%) if no heat is considered. For fer-
mentation, transportation distances decrease by 40% (12%). These re-
sults indicate that longer transportation distances for biomass and bio-
fuel are necessary if plants are placed closer to heat demand centers. 
 

 

Poplar & Gasification Forest & Gasification 

Poplar & Fermentation Forest & Fermentation 

Fig. 2: Plant locations in the heat scenario S1 and the no-heat scenario S2 for 
all combinations of technology and feedstock. Source: own calculations 

Heat Scenario (S1)                 Heat Demand Cell (>45,000 MWh/Year) 

No Heat Scenario (S2) 
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4. Conclusions 

The analysis shows that the biomass production potential and current 
biofuel yields allow for attaining the current Austrian biofuel targets 
using second generation technologies in combination with woody 
feedstock. Still, only fermentation technology is currently competitive 
in production costs. The use of by-products of fermentation, especially 
heat, decreases costs considerably. In Austria, there is a lot of potential 
to use waste heat from biofuel plants for district heating. 
Increasing the biofuel share significantly above 5.75% is only possible 
through either using expensive gasification technology or introducing 
poplar as feedstock. Poplar production in large plantations has several 
drawbacks which are not yet covered by the model. Emissions from 
land use change as well as fertilizer and pesticide uses in production 
may offset emission savings. Moreover, competition for the land has to 
be taken into account in future model versions.   
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Abstract 
Forest wood is a substantial and competitive biomass stock for bioenergy production in Austria. Besides increasing forest 
productivity and harvest efficiencies, waste products from the wood processing industry may be a cost competitive resource for 
the bioenergy production sector. The aim of this study is to optimize the supply chain of the biofuel industry based on cellulosic 
biomass by particularly considering the waste products from the wood processing industry. The optimal portfolio of combined 
heat and power-  and second generation ethanol plants is assessed for different CO2 price scenarios. 
The optimal location of plants is evaluated by minimizing the costs of the full supply chain. The model includes biomass 
harvesting, transport and processing as well as the distribution of the final commodities. Availability of forest wood is geograph-
ically explicitly estimated considering future production and demand potentials. Wood imports and sawmill co-products are also 
included. The model takes into account the wood demands of existing pulp-and-paper industries and bioenergy plants. Two tech-
nologies are considered: combined heat and power and second generation ethanol production. The distribution of ethanol and 
district heat to the consumers is explicitly integrated. Results indicate that an additional 2.9% of Austria’s energy consumption 
may be produced from wood. Rising CO2-prices increase the share of biofuel production and decrease the share of combined heat 
and power in the optimal portfolio of technologies. 
Keywords: Biofuel, biomass, bioenergy, forest industries, supply chain 

1. Introduction 
Decreasing dependency on imported fossil oil and climate change mitigation are the main drivers of the European 
renewable energy policies. The goal of the European Union is to reach 20% of renewable energy consumption by 
2020. The commission emphasizes that a significant increase in the use of biomass is necessary to reach these policy 
targets. Austria has already a high share of renewable energy consumption and committed to increase this share from 
currently around 23% to 34% by 2020 (COM, 2008). About 43% of the Austrian territory is forest lands and wood is 
already an important feedstock for biomass based energy generation. In 2004, 37% of the renewable energy was 
produced from wood (Kopetz and Scheiber, 2006). To meet the 2020 targets, the Austrian biomass action plan 
estimates that forest harvests have to be increased in a sustainable manner by 10.7 million m3 of wood until 2020 
(BMFLUW, 2006). The efficient use of those additional biomass resources in the different bioenergy industries 
should be known in designing future energy systems. Optimal portfolios of bioenergy technologies for Austria have 
previously been assessed (Steininger and Voraberger, 2003) but they did not include the spatial distribution of 
feedstock potentials and demands. The spatial distribution plays an important role as the transport of biomass is a 
crucial factor in the total production costs (Eriksson and Björheden, 1989; Bjornstad, 2005). Also, costs of 
distribution of the final commodities, especially in the case of district heating, depend on the density of the demand 
in certain areas (Schiller and Siedentop, 2005; Konstantin, 2007). This paper therefore presents an optimization 
model which minimizes costs of wood based bioenergy industries along the whole supply chain by selecting optimal 
plant locations, feedstock production sites and demand sites. Combined heat and power (CHP) and second generation 
ethanol production in multi commodity plants (MCP) are assessed. Different scenarios for biomass price as well as 
prices of CO2-emission are assumed. 

 
Figure 1: Supply chain of the forestry industry model. 
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2. Methodology 
A spatially explicit optimization model of the supply chain of bioenergy industries is used for the assessment. IT 
considers industries competing for wood resources. On the supply side, forest wood harvests, sawmill co-products 
(SCP) and wood imports serve as biomass resources for possible new bioenergy plants. Wood demand of pulp-and-
paper mills, of existing bioenergy plants and of private households is considered on the demand side (Figure 1). The 
structure and the quantities of the wood flow are based on the Austrian Wood Flow Accounts 2005 (Hagauer et al., 
2007). The model assumes that the existing wood demand has to be fulfilled, allowing new plants to be built only if 
there is enough surplus of wood available. The model is spatially explicit and the transportation of wood from 
biomass supply to demand spots is considered. Also, the distribution of ethanol and heat to the consumers is included 
in the model. The model selects optimal locations of bioenergy plants by minimizing the costs of biomass supply, 
biomass transport and energy distribution. Full costs and emissions at the optimal locations are calculated. Spatial 
distribution of forestry yields is estimated with increment curves from Assman’s yield table (Assman, 1970) and a 
net primary production map from Running (1994). This is calibrated with the observations from the national forest 
inventory of Austria (Schadauer, 2004). Harvesting costs are a function of tree size (which depends on site quality 
and rotation time) and the slope steepness. The slope steepness is calculated using a 30x30m digital elevation map 
from the shuttle radar topography mission (NASA, 2008). The dimension of the harvested wood used for bioenergy 
has a diameter below 15 cm, wood of bigger diameters is left for sawmills. Furthermore, the production of SCP by 
sawmills is also considered in the model. Import locations and import quantities are taken from market statistics. 
Imports are assumed to be transported by trucks.  
Domestic wood demands of pulp-and-paper mills, biomass fired CHP and district heating (DH) plants and private 
households are included. The fuel wood consumption of private households was modeled by the heat demand model 
presented by Schmidt (2008). It estimates the spatial distribution of fuel consumption for heating purposes in 
Austria, differentiated by the heating fuels currently in use.  
CHP and MCP are modelled as energy production technologies. Table 1 shows the efficiencies of converting 
biomass to various products for the two technologies. While the delivery of power and biogas is not modelled in 
detail – it is assumed that they can be sold on the market at a fixed price – the use of heat for district heating is 
handled spatially explicit as described in Schmidt (2008). The costs for delivering the transportation fuels to the final 
consumers are also part of the model. 
 
he model calculates the amount of green house gas (GHG) emissions offset by bioenergy use. The commodities 
produced in the plants substitute fossil fuels in transportation, power generation of gas fired power plants and in heat 
generation. The emission factors are taken from Umweltbundesamt (2007). A mixed integer linear programming 
model is used to optimize the supply, processing and delivery of biomass and bioenergy. A detailed description of 
the model is given in Leduc et al. (2008), which is here extended by considering biomass based CHP production and 
existing biomass demands in pulp-and-paper industries, sawmills and energy installations. 

3. Scenario and Sensitivity Analysis 
This study assesses how changes in the prices of biomass supply, in the demand of competing industries, and in CO2-
prices affect the total production potentials of bioenergy and the optimal mix of technologies through several 
scenarios and sensitivity analysis. The baseline scenario (S1) assumes an increase in total wood harvesting, while 
demand and prices reflect the current wood market in Austria. Generally, an increase in the use of forest products is 
expected by 2020 (Schwarzbauer, 2005; Teräs, 2006). In scenarios S2 to S4 prices of imports, SCP and of forest 
wood are increased by 20%, respectively. The wood demand from the pulp-and-paper industry is increased by 25% 
in S5 and the supply of SCP is increased by 10% in S6. A high competitive scenario (S7) combines scenarios S2-S6.  
Table 1: Conversion efficiencies of bioenergy technologies in %. 

Technology Ethanol Heat Power Biogas 
MCP  
(Leduc, 2008)

29.2 23.4 12.7 18.3 

CHP  
(Dornburg and 
Faaij, 2001) 

0 55 35 0 
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Figure 2: Diffusion of technologies and emission savings depending on CO2 price.  
In the sensitivity analysis of S8 to S32 the effect of increasing emission allowance prices on the optimal 
technological mix is assessed. Prices are increased from 0 to 250 €/tCO2. Assumptions for prices of fossil power 
generation, of fossil transportation fuels and of natural gas are taken from the high price scenario developed by the 
EIA for 2020 (EIA, 2008). The reference costs for heating systems are taken from the high-price scenario in Kranzl 
and Haas (2008). Prices of emission allowances are assumed to be 20 € / tCO2 in S1-S7, which represents the mean 
price at the European Energy Exchange spot market in 2005. In the baseline scenario, the demand for wood as well 
as the supply of wood imports and of SCP is calibrated to the Austrian Wood Flow Accounts. An increase in 
domestic wood harvests of seven million cubic meters is assumed, according to the forest model described above. 
Prices of forest wood harvesting, of SCP  and of wood imports are set to average prices of official market statistics. 
The capacity of both CHP plants and MCP is set to 200 MW. At this capacity and at 7,200 full load hours, one plant 
needs 576,000 m3 of wood per year to be operated. 

4. Model Results 
The effect of changes in the forest market are analyzed at a low carbon price scenario (20 € / tCO2). A summary of the 
results – the amount of energy produced, the number of plants built and the proportion of SCP to total biomass use – 
can be found in Table 2. Only CHP plants are built and imports are never used as feedstock for plants in the seven 
scenarios. In S2, no effects on the total output are estimated as imports are not used at all in the baseline scenario. 
Prices of SCP have a significant impact on the total energy production as shown in S3. The increase in the price of 
domestic wood production in S4 yields an increase in the competition for SCP. A decline in bioenergy production is 
therefore observed. Increasing the demand of the pulp-and-paper industry also has significant effects (S5). Due to the 
additional demand the feedstock prices increase as cheap sources of wood are getting scarce and less plants are 
consequently built. S6 assumes that the production of sawmills increases. The additional supply allows that another 
plant is built. In S7, scenarios assumptions of S2-S6 are combined. In that case, there is not much potential for 
bioenergy production left, as only one plant can be built. Increases of biomass supply prices and of concurring wood 
demand is not offset by the additional supply of SCP. Generally the competition for SCP is most intensive. 
Increasing SCP use by concurring industries has a major effect on the total bioenergy production potentials in 
Austria. This is mainly due to the fact that small wood users like small district heating plants and single stove heating 
rely on the wood supply out of local forests in the model results. Still, for large bioenergy plants like the ones 
discussed in this paper, logistic is a major cost factor. Decentralized production of the feedstock implies high 
transportation costs making plant projects unprofitable. 
Figure 2 depicts the diffussion of the technologies depending on the price of CO2. At low CO2-prices there is very 
little potential for additional bioenergy plants. Only one CHP-plant is built assuming that CO2 emissions are cost-
free. Increasing CO2 prices proivde incentives for more plants to be built. At a price level of 110 € / tCO2 the whole 
available biomass supply is used. Still, at this price level, only CHP plants are built. Increasing prices further allow 
MCP to go into model solution. CHP plants are substitued by MCP with raising price levels because MCP save more 
emissions per unit of generated energy. Reference technologies for heat and power, i.e. the fuels currently consumed  
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Table 2: Results of scenarios S1-S7. 
 Scenario description Energy production 

(% of production in 
S1) 

Number of plants 
built 

Proportion SCP (% of 
total biomass use) 

S1 Baseline 100 5 64 
S2 Imports prices plus 20% 100 5 64 
S3 SCP prices plus 20% 40 2 24 
S4 Forest wood prices 

plus 20% 
80 4 68 

S5 Pulp-and-paper industry 
demand plus by 25% 

80 4 61 

S6 Sawmills production plus 
25% 

120 6 60 

S7 S2-S6 combined 20 1 53 
in heat and gas fired power generation emit less GHG than the reference technology in transportation, i.e. fossil 
transportation fuels. Additionally the energy production per unit of biomass is higher for MCP than for CHP 
although the total theoretical efficiency is better for CHP (0.9 for CHP, 0.84 for MCP). This is due to the fact that 
CHP has a high proportion of heat production. Heating demand for district heating is subject to significant demand 
variations. It is not possible to use the co-produced heat for other useful purposes during periods of low heat demand. 
MCP produces less heat per unit of biomass which reduces losses of heat due to demand constraints. The total 
emissions saved ranges from 200,000 tCO2 for the zero emission price scenario up to 2.5 million tCO2 for the high 
emission price scenario as shown in Figure 2. The model results show that an additional 2.9% of the Austrian energy 
demand at 2004 consumption levels can be supplied by bioenergy at prices of 250 € / tCO2.  

5. Conclusion 
The biomass action plan assumes that an additional amount of 10 million m3 of wood is necessary to meet the 
renewable energy targets. This cannot be achieved by increasing the Austrian production only. The sustainably 
available, additional domestic wood harvests from forests sum up to 73% of that amount. At a price of emission 
allowances of 110 € / tCO2, this potential can be mobilized. However, lower prices have a significant impact on the 
amount of wood that is harvested. Also, bioenergy production is sensitive to prices of biomass and to wood demand 
of concurring industries, as feedstock prices constitute a significant part of total production costs. Production of 
second generation biofuels, heat, power and biogas in MCP saves more emissions than power and heat generation in 
CHP. However, CHP is much cheaper and consequently MCP is only a profitable option at emission allowance 
prices of 150 € / tCO2.  
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