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Abstract

Sustainable and resource-efficient urban development needs to be based upon profound
knowledge about a city’s throughput of energy and materials and the main drivers behind

these flows.

Thus, this work aims at characterizing the urban energy metabolism by taking the example
of Vienna, based on an energy flow analysis of the key activities to nourish, to reside and
work, to transport and to clean. Furthermore, a juxtaposition of the direct and embodied
energy requirements of an average Viennese household is conducted by means of an
energy balance based on the cumulative energy demand values presented by the GEMIS
database. Based on the identification of the most energy-intensive activities, several
possibilities for a reduction of the most dominant flows and the regional potential for

electricity and heat generation from renewable energy sources are discussed.

The activities to reside and work and to transport were identified as the main consumers of
energy in the urban metabolism of Vienna. Within these activities, most energy is used as
electricity or fuel in transport and for space heating and cooling purposes, which could be
cushioned by a comprehensive shift towards electric vehicles and the establishment of the
passive house standard as a minimum criterion in the regional building codes. Relevant
technical potentials in terms of renewable energy sources exist within the municipal
boundaries, although a high degree of self-sufficiency seems hardly achievable on an urban
scale. The analysis of embodied and direct energy requirements in private households
revealed the dominance of energy flows embodied in the goods and services consumed,
which should thus garner greater attention in the future planning for a resource-efficient

urban development.



1. Introduction

After crossing a historical landmark in 2008, humanity became a predominantly urban
species with more than half of the world population living in cities. Despite representing
only two percent of the world’s surface area, cities are responsible for 75% of the world’s
energy consumption and 80% of global carbon dioxide emissions. The observed trend
towards urbanization is expected to intensify in the near future, leading to upstream and
downstream consequences of the consumerism of urban centres. Two centuries ago, only
London had a million inhabitants — nowadays this is true for several hundreds of cities, not
even mentioning the 20 megacities worldwide. The world’s cities will thus face major
challenges with respect to an immense consumption of energy and resources and the
consequential disposal of a growing amount of materials. New living space and
infrastructure are needed and most cities will experience a shift from an industrial to a

service society, which leads to changed needs of their inhabitants.

In the past hundred years, humanity increased fourfold while energy use increased tenfold
correlating with rising greenhouse gas emissions on a global scale. Increasing carbon
dioxide concentrations in the atmosphere as a consequence of the still dominant use of
fossil fuels gave rise to global concerns about changes in the world’s climate. In the light of
finite fossil resources, often located in politically instable regions, and with regards to global
climate concerns, a transition towards a more sustainable use of energy is needed. Due to
their enormous resource and energy consumption, cities may thus be decisive in
determining the success or failure of this transition. Although a vast number of cities in
industrialized countries are employing ambitious programmes to improve energy efficiency,
it must not be forgotten that most of the future urban growth will happen in developing
countries, where cities have to cope with a double challenge of ensuring access to energy

for all their inhabitants and embarking on an energy-efficient development path.

As the British Tyndall Centre for Climate Change Research expressed, “the fate of the
Earth’s climate is intrinsically linked to how our cities develop over the coming decades”.
Profound knowledge about a city’s throughput in terms of energy and materials and the
main drivers behind the flows is thus indispensable for ensuring a sustainable and resource-
efficient urban development path. On that account, this analysis aims at characterizing the
urban energy metabolism based on activities by taking Vienna as an example of a

historically grown, mid-sized European city.




As it is a first attempt of an activity-based evaluation of the urban energy turnover certain
data constraints and methodological questions had to be dealt with, so the numerical
results cannot give a definite answer. A case study on an average Viennese household is
introduced to disclose the energy throughput in terms of direct and embodied energy and
to illustrate their significance for the overall consumption of energy. Finally, several
possibilities for a more sustainable urban metabolism are discussed by means of selected
options for a reduced energy demand and urban potentials for the generation of electricity

and heat from renewable sources.

2. Background Information and Literature Review

2.1. Urban Metabolism Studies and their Contribution to Sustainability

Urban metabolism is a metaphor to scientifically describe a system by compiling and
interpreting quantitative accounts of the overall inputs, stocks and outputs of materials,
substances or energy to and from cities with the ultimate aim of evaluating and designing

sustainable urban systems.

The notion of an “urban metabolism” was introduced by the pioneering article of Abel
Wolman, ascribing a metabolism to a hypothetical American city in 1965, which resulted in
the development of the scientific field of urban ecology. These early studies emphasized
the vast material and energy consumption of cities and the resulting increase in emissions
to air, water and soil (Barles, 2010b). Industrial urban ecology emerged as a scientific
discipline around the same time, but took until the late 1980s to gain momentum with the
landmark publication “Managing Planet Earth” in the Scientific American. Industrial urban
ecology broadened its initial focus over time from the mere study of the metabolism of the
industrial sector to the examination of an industrial society as a whole, thus including
consumer and social aspects. The potentially decisive role of cities for the societal material
and energy throughput was eventually recognized from the 1990s onwards (Weisz and

Steinberger, 2010).

The methodologies applied in urban metabolism studies include material, substance or
energy flow analyses and life-cycle analyses. The analysis of these flows is a scientific tool to

quantify the turnover (flows and stocks) of materials, substances or energy within a system




defined in space and time and thus allows to capture, describe and interpret metabolic
processes in a systematic way (Baccini and Brunner, 1991). Connections between sources,
pathways and sinks of a material or substance are thereby established and can be
examined with a methodology based upon the principles of thermodynamics (Barles, 2010):
first, the principle of energy/matter conservation (matter/energy may be transformed, but
neither created nor destroyed) and second, “the entropy always increases in a closed
system with irreversible processes”. On that account, the results of an MFA can be
controlled by a materials balance, in which all inputs must be balanced by stocks and
outputs. This procedure facilitates the visualization of the depletion or accumulation of
material stocks, of the flows of wastes and of environmental loadings (Brunner and

Rechberger, 2004).

The ecological footprint is an easily comprehensible concept to measure the demand of
mankind on the Earth’s ecosystems. It represents the amount of biologically productive
surface area needed to sustainably maintain a human society given its living standard and
lifestyle (Rees and Wackernagel, 1996).Thus, it does not only identify the area consumed
yet also the area needed to compensate for the GHG-emissions resulting from the use of
fossil fuels. The Global Footprint Network estimated that “the global effort for sustainability
will be won, or lost, in the world'’s cities”, where redesigning efforts could positively
influence up to 70% of humanity’s ecological footprint (Global Footprint Network, 2011).
Urban infrastructure decisions are therefore crucial in determining whether a city will
become a future resource trap or whether it will provide opportunities for resource

efficient, competitive and high-quality lifestyles.

Haberl et al. (2004) proposed the so-called MEFA concept, a methodology comprising
material and energy flow accounting in combination with the HANPP (human appropriation
of net primary production) indicator in order to account for the socio-economic metabolism
and the “colonization” of natural processes, i.e. their at least partial manipulation by
humankind. This methodology is nowadays widely used due to its incorporation of societal

factors.

Several shortcomings typically still hamper a detailed analysis of the urban metabolism,
such as a generic lack of periodically available and harmonised data on material and energy
use on city scale or the lack of a common international definition of a “city” or an “urban

area”. The typical openness of cities presents another constraint, referring to the




dependence of cities on an increasingly global hinterland as a provider of resources, goods
and services. Structural and technological factors, which need to be taken into account,
may have a different relative importance on urban, rural or national scale and finally, the
aspiration of a dematerialization of industrial societies must not ignore 800 million urban
dwellers in middle and low income countries lacking adequate access to basic energy and
material supplies (Weisz and Steinberger, 2010). Currently 75% of the world’s billion
poorest humans live in urban areas and according to World Bank global forecasts, cities will
become the predominant locations of poverty. Therefore future urban planning decisions
need to be taken cohesively in order to include technical, environmental, economic and

social perspectives.

Urban metabolism studies favoured material flow analysis over energy flow analysis so far,
which might be due to a more direct interaction between human societies and the
biosphere. Although national or urban energy balances are quite frequently used, energy
consumption issues are often addressed by scientists belonging to other disciplines, refer to
technical energy flows only and frequently do not allow an illustration and interpretation in
terms of metabolic processes. Nevertheless, the tracing of energy flows within an urban
system may draw attention to major environmental and social issues which would
otherwise be disregarded. Increasing energy demand will undoubtedly lead to
environmental pressures, changing prices for energy commodities and thereby probably

infer societal changes.

The contribution of urban metabolism studies in identifying sustainable ways of
development may thus be considerable, or, as Haberl et al (2004) advocate, “Knowing how
material and energy flows are related to economic activity or to social well-being would
greatly enhance our understanding of socio-economic driving forces of environmental

change as well as our ability to change our behavior”.

2.2. Current Efforts towards Sustainable Urban Metabolism

In the light of finite resources, soaring oil and fuel prices and global efforts to estimate,
allocate and reduce GHG emissions, the efficient use of energy in general and in the urban
context in particular garners increasing interest. After crossing a historical landmark in

2008, cities now host more than half of the global population, their activities being the




main source of carbon dioxide emissions. Therefore, city requirements and environmental
management capacities will have to be incorporated into the development of measures to
address climate change (UNEP/UN Habitat, 2009). Numerous projects on sustainable, green
or smart cities emerged in recent years, all assessing and evaluating different urban
characteristics based on different indicators, which renders their comparability at the very
least questionable. There is a clear need for standardization of the innumerable evaluation
methods and indicators, taking account of different economic and social developments,

spatial conditions and city typologies.

On a European scale, the collaborative research project SUME (Sustainable Urban
Metabolism for Europe) funded under the Seventh Research Framework Programme
FP7/2007-2013 addresses some of these issues and attempts to show the influence of
spatial form on urban resource use in terms of materials, energy and land. Thus, a spatially
explicit model of urban metabolism shall examine building and transport-related energy use
as those aspects most strongly connected to urban form and urban planning. Different
urban development paths, spatial dimensions, building densities and energy standards are
taken as a starting point in analyzing the future potential for transformation of seven case
cities. Urban metabolism concepts shall be linked with urban planning in order to estimate
the metabolic impacts of planning decisions on future resources flows. The model results so
far point towards a close connection between the way the urban building stock develops
and the future energy demand of the settlement area. Under a policy scenario (SUME
scenario), including existing projects and urbanization limits, the energy demand for space
heating may decrease by over 70% by 2050 compared to 2000, with total energy savings of
about 30% compared to the BASE-scenario (using current trends). Transport energy
reductions achieved by the currently projected policy mix on the other hand are expected
to be less pronounced, declining by less than 10% by 2050 in several case studies (SUME
Conference, 2011).

On a national and urban scale, several material and substance flow analyses were
conducted (e.g. the PILOT project), which included studies on the metabolism of Vienna.
Energy flow analyses in contrast either focused on the national level or covered smaller
settlement areas, all of which have not applied an activity-based concept. Thus, the current
analysis examines the energy throughput of a city not in a spatial context as in the SUME-

project but based on activities to satisfy basic human needs. The analysis of significant




energy flows shall provide valuable insights into the functioning of the system under

scrutiny and provide starting points for a reduction or redistribution of these flows.

2.3. The Energy Situation of Austria and Vienna

Austria became a net importer of electricity in 2001 and with relatively few energy
resources it shares the European Union’s dependence on imports of energy commodities, a
vulnerability lately demonstrated by the gas crisis of early 2009. As stated by the IEA in its
World Energy Outlook of 2008, the future wellbeing of humankind may be determined by
the handling of two central energy challenges: the security of a reliable and affordable
energy supply and a fast transition to a low-carbon, efficient and environmentally
compatible energy system. In the encouraging words of its authors, “to this end, nothing
less than an energy revolution is needed” (IEA, 2008). This central role of a sustainable and
reliable energy supply is acknowledged in the Austrian Energy Strategy of 2010, with the
aim of ensuring the maintenance of Austria’s high quality of life. To this end, Austria’s
energy policy is based on five indicatory targets: security of supply, social and
environmental compatibility, cost-efficiency and competitiveness (Figure 2.3., BMWFJ and

BMLFUW, 2010).
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Figure 2.3.a Indicative targets of the Austrian Energy Strategy (source: BMWFJ and BMLFUW, 2010)

Ambitious changes in the energy sector throughout Europe are dictated by one of the
headline targets of the Europe 2020 Strategy aiming at a smart, sustainable and inclusive
European economy (European Commission, 2011). The “EU’s growth strategy for the

coming decade” schedules a 20% reduction in GHG-emissions compared to 1990 levels,




20% of energy from renewable sources and a 20% increase in energy efficiency throughout
the Union by 2020. Under this framework, Austria is committed to increase the share of
renewable energy in gross domestic final energy consumption up to 34% and the share of
renewable energy in transport up to 10%. Simultaneously, GHG-emissions in sectors not
pertaining to the EU’s Emissions Trading Scheme (ETS) have to be lowered by 16% and

energy efficiency raised by 20%.

At present, mobility accounts for about one third of Austria’s final energy consumption and
another third is used for space heating or cooling and water heating in the building sector
(Figure 2.3.b, BMWFJ and BMLFUW, 2010). Since both sectors do not pertain to the ETS but
represent major causes for GHG-emissions, the Austrian Energy Strategy recognizes the
need to especially address these issues with a package of measures. In terms of business
sectors, industry consumed roughly 29% of final energy consumption in 2007, private

households 25% and the service sector 10% (VCOE, Energy transition, 2010).

Final Energy Consumption, 2007
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M Buildings (space heating, water
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L1 PHHs, SMEs, Agriculture

Figure 2.3.b Final Energy Consumption, Austria 2007 (source: BMWFJ and BMLFUW, 2010)

At present, 73% of Austria’s gross domestic consumption is met by fossil energy carriers
(oil, coal and gas) while the remaining 27% are supplied with renewable sources (Figure
2.3.c, BMWFJ and BMLFUW, 2010). Domestic generation of energy contributed by about
one third to gross domestic consumption, whereas two thirds had to be imported (VCOE,
Energy transition, 2010). Although electricity generation from renewable sources steadily

increased throughout the past few years (+10% between 2005 and 2009 up to 163 PJ), their




development is somehow limited by the technological and natural energy generation
potential and a price still above the level of conventional energy carriers. The share of
renewable energy in final energy consumption is therefore primarily determined by
demand: Due to the economic crisis, final energy consumption dropped by 4% to about
1060 PJ in 2009 compared to 2008’s level, which is even below the level of 2003.
Simultaneously, the share of renewable energy rose by 2.1% (to 30.1%), although the
relative growth rate more than halved from 4.2% in 2008 to 1.9% in 2009 (Statistics Austria,
2011a).

Gross Domestic Consumption, 2007

H Petroleum commodities

H Coal

M Gas

4 Hydro power (incl. foreign trade of

el. energy)

H Other renewable resources

Figure 2.3.c Gross Domestic Consumption, Austria, 2007 (source: BMWFJ and BMLFUW, 2010)

In 2008, over 72% of electricity consumption was met with renewable energy sources, of
which water power constitutes the biggest share (VCOE, Energy transition, 2011). Seen in
terms of specific sectors, direct use of renewable energy is greatest in agriculture (44%),
followed by private households (39%), whereas it is lowest in the industry sector with about
9% (Statistics Austria, 2011a). For these reasons, the Austrian Energy Strategy aims at
simultaneously stepping up the share of renewable energy sources and energy efficiency
(e.g. by raising the hydropower potential in electricity generation by 12.6 PJ by 2015,
doubling the share of wind power by 2020 and by fostering the integration of photovoltaic
installations into building surfaces) in order to attain the highest possible degree of self-

sufficiency in the long term.




Vienna’s 1.68 million inhabitants account for 20.2% of the Austrian population and are
expected to grow substantially in number. Recent forecasts predict a population growth of
+35% in the agglomeration by 2050 (SUME Conference, 2011). With a gross regional
product of € 43,300 per capita its economic performance at the workplace is about one
third higher than the Austrian average, which is partly due to a high proportion of incoming
commuters. Available private household income also ranks first place (together with Lower
Austria) with a value of € 20,000/cap.a (Statistics Austria, 2010). With an area of only 415
km?, population density is with 4,100 inhabitants/km? by far the highest in Austria, where

average population density amounts to only 100 inhabitants/km? (in 2009).

Table 2.3.a Structural data of Vienna in comparison to Austria

Vienna Proportion [%] Austria
| Arealkm?p 45 05 83880 |

Population 1,680,170 20.2 8,336,600
Density [cap/km?] 4,100 100
Households 771,700* 231 3,342,350*
People/HH 1.99* 2.29*
Available HH-income/cap [€]** 20,000 19,500
GRP/cap [€]** 43,300 32,600
Production & service 70,800 23.5 301,800
enterprises
Enterprise density/1000 inh. 42.1 36.2

(source: Statistics Austria, 2010; data for the year 2008; * microcensus - workforce survey 2010, ** 2007 values)

Approximately 700 facilities for the generation of energy supply electricity and heat
(combined or separately) to the city of Vienna. Among these are close to 500 electricity
generation facilities with a total installed electric capacity of 1,305 MW and about 220 heat
generation facilities with a total installed thermal capacity of 3,443 MW within the city and
its close vicinity. 97% of the total installed electric capacity stems from the big conventional
thermal power plants and hydroelectric power stations Donaustadt, Freudenau, Leopoldau
and Simmering. “Non-conventional” power plants using renewable energy sources account

for the remaining 3%, such as the forest-biomass power plant Simmering, the landfill gas




plant Rautenweg, the waste incinerator Spittelau, the small hydropower plant NuRdorf and
the two wind parks in Unterlaa and Breitenlee. Additionally, around 430 photovoltaic
installations are operated in the city (MA 20, 2011). Hydropower, wind power and solid
biomass represent the major share in renewable energy facilities for the generation of heat
and electricity within Vienna. With an installed electric capacity of about 210 MW,
renewable energy plants account for 16% or all power plants in Vienna. Including the small
hydropower plants Wildalpen, Hirschwand, HinternaBwald and Gaming in the vicinity of
Vienna, this share rises to over 270 MW or more than 20% share of the power plant park
(MA 20, 2011). Renewable energy sources in total deliver about 4.6 PJ/a of electricity
(23.7% of the total electricity generation in Vienna), and roughly 2.7 PJ/a of heat (12.9% of
total heat generation in Vienna; Table 2.3.b). The power plants belonging to Wien Energie,
Vienna’s main supplier of electricity and heat, reportedly generated about 2.1 PJ/a of
electricity from renewable resources in 2008, and an additional 0.5 PJ of electricity from
shares in other hydropower and windpower stations contributed to a total of 2.6 PJ/a. Total
electricity generation of the facilities belonging to Wien Energie, including caloric power

plants, amounted to 21.8 PJ/a in 2008 (Wien Energie, 2009/10).

Table 2.3.b Electricity generation from renewable sources, Vienna

Main facilities for electricity generation from renewable  Generation/annum Generation/annum
sources [GWh] [T1]
Hydropower station Freudenau 1054 3790
Forest-biomass plant Simmering 157 564
Small hydropower plant NuRdorf 27 99
Landfill gas plant Rautenweg 10 (share of RE) 36
Wind park Unterlaa 6 23
Waste incinerator Spittelau 6 (share of RE) 21
Wind park Breitenlee 5 19
Small HPP 1. HaidequerstralRe 5 16
Drinking water plant Mauer 4 14
Total electricity generation 1278 (23.7%) 4580

(source: MA 20, 2011)
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Table 2.3.b Heat generation from renewable sources, Vienna

Main facilities for heat generation from renewable Generation/annum Generation/annum
sources [GWh] (1]
Forest-biomass plant Simmering 296 1066

Waste incinerator Spittelau 247 (share of RE) 889

Waste incinerator Flotzersteig 167 (share of RE) 600

District heating plant Spittelau 27 (share of RE) 98

Total heat generation 737 (12.9%) 2653

(source: MA 20, 2011)

Energy planning by the city administration pursued varying objectives over time, with the
first Urban Energy Concept dating back to 1978. This first energy concept aimed at ensuring
a secure and reasonably priced energy supply in line with demand, whereas the second
energy concept of 1991 already addressed the protection of the environment and the
conservation of resources. The third energy concept, embodied in the Urban Energy
Efficiency Programme of 2006, fosters a rational and economical management of energy
use, providing guidelines for a consumer-oriented energy policy with the aim of reducing
the growth in energy end use without effects on the quality of life. Provided the
implementation of all methods identified in the political document, the forecast scenarios
predict possible energy savings of 640 TJ (180 GWh) per annum, with the highest savings
potential in the household and private service sector. According to this, space heating
represents more than two thirds of the total savings potential of end use efficiency
measures. By 2009, the objective of a 1% reduction in overall energy end use was reached,
with an average reduction of 1.5% per annum and a total reduction of 4.4% (to 138,063 TJ
in 2009; Statistics Austria, 2011). Nonetheless, these results may be distorted by the
economic crisis that affected Europe from 2008 onwards, so the long-term trend remains to

be seen in the future.
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3. Methodology and Data

3.1. Direct Energy Flows on an Urban Scale

3.1.1. Methodology and Definition of Terms

Energy flow analysis is used as a methodology to characterize the energy imports, internal
transformation processes and energy outputs of a defined system in a manner compatible
with MFA. Hence, inputs into the system must equal outputs plus changes in stock. By
means of this methodology, the most important processes and energy flows within the
system “city of Vienna” were identified and defined. The concept applied resembles the
MEFA-methodology proposed by Schandl et al. (2002, Figure 3.1.1.), yet does not consider

imported or domestic hidden flows.
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Figure 3.1.1.a Accounting concept for the energetic metabolism of society (source: Haberl, 2001b)

The MEFA framework of physical accounting also incorporates the flow of nutritional
energy (biomass energy for human food and animal feed), all inputs of energy-rich
materials (also used for other purposes than energy generation) and the provision of
driving power by draft animals and humans. As a matter of time constraints, the current

analysis solely investigates technical energy flows based on conventional energy balances,
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which do not consider the flows of nutritional energy or the provision of driving power by

draft animals and humans.

Any system analysed by means of MFA/EFA comprises a defined set of processes, flows and
stocks within a system boundary defined in space and time. A process is defined as a
transport, transformation or storage of materials, substances or energy. Transport or
transformation processes can both be natural (such as the movement of substances in a
water body) or of anthropogenic origin (e.g. the conversion of primary energy commodities

to secondary commodities or the flow of natural gas through a pipeline).

Vienna was chosen as a system due to the political interest of the city administration in
sustainable resource management, which facilitates the gathering of information, a
relatively comprehensive pool of available data, spatial proximity and its representativeness
as a mid-sized, historically grown European city. The system boundaries were spatially
drawn with the 23 political districts of Vienna, while the calendar year 2008 as a temporal
boundary was chosen for reasons of availability and comprehensiveness of data. The
energy flow analysis exclusively covers anthropogenic technical energy flows from a

consumer perspective.

The terms used in the analysis are defined as follows:

Primary energy refers to the energy content of energy carriers or energy flows in their
natural form, i.e. energy carriers that are extracted or captured directly from natural

resources (e.g. wind, solar insolation, hard coal, fuel wood or geothermal heat).

Secondary energy denotes the energy content of energy carriers or energy flows resulting
from one or several technological conversions of primary energy carriers (e.g. biodiesel,
fuel oil, district heat or electricity produced via the combustion of primary energy

commaodities).

Final energy covers the energy content of energy carriers or energy flows supplied to the
final consumer, such as electricity, fuel oil for heating, district heat or natural gas, which

result from a conversion process of primary or secondary energy into final energy.
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Energy services are the services demanded by the final consumer, such as travelling a

certain distance, a heated apartment or illumination.

Useful energy denotes the energy which, after the conversion from final energy to its

current state in the facilities and devices of the end user, is available for use in order to

meet the demand for energy services. Examples are the actual motion of a vehicle, hot

water or the light emitted from light bulbs.

Generally speaking, all conversion processes induce conversion losses (e.g. heat dissipation)

due to a sub-optimal efficiency of the respective devices and facilities.
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Figure 3.1.1.b Direct energy flows in Vienna, 2008 (own creation, based on data from Wien Energie 2011,

Statistics Austria, 2008)
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The processes described are (compare Figure 3.1.1.b):

a) Viennese Production of Primary Energy: refers to the capturing or extraction of
energy commodities in their natural form, such as forest biomass from the Vienna
Woods. According to IEA-standards, this term also includes the generation of so-
called primary electricity, referring to electricity generated from hydropower, wind
power or solar insolation, and the generation of primary heat, such as geothermal

heat, ambient heat or the heat produced by solar thermal collectors.

b) Conversion/Transformation and Distribution process: This process covers the
conversion or transformation of primary energy commodities into final energy
commodities and the distribution to the final points of use. For the distribution of
energy, a fictive process is introduced in order to capture all incoming and outgoing
energy flows, conversion, transmission and distribution losses, and to illustrate the
distribution of final energy. The process comprises the quantity of energy used by
energy conversion and energy supply enterprises, such as all types of power plants,
wind turbines or waste incinerators, for the generation and conversion of energy
and the energy used by the facilities and enterprises for energy supply. This energy
sector use for conversion is depicted as a stock in order to illustrate its magnitude.
Parts of this process also belong to waste and waste water treatment (such as the
waste incinerators Spittelau and Flotzersteig), which will be described in the section

on the four activities. The appertaining flows are described in the section below.

Table 3.1.1. Conversion/transformation and distribution process, Vienna, 2008

Conversion/Transformation & Distribution Process

Inflows Viennese Import
Production of
Primary Energy
(VPPE)
Outflows Export Transmission & Conversion/Transf ~ Non-energy Final energy
distribution losses ormation Losses use of fuels consumptio
(TDL) (CTL) (NEU) n (FEC)
Target Agriculture Production of food, Transport Private & Private
Processes of goods, vehicles; Public Households
FEC construction Services (PHH)
(PPS)

(own creation)



The conversion/transformation and distribution process is linked with all other processes
by a flow of final energy. Within each of the target processes, a sub-process is defined for
the conversion of final energy to useful energy. Losses due to imperfect conversion
processes, mostly in the form of dissipated heat, constitute outflows of the respective
processes and sub-processes. On grounds of data availability from Statistics Austria and
Wien Energie, the amount of useful energy was allocated according to several usage
categories, which were illustrated as further sub-processes. These sub-processes represent
the amount of useful energy consumed in the provision of the actual energy services (e.g.
light, heat, mechanical work): 1. space heating & air conditioning (SH_AC), 2. steam
generation (SG), 3. industrial furnaces (IF) in the industrial sector or big electrical devices
(BED) in private households and the service sector, 4. stationary engines (SE) in industrial
use or small electrical appliances (SEA) in private households and service enterprises, 5.
illumination and data processing (IDP), 6. traffic (TR) and 7. electrochemical uses (ECU).
Industrial furnaces and stationary engines may contain different devices as required in each
sector, whereas illumination and data processing refers to both illumination devices and to

computers, printers, copying machines in all sectors.

The above mentioned target processes, which were split according to business sectors,

include:

c) Agriculture (AGRI): covers the flows of final energy used for all agricultural
pruposes, forestry and fishing. The usage category space heating & air conditioning
here refers to the heating of agricultural buildings, operational water heating and
the use of drying or venting facilities. Unlike all the other sectors, a small quantity
of final and useful energy consumed for transport is included here, which covers
transport processes related to agricultural activities, for instance to bring in the

harvest.

d) Production processes: were subdivided into food production (FP), goods production
(GP), construction (CONST) and vehicles production (VP). Industrial furnaces here
refer to big gas-fired furnaces and the term electrochemical uses denotes activities

such as electrolysis or welding.
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e) Transport (TR): In principle, the transport process would cover five modes of
transport: road, rail and air traffic, inland navigation and transport in pipelines.
Final energy consumption for inland navigation and transport in pipelines was
found to be insignificant and is therefore not considered. Since the international
airport of Vienna is located outside the system boundary, namely in Schwechat,
Lower Austria, air traffic was excluded as well. For reasons of a better illustration of
the overall urban energy demand in the transport sector, this process as well
includes those amounts of final energy expended by all other business sectors
(here: processes) for transport purposes. The allocation of energy use in transport
is problematic, since an exact assignment within the system boundary is hardly
possible. Therefore, transport energy use is determined here according to the
supply of energy, i.e. the point of delivery to the final consumer. Other possibilities
would be to describe energy use in transport according to the actual consumption
or according to the respective activities, which could both not be adopted here due

to time and data constraints.

f) Private & Public Services (PPS): The process involves the flows of final and useful
energy consumed during the business operation of the service sector. Big electrical
devices cover for instance bakery ovens, big washing machines or data centres.
Small electrical appliances are refrigerators, small stoves or similar devices.
Illumination and data processing refers to lighting as well as the computers used at

the workplace.

g) Private Households (pHH): Final energy consumption in private households is
significant mainly in terms of space heating & air conditioning as well as in terms of
cooking and water heating (including water boilers, stoves and ovens, termed big
electrical devices). Small electrical appliances comprise all other domestic

appliances with an engine, such as refrigerators, vacuum cleaners or television sets.

Stocks usually denote material reservoirs (in terms of mass) within a certain process of the
analysed system. For the energy flow analysis carried out here, stocks are set equal to the
amount of useful energy consumed in the provision of the desired energy services. In this

way the flow of useful energy derived from the final energy consumed within each process




can be illustrated and a statement about the conversion efficiency of the respective devices
and engines can be made. With an average efficiency of 5-10% of light bulbs, for instance,

the flow of useful energy is expected to be significantly lower than the flow of final energy.

All processes of an MFA/EFA are linked by flows (mass or energy unit per time) or fluxes
(mass or energy unit per time and cross section) of materials or energy. Flows or fluxes
across system boundaries are termed imports or exports, flows or fluxes entering or leaving
a process are called inputs or outputs. The current analysis only refers to flows of energy
and not to material flows, wherefore the mass of energy carriers (such as hard coal, crude
oil or natural gas), the air required for conversion processes and the related emissions are

left out of consideration.

The specific flows analysed and illustrated are defined as follows:

a) Viennese Production of Primary Energy (VPPE): The definition of the VPPE process
as well refers to the inflow of VPPE into the conversion/transformation &

distribution process.

b) Import (M): refers to flows of primary and secondary energy commodities
originating in an unspecified and therefore “global” hinterland and entering the

system boundaries.

c) Export (X): this flow describes the outwards counter-flow of energy carriers and
electricity to supply a global hinterland. The relative size of VPPE and Import flows
gives an indication of the system’s dependence on its hinterland for the supply of

energy commodities.

d) Transmission and Distribution losses (TDL): denote the losses of energy
commodities during the distribution process to the points of use. Losses of natural

gas, district heating and electricity are considered here.

e) Conversion or Transformation Losses (CTL) are considered due to the fact that
energy carriers are usually not consumed in their original state of generation or

extraction, but are converted once or several times: the term describes the
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f)

g)

h)

differential amount of conversion input (of energy commodities) and the derived
outputs of conversion. Conversion input refers to the amount of primary and
secondary energy commodities that are expended in the generation of secondary
or derived energy commaodities (electricity or heat). No distinction could be made
here whether these inflows are of domestic or foreign origin. Conversion output
describes the total amount of final energy produced by the energy generation
facilities within Vienna, which covers all types of power plants, combined heat and
power plants (CHP plants) as well as heating plants. Electricity and heat production
by municipal waste incinerators is included in this term as well. These losses are
calculated by Statistics Austria for each conversion process, such as refineries or
CHP plants, based on current efficiency factors. For hydro-, wind and solar power
the conversion output is equated with the conversion input according to the

IEA/EU-concept.

Non-energy use of fuels (NEU): describes their usage as feedstock (e.g. as raw
materials for the manufacture of non-fuel products in the petrochemical industry),
for their physical properties (e.g. as lubricants and greases or bitumen) or for their

solvent properties (e.g. white spirit).

All flows termed Final energy consumption (FEC) denote the deliveries of final
energy commodities to consumers for the provision of energy services (such as
illumination, heat or mechanical work of machines). Flows through the system are
illustrated in terms of FEC in order to display the quantity of energy consumed by

each process.

Flows of Useful Energy (UE): denote the energy derived from final energy and
performing the actual energy services, such as the mechanical work of stationary
and vehicle engines or industrial furnaces, heat, light or data processing. Useful
energy is calculated based on a matrix of efficiency factors for the engines or
appliances used in the different processes, for instance the average efficiency of

diesel or gasoline engines.
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i) Losses (L): cover the quantity of final energy not converted into useful energy due
to suboptimal efficiencies of engines, appliances etc. and the derived heat

dissipation. These are considered as exports from the system.

For reasons of a better evaluation and comparison, urban energy flows through the system
are represented in terms of the Sl-unit petajoule (10" joule) as a consistent unit of
measurement, although they might be characterized as well in terms of energy carriers:
electricity, natural gas, district heat, fluid or solid energy carriers and fuels (gasoline, diesel)

and their specific units (t, m3, MWh).

The processes characterizing the city of Vienna are structured according to the so-called
activity concept. The term activity denotes a set of processes, flows and stocks of materials
and/or energy that are necessary to fulfill the most basic human needs: to nourish, to

reside and work, to transport and communicate and to clean.

1. To nourish: includes the energy used for the production of agricultural products,
the preparation of food in private households and the energy expended in the
gastronomy sector. The flow size is determined by the methods of food processing
as well as by cultural conditions, such as the diet or cooking habits of its

inhabitants. The energy flows corresponding to this activity are illustrated in green.

2. To reside and work: This activity can be further split up into the activity to work,
covering the flows of final and useful energy consumed during the production of
food, vehicles and other goods, in the construction sector or for the provision of
private and public services, and into the activity to reside, referring to the energy
used for space heating/cooling, illumination, data processing and small electrical in
the private household sector. In a strict sense, this activity also covers the amount
of final energy consumed for leisure activities, although it was not possible to
quantify the appertaining flows. As leisure activities gained importance throughout
the past years, it would be helpful to develop a method of quantification of these
flows. Due to the typically strong service sector in Vienna and new forms of working

conditions, such as telework, a distinct delimitation between the residential and
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the working sphere is not possible any longer. The corresponding energy flows are

shown in red.

To transport: comprises all flows of final energy consumed for passenger and goods
transport within the system boundaries. Based on the data obtained, only a
distinction between road-based and railway transport could be made. In terms of
passenger transport, individual and public means of transportation are covered
equally. The data used in the energy flow analysis is based on the so-called
acceptance principle, i.e. it refers to the energy value of all fuels sold to private
consumers and enterprises within the system boundaries. This concept gives no
indication about where these fuels are actually used and where the resulting
emissions have to be attributed. An approximation according to the average
passenger kilometers taken within the city of Vienna is given in the analysis section.

Energy flows in transport are illustrated in yellow.

To clean: This activity denotes the energy used for all processes aiming at the
maintenance of human health and the protection of the environment against
pernicious emissions and wastes. This comprises the energy used by cleaning
appliances on a household level, or the energy used for street cleaning, waste
treatment and management and for water supply and waste water treatment on an
urban scale. On a material level, this activity is very significant as it is dominated by
huge water flows, which is expected be different in terms of energy use. Thus, a
certain percentage of energy used for big electrical devices in private households
will here be attributed to this activity, next to a certain amount of energy
consumption from the conversion/transformation and distribution process
(referring to thermal waste treatment) and a certain quantity of energy used in the
service sector (covering the energy demand of the municipal department MA 48
and the main wastewater treatment plant of Vienna). The appertaining flows are

shown in blue colour.
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3.1.2. Data

Data sets for the analysis of direct energy flows on an urban scale were obtained from
Statistics Austria and Wien Energie, Vienna’s main and publicly owned energy supplier.
Energy balances of Statistics Austria adhere to the format and definitions of Eurostat/IEA,
applying the domestic principle (i.e. all energy sources introduced into the Austrian market
are considered, regardless of their place of consumption). The sectoral classification follows
the definition of IEA/Eurostat, while data on business activities are allocated according to
the ONACE classification scheme. The relevant data sets are obtained via primary data from
Statistics Austria, data from other institutions (e.g. E-Control and the Federal Ministry of
Economy, Family and Youth) and administrative data, which are then calibrated, corrected
and validated for consistency by the IEA and Eurostat. Useful energy was derived from
energy end use by means of efficiency factors (ratio of energy usage vs. output of useful
energy) developed by the Vienna University of Technology. Since the relevant data sets are
at least partly obtained by sampling or derived from different sources, the results can only

serve as a rough approximation to reality.

3.2. Embodied Energy Flows in Private Households

3.2.1. Methodology

Seen from a consumer perspective, energy demand refers to the demand for energy
services, such as heat, illumination or mechanical energy, not to the amount of chemical
energy stored in energy commodities (e.g. fuel). These energy services can be distinguished
into direct energy services (such as mobility, illumination or heat), and indirect energy
services, which can be further split into short-lived (consumption goods, such as food or
clothes) and long-lived indirect energy services (investment goods, such as buildings,
infrastructure, roads etc) (Weirich, 2008). Usually only direct energy services garner the
attention of the final consumer, although it is necessary to determine the flows of indirect
energy services as well in order to provide a comprehensive picture of the overall amount

of energy consumed.
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The term “embodied energy” (Ger. graue Energie, Fr. I’énergie grise) was coined in
Switzerland in the 1970s, referring to the indirect energy consumption of fossil and nuclear
energy carriers or hydro power. Nowadays the term covers all energy carriers equally
(Spreng, 1995). The consumption of embodied energy thus describes the energy used for
the production or manufacturing of a certain product or the provision of a service. With
regards to goods, such as a computer, embodied energy covers the energy used for the
production of its materials and components, their assembly, storage and transport to the
final consumer, as well as the energy used for the final disposal of the product after its
lifetime. On the contrary, the consumption of electrical energy during its lifetime counts
towards the direct use of energy (electricity); yet in a strict sense, the provision of this
electricity (e.g. through the grid infrastructure) requires further expenses of embodied
energy. This example already depicts the devil in the detail, in other words the difficulties in
establishing the boundaries of each analysis and the questionable comparability of single
results. Due to complex, specialized and strongly interconnected production processes with
strongly diverging basic conditions in each country, an increasingly globalised economy with
a multiplicity of designs and models of a single product, considerations of embodied energy
can only serve as a very rough approximation to reality. For this reason it is necessary to
define an “average good or product”, which in the best of cases features an average of the

characteristics of all models of the product or good examined (Weirich, 2008).

The horizontal and vertical boundaries of analysis need to be determined in order to assign
a certain amount of embodied energy. Every product or service runs through a chain of
processes throughout its lifetime, so it is necessary to define the onset and the ending point
of this process chain (horizontal boundary). The GEMIS (Global Emission Model of
Integrated Systems) software and database of the German Eco-Institute and the University
of Kassel, that was used for the greatest part of the current analysis, follows the most
prominent approach: the extraction of raw materials or the generation of primary energy is
taken as a starting point, whereas the onset of the usage phase of the product in an
enterprise, a private household or elsewhere is determined as the ending of the process

chain.

Embodied energy consumption in the current analysis refers to the energy embodied in
goods and services used in private households within the system boundaries. It is assumed

that these goods and services were produced in an unspecified global hinterland, so the
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respective flows of energy that are now regarded as embodied in these goods or services,
were in fact expended in the global hinterland. The goods considered may be capable of
converting final energy to useful energy in order to provide energy services (illumination,
heat or motion), yet they do not supply final energy. Thus, the embodied energy of for
instance household appliances, vehicles, furniture or food is determined, but not energy
carriers such as natural gas, fuels or electricity. The definitions of primary, final and useful

energy as given in chapter 3.1 are valid for the analysis of embodied energy as well.

The analysis conducted here is restricted to a determination of the amount of energy
embodied in the goods and services consumed by Viennese households and a comparison
of the flow size to the flows of direct energy in private households. Although an interesting
starting point for further research, the disposal of the goods consumed is not taken into
consideration here. The width of analysis is determined by the vertical boundaries, i.e.
which energy flows are considered during the production process. The installation of a
refrigerator, for example, requires machines that consume energy (termed operating
supplies and facilities), yet the production and maintenance of these machines requires
energy too. A further consideration of these flows would mean a so-called approximation of
the second order (Weirich, 2008), which is disregarded due to a disproportionate effort in
analysis with a declining importance of approximations of higher order. Thus, the current
analysis is restricted to an approximation of the first order, i.e. it covers only the process
examined while ignoring operating supplies and facilities. So-called “coupled products”,
referring to several goods manufactured during the same production processes and the
appertaining proportionate assignment of the energy used (Spreng, 1995), are left out of
consideration as well. The Sl-unit gigajoule (GJ or 10° joules) is used to depict embodied

energy flows in private households and to compare it with direct energy consumption.

3.2.2. Data

The GEMIS software and database of the German Eco-Institute and the University of Kassel
was used to obtain most of the CED-values (Ge. KEA — Kumulierter Energieaufwand). As a
reference term for embodied energy, cumulative energy demand (CED) is used, which
denotes the total consumption of energy commodities for the supply of a good or service,
divided into renewable, non-renewable and recycled energy sources. The CED-value

contains the energy expended for the provision of substances, but does not contain their
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specific energy value (heating value) in case they are not used as energy carriers (e.g. wood

as construction material). As defined by the German Oko-Institut,

“GEMIS calculates life-cycles for all processes and scenarios, i.a. it considers all relevant
process steps from the generation or extraction of primary energy and raw materials up to
the useful energy or the provision of substances. It also takes into account the energy

expended for the production of energy facilities and transport systems.”

The database, which was used in its currently available version 4.6, thus allows for
comparative analyses of energy expenses and environmental effects. Data on the utilisation
ratio, capacity and lifetime, pollutant and GHG-emissions, solid and liquid remnants as well
as the area requirement for each single process are included. For reasons of simplicity, only
standard data sets were used as input data, although the programme contains several
different data sets. As no equivalent and freely accessible database specialized on Austrian
conditions exists, it has to be assumed that the German data sets are more or less equally

valid for the Austrian market.

4. Analysis of Energy Flows

4.1. Direct Urban Energy Flows according to the Activity Concept

Direct energy input (DEI) into the system, consisting of the Viennese production of primary
energy and imports of energy carriers, totaled 164 PJ in 2008. Only about 12% of DEI result
from the production of primary energy on the territory of the city, primarily consisting of
hydropower, wind power and the production of forest biomass from the Vienna Woods.
Compared to an import flow of 88% of DEI, Vienna’s degree of self-sufficiency is very low,
which drastically depicts the openness of urban areas, in other words Vienna‘s dependence

on its hinterland for the supply of energy commaodities.

Export flows of primary and secondary energy commodities only represent a share of about
1% of DEI, whereas losses through the conversion or transformation (CTL) of primary energy
into final energy amount to 16,3 PJ (10%). According to the principles of IEA/Eurostat,
conversion input and conversion output are assumed equal (without losses) for

hydropower, wind power, photovoltaic systems and geothermal power stations.
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Conversion inputs, stemming from both Viennese production of primary energy and from
imports of energy commodities, have an energetic value of 58.3 PJ. The corresponding
outputs of conversion amount to 42 PJ, about 5 PJ of which stem from combustible wastes,
1.6 PJ from solid and gaseous biomass, about 4.1 PJ from hydropower, only 0.04 PJ (44 T))
from a combination of wind power, solar power and geothermal heat. Thus, roughly 26% of
the final energy generated within Vienna stems from renewable sources and combustible
wastes. The major share of final energy generation (74%) stems from fossil energy
commodities, namely 30.2 PJ from natural gas and about 1 PJ from oil commodities. During
these conversion processes and the supply of final energy to the respective consumers, the

energy sector itself consumes about 2.3 PJ of energy (slightly more than 1% of DEI).

Transmission and distribution losses (TDL) troughout the whole system account for 4,344 T)J
(2.6%), which seems plausible given the grid loss factors published by Wiener Stadtwerke.
All grid losses reported are below the European average, with highest rates in the district
heating grid (9.3%) and lowest in the gas grid (0.3%). Losses in the electricity grid amount to
an intermediate 5.3% (Wiener Stadtwerke, 2011). Only 0.2 PJ of energy carriers are utilized

for non-energy purposes (NEU), such as the petrochemical industry.

The auxiliary flow of solar insolation (Sl) was introduced yet not quantified in order to
provide a comprehensive picture of an EFA: All primary energy carriers result in one form or

another from the incidence of solar radiation on Earth.

Computing an energy balance, the remaining 139 PJ constitute the quantity of final energy

available for distribution to the target processes, i.e. to the final consumers.
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Figure 4.1. Direct energy flows on an urban scale, Vienna 2008 (own creation, based on data from Wien
Energie, 2011, Statistics Austria, 2008)

4.1.1. To Nourish

As stated in chapter 3.1, the activity to nourish comprises the sum of final energy
consumed in the agricultural sector (Figure 4.1.1.a), the preparation of meals in private
households (see Figure 4.1.2.a) and gastronomy as part of the process private and public

services (PPS) (Figure 4.1.2.b).

70% of the 0.5 PJ of final energy consumed in agriculture are converted into useful energy,
such as light, heat or the mechanical work of agricultural machines. Losses emerging from
the conversion of final energy into energy services, i.e. the heat dissipated, amount to 30%
or about 0.1 PJ. Space heating by far constitutes the greatest proportion of final energy

consumption (73%) and the only relevant flow on an urban scale, which can be partly

27



explained by the fact, that this category includes operational water heating and drying or
venting facilities. The 0.2 PJ illustrated as a stock in the conversion sub-process refer to the
amount of final energy attributable to minor usage categories, which were found

insignificant on an individual basis.

Conversion Space Heating & Air
finalfuseful Conditioning
@ energy Q1> ®
SH_AC +0.2 Losses_AG
FEC_AGRI +0.2

Figure 4.1.1.a Direct energy flows in the agricultural sector, Vienna, 2008 (own creation, based on data from
Wien Energie, 2011, Statistics Austria, 2008)

Food preparation in private households, reported as big electrical devices (BED) counts
towards this activity as well. 25% of this usage category, which cover predominantly stoves,
water boilers and other cooking and water heating devices and constitute the second
largest energy consumer in private households, were attributed to food preparation . The
remaining 75% of final energy consumption of BED was ascribed to cleaning activities (such
as washing machines, showering etc.). Thus, final energy consumption for food preparation

in private households amounts to 2.2 PJ.

Final energy consumption or the derived energy services in gastronomy could not be
directly quantified. Therefore, a 10% share of gastronomy in the total service sector (PPS)
was assumed, based on the number of hotels and restaurants compared to other
companies in the service sector of Vienna, (Statistics Austria, 2011, Industry sectors acc. to

federal states). Final energy consumption in gastronomy therefore amounts to 3.3 PJ.

In total, the activity to nourish uses 6 PJ of final energy on an urban scale, of which 75% can
be converted into energy services and 25% are lost, mainly as dissipated heat (Table
4.1.1.). It can be seen, that feeding activities within Vienna only consume roughly 4% of the

overall flows of final energy throughout the city.




Table 4.1.1. Direct energy consumption of the activity to nourish

To nourish [Pl/a] Final energy Useful energy Losses
Agriculture 0.5 0.3 0.1
Cooking pHH 2.2 1.9 0.4
Gastronomy 3.3 2.3 1.0
Sum 6.0 4.5 1.5

(own creation, based on data from Wien Energie, 2011, Statistics Austria, 2008)

4.1.2. To Reside and Work

On an urban as well as on an individual scale, the energy flows attributed to the activity to
reside and work are expected to consume most energy, as this term covers energy intensive
aspects of private households (Figure 4.1.2.a), the major part of the service sector (Figure
4.1.2.b) and the whole production sector (Figure 4.1.2.c). The activity can be further
distinguished into the direct energy flows in private households (to reside) and the flows of

direct energy expending in the business sectors (to work).

Most of the usage categories in private households count towards the activity to reside:
space heating and air conditioning, small electrical appliances as well as illumination and
data processing are decisive for the overall amount of final energy consumed by the
Viennese households. As described above, the flows of final energy used for the operation
of big electrical devices (8.9 PJ) are assigned elsewhere, so the relevant flow of final energy
for residential purposes amounts to roughly 32.2 PJ. lllumination and data processing (IDP)
consumes about 2.5 PJ of final energy, yet due to the lowest conversion efficiency of all
usage categories (which can be explained by the still very low efficiency of light bulbs) 2.4
PJ are lost. About 73% of the respective flows are converted into useful energy to provide
energy services such as space heat, light or the operation of TV sets, vacuum cleaners or hi-

fi systems. 27% of final energy or 9.5 PJ are lost during the conversion process.
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Figure 4.1.2.a Direct energy flows in private households, Vienna, 2008 (own creation, based on data from Wien
Energie, 2011, Statistics Austria, 2008)

89% of the final energy consumed in the service sector of Vienna are attributed to the
activity to work, whereas 10% are ascribed to gastronomy and thus count towards the
activity to nourish, and another 1% is attributed to the activity to clean (including the flows
of final energy used by the main wastewater treatment plant of Vienna and the municipal
department MA48, which is responsible for waste management). Private and public
services counting towards working activities therefore consume 29.4 PJ of final energy per
year, the biggest proportion of which is used for space heating and air conditioning
(75.36%), followed by the operation of big electrical devices (17.93%). lllumination and data
processing as well consume a considerable amount of final energy (4 PJ), which is converted
into useful energy with a very low efficiency. With a conversion efficiency of roughly 70%, a

quantity of 20.6 PJ provides energy services in this sector and about 30% (8.8 PJ) are lost.
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Figure 4.1.2.b Direct energy flows in the service sector, Vienna, 2008 (own creation, based on data from Wien
Energie, 2011, Statistics Austria, 2008)

Industrial production consumes roughly 13.5 PJ of final energy in total, of which the
production of goods (including the production of machines, the paper and print industry,
the metal industry, textiles and leather as well as other products) consumes the biggest
share with 7.1 PJ, followed by the construction industry with 3.7 PJ. The production of food
is less energy-intensive and thus only amounts to 2.1 PJ per year, whereas the low value for
the usually energy-intensive production of vehicles (0.7), which is in the same order of
magnitude as agricultural production, is an indication of an only minimal car industry in
Vienna. In terms of the whole industrial production sector, 27% of final energy is lost as
heat and 73% are converted into energy services, such as mechanical work, light or heat.
Stationary engines are responsible for about 36% of the total consumption of final energy
in the production industry, followed by steam generation and space heating & air
conditioning (24% each). It can be further seen, that the generation of steam is conducted
with a higher efficiency than space heating, which results in 2.6 PJ of useful energy
(compared to 2.3 PJ for space heating purposes). The stock of 0.5 PJ in the conversion
process refers to illumination and data processing (0.4 PJ of final energy) and

electrochemical uses (0.1 PJ).
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Figure 4.1.2.c Direct energy flows in the production sector, Vienna, 2008 (own creation, based on data from
Wien Energie, 2011, Statistics Austria, 2008)

In total, 32.2 PJ of final energy are used to support living within the city of Vienna, of which
roughly 70% are converted into energy services and almost 30% are lost (mainly in the form
of dissipated heat) (Table 4.1.2.a). The activity to work is a significantly bigger consumer of
final energy, with a total amount of 46.6 PJ consumed in the service and the industrial
production sector. Slightly below 70% (32.5 PJ) are converted into useful energy, whereas
14.1 PJ are lost in these processes (Figure 4.1.2.b). Although different conversion
efficiencies exist in the respective usage categories, both activities have roughly the same
energy efficiency in an overall view. As expected, the overall activity to reside and work
turned out as the most energy intensive activity on an urban scale, consuming 78.8 PJ or

about 56% of the overall consumption of final energy in Vienna.

Table 4.1.2.a Direct energy consumption of the activity to reside

To reside [Pl/a] Final energy Useful energy Losses
Private households . 32.2 . 22.6 . 9.6
Sum 32.2 22.6 9.6

(own creation, based on data from Wien Energie, 2011, Statistics Austria, 2008)




Table 4.1.2.b Direct energy consumption of the activity to work

To work[PI/a] Final energy Useful energy Losses
| private & public services 294 26 88 |
Goods production & 10.8 7.8 3.0
construction

Construction 3.7 1.8 1.9
Food Production 2.1 1.7 0.4
Vehicles production 0.7 0.6 0.1
Sum 46.6 32,5 14.1

(own creation, based on data from Wien Energie, 2011, Statistics Austria, 2008)

4.1.3. To Transport

As mentioned above, the activity to transport on an urban scale contains all flows of energy
used for purposes of passenger and goods transport. This entails the entire energy
consumption of the transport sector, including those flows of final energy expended for

transport purposes in private households, in the service sector and in the industrial sector.
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Figure 4.1.3. Direct energy flows in transport, Vienna, 2008 (own creation, based on data from Wien Energie,
2011, Statistics Austria, 2008)

Roughly 51.2 PJ of final are expended for transport purposes within the city of Vienna, a
fact that renders the activity to transport the second most energy-intensive activity on an
urban scale. The EFA further clearly illustrates the inefficiency of the road-based transport

in converting final energy into actual energy services: of the 50.1 PJ of final energy
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consumed for land-based transport, only roughly 17 PJ can be converted into useful energy,

whereas 33.2 PJ (or about 66%) are lost due to a low efficiency of vehicle engines.

It can be further seen, that the translation of final energy into motion is much more
efficient for railway and underground (68%) than for road-based transport (34%), although
this does not affect the overall result of the transport sector. Railway transport only
accounts for about 2% of the overall energy consumption in transport, whereas road-based
passenger and goods transport is responsible for 98% of final energy consumption, which
together with the low conversion efficiency, reveals a vast optimization potential. In total,
the transport sector is responsible for about 36% of the overall final energy consumption in

Vienna.

Nonetheless, the data obtained do not give an indication of where the fuels are actually
converted, as they are calculated based on the quantity of fuels sold within the city
boundaries. Therefore, the figures also include so-called “fuel-tourism”, i.e. a certain
amount of fuels purchased but not actually converted within the system boundaries.
Recent studies indicate that about 35% of daily travels within Vienna are taken by public
transportation and that city dwellers walk or cycle for another 31% (VCO, E-mobility, 2011).
Private vehicles are therefore used for the remaining 34% of trips within the system

boundaries.

Table 4.1.3. Direct energy consumption of the activity to transport

To transport [PJ/a] Final energy Useful energy Losses
Road 50.1 16.9 33.2
Railway 11 0.7 0.3
Sum 51.2 17.6 33.5

(own creation, based on data from Wien Energie, 2011, Statistics Austria, 2008)




4.1.4. To Clean

The fourth activity to clean comprises the quantity of final energy consumed for cleaning
activities in private households, water supply and waste water treatment as well as the
energy used for waste management. Since waste incinerators were listed in the original
data sets within the energy sector (due to their generation of electricity and heat from
combustible wastes), the energy used in this process (termed ESU) was estimated assuming
an equal percentage of the contribution towards energy generation and the amount of
energy used during conversion. Thus, with a 12% contribution of waste incinerators to the
overall conversion output of Vienna (see chapter 4.1.), the energy used in this process is
estimated at about 0.3 PJ. Conversion and transformation losses were found to account for
roughly 10% on an urban scale, which is applied here too. Apart from the main wastewater
treatment plant in Vienna and the municipal department MA 48, no specific data on the
energy consumption of this activity could be obtained. Thus, the results can only indicate an

order of magnitude, but should not be taken as absolute numbers.

Unlike on a material basis, the activity to clean turned out to be less meaningful on an
urban scale than other activities. Final energy use in private households, defined as a
certain percentage of the overall energy consumption of the usage category BED, is shown
to dominate this activity with 6.7 PJ of final energy. Although the waste and wastewater
sector is usually responsible for huge flows of materials and substances, it appears to have
a rather low energy intensity. In total, cleaning activities within the city of Vienna consume
7.2 PJ of final energy with a conversion efficiency of roughly 83%. Thus, they are
responsible for slightly below 5% of the overall final energy consumption within the within

Vienna.

Table 4.1.4. Direct energy consumption of the activity to clean

To clean [PJ/a] Final energy Useful energy
Private households 6.7 5.6 1.1
Waste water & waste 0.2 0.2 0.1
management
Own energy use of waste 0.3 0.2 0.0
incinerators
Sum 7.2 6.0 1.2

(own creation, based on data from Wien Energie, 2011, Statistics Austria, 2008)
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4.1.5. Results

As expected, to reside and work within Vienna consumes the biggest proportion of final
energy (roughly 55%), followed by transport with about 36%. The remaining share of final
energy consumption is divided into the activities to nourish (4%) and to clean (5%). Space
heating constitutes the main usage category within the activity to reside and work (49.3 PJ
or 56% of the final energy requirement of the activity to reside and work). Conversion
efficiency of final energy into useful energy was found to be highest with respect to

cleaning activities (83%) and lowest regarding transportation (35%).

In terms of usage categories, most of the final energy is expended for transport purposes
(37 % or 51.2 PJ), closely followed by space heating and air conditioning (49.6 PJ or 36% of
the overall final energy consumption). Industrial furnaces and big electrical devices
consume 12% of final energy (16.8 PJ), stationary engines and small electric appliances
account for 8% (10.6 PJ) whereas illumination and data processing only account for 5% (7
PJ). Least important aspects in terms of final energy consumption are steam generation (3%

or 3.9 PJ) and electrochemical uses (0.02 PJ or 0.01% of total final energy consumption).

A classical sectoral perspective yields similar results as the analysis of the different usage
categories: The transport sector constitutes the primary consumer of final energy (51.2 PJ
or about 37%), closely followed by private households (41.1 PJ or 30%). Private and public
services contribute with a share of 23.5% to final energy consumption (32.8 PJ), whereas
the industrial sector only accounts for 9.5% (13.5 PJ), which illustrates Vienna’s
characteristics as a city largely based on services. The few agricultural activities within the
city’s boundaries are insignificant for the system’s overall energy consumption, contributing

with a share of 0.3% or 0.5 PJ to the overall final energy consumption.

These results already point towards those activities and spheres, where an optimisation of
current energy use patterns and of the efficiency of facilities and appliances employed
seems indispensable. Thus, an extensive refurbishment of the transport and the building
sector, which were identified as the main consumers of final energy in terms of usage
categories but also according to the activity concept, should be the starting point for

optimisation measures.
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4.2. Direct vs. Embodied Energy Flows in Private Households

With the aim of providing a more comprehensive picture of the overall amount of energy
consumed by private households, this chapter addresses the quantities of embodied energy
entering a typical Viennese household each year, set in relation to the direct energy

throughput within the reference year.

4.2.1. Direct Energy Consumption

Based on the results of the previous chapter, the direct energy consumption of an average
Viennese household amounts to 53.2 GJ in terms of final energy without considering energy
use in transport. Split up according to energy commodities, electricity accounts for 13.1 GJ
and 40.1 GJ are supplied by various energy carriers for heating purposes (including water
heating and cooking) in every private household (Table 4.2.1., expert information from Ing.
Oswald Loibl, Wien Energie). Space heating and air conditioning consume an overall 33.1 GJ
per household, for which natural gas (65%) and district heat (18%) constitute the biggest
energy sources. Water heating and cooking is mainly provided via natural gas (56%), district
heat (22%) and electricity (20%), whereas the dominant share of electricity is used for small
electrical appliances and illumination and data processing (65% of all electricity) (Wien

Energie, 2011).

Table 4.2.1. Energy carriers in private households

Energy commodities in pHH I energy carriers [TJ] . EC [GJ/pHH]

Natural gas T 27.9
Electriciy 10081 13.1

District heat 6698 8.7

Gasoil 1347 1.7

Fuelwood 754 1.0

Biogenic fuels & combustibles 221 0.3
Others (ambient heat etc) 219 0.3
Fuel oil 80 0.1

Liquefied gas 72 0.1

Coke 23 0.0

Hard coal 13 0.0

Lignite 5 0.0
Sum 41080 53.2

(source: Ing. Oswald Loibl, Wien Energie)
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Figure 4.2.1. Energy Commodities used in an average private household, Vienna, 2008 (source: Ing. Oswald
Loibl, Wien Energie)

Direct energy consumption for individual transport has been calculated at 13.1 GJ per
capita and year or at 26.1 GJ/pHH.a. (compare chapter 6.1.1.). According to a VCO study
(2011), every person travels on average about 3000 km per year with public means of
transportation, of which about 1000 km are taken by railway. It is thus assumed, that the
remaining passenger kilometres (pkm) per year are taken by bus, tram or underground.
Based on energy consumption values illustrated in chapter 6.1.1., every urban dweller thus
consumes 1.8 GJ of direct energy by using public means of transportation per year. This

translates into a direct energy consumption of 3.6 GJ per household and year.

In total, direct energy consumption of an average Viennese household amounts to 82.9 GJ
per year. Space heating and air conditioning consume 40% of final energy used in a typical
private household, individual transport is responsible for 31% and public transport only for
4% of final energy use. Water heating and cooking (big electrical devices) account for

another 14% of final energy consumption. Small electrical appliances and illumination and

data processing consume 6% and 4% of final energy, respectively.
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Figure 4.2.1. Direct energy consumption of private households, Vienna (own creation, based on data from
Wien Energie, 2011, Statistics Austria, 2008)

A study of VCO (2010) addressing energy use for space heating, electricity and transport in
the 9™ district of Vienna, estimated an annual direct energy consumption of about 32 GJ
per person. Space heating consumes about 18.8 GJ/cap.a, electricity consumption accounts
for 6.9 GJ per person and year. About 156l of fuel per capita and year with an energetic
value of 5.2 GJ are used for individual transport within Vienna, whereas only 1.1 GJ/cap.a
are spent for public means of transportation (VCO, Energy transition, 2010). With an
average household size of 1.99 in Vienna, this amounts to 63.7 GJ per household and year.
Considering different data sources with small inaccuracies and the fact that the VCO-study
only considers electricity, space heating and transport in a spatially dense and centrally
located district, the results of both analyses are well compatible. All other figures despite
energy use for individual transport are exactly in the same order of magnitude. Solely the
calculations based on the average daily travel distance in Vienna yield an annual energy
consumption more than twice as high as the energy expended by people living in the ot
district, which indicates the importance of urban density, the availability of public means of

transport and preferably short distances to work for an reduced energy use in transport.
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4.2.2. Embodied Energy Consumption

Embodied energy consumption of Austrian households has been estimated to total 197 PJ
in 2005, which translates into an annual embodied energy consumption of 56.8 GJ per
household (Weirich, 2008). Based on the main results from Weirich, which were adapted to
local conditions and extended by the stock of construction materials ascribed to each
household (including the flat of an assumed average size and a certain fraction of the
infrastructure used), this chapter determines the amount of embodied energy consumed by
an average Viennese household throughout a year. The embodied energy contained in
transport vehicles, household appliances, entertainment electronics and the category
others from Weirich (2008) served as a basis for analysis and was adjusted according to the
number of households (771,700) and the average household size (1.99) in the city of
Vienna. The GEMIS software and database (version 4.6) served as the main data source for
embodied energy in all cases, providing the cumulative energy demand per unit of a
product or service through an analysis of process chains. Regarding the energy embodied in
food and beverages, the results from Farthofer (2011) were converted to fit the conditions
in Vienna. These figures were favoured over the results from Weirich, as the data on
monthly consumption of food is based on the consumption survey in Farthofer, whereas
these data were derived from the supply statistics by Weirich, which does not provide a
clear picture of the actual quantities consumed in the reference year. As the cumulative
energy demand (CED) per unit of a good or service was derived from the GEMIS-database in
all of the cases, the respective results are compatible and could be easily adapted to
regional conditions. Therefore, consumption patterns were assumed constant over the

period of 2005 to 2008.

The embodied energy food and beverages, referring to the cumulative energy demand for
agricultural production and industrial processing of food as well as for the transport of
these commodities up to the consumption point (usually a supermarket), amounts to 10.3
GJ per household. It can be seen that the energy intensity for the overall provision of food
strongly depends on the diet of the population. Although the consumption of meat and fish
equals the quantity of bread and cereals in the conventional diet of a Viennese person (8%
each of the total mass consumed), their share in the cumulative energy demand is by far

higher: 36% compared to 8% of cumulative energy demand, respectively. About 17% of the
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yearly diet consists of dairy products and eggs, which have a relatively comparable share of
14% in the cumulative energy demand for nutrition. Although non-alcoholic beverages
constitute 27% of the yearly diet, their comparatively low share in the total embodied
energy (7%) indicates a high energy efficiency in production. In sum the low degree of
efficiency in the production of food products derived from animals together with a high
share in the average diet give a reasonable explanation for the high overall value of

embodied energy in food and beverages.

Table 4.2.2.a Embodied energy of food & beverages consumed per private household and year

Food & Beverages Consumption 2 CED [GJ/pHH.a] CED-Data source

[kg/pHH.a]

Bread & cereals 91 0.81 GEMIS, Farthofer, 2011
Meat & fish 91 3.74 GEMIS, Farthofer, 2011
Dairy products & eggs 189 1.49 GEMIS, Farthofer, 2011
Flour, sugar, butter 57 1.33 GEMIS, Farthofer, 2011
Fruits 131 0.78 GEMIS, Farthofer, 2011
Vegetables 134 0.29 GEMIS, Farthofer, 2011
Other food products 19 0.56 GEMIS, Farthofer, 2011
Non-alcoholic beverages 296 0.74 Taylor, 2000
Alcoholic beverages 93 0.59 Taylor, 2000
2 Food & Beverages/pHH.a 1101 10.32
(own creation, based on data from GEMIS, Farthofer 2011)
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Figure 4.2.2.a Consumption of food & beverages vs. embodied energy in f&b consumed [%/pHH.a] (own

creation, based on data from GEMIS, Farthofer 2011)
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The acquisition of household appliances was calculated by Weirich through a multiplication
of the number of households with the average equipment rate, divided by the average
specific lifetime of each appliance. Thus, it has to be assumed that the number of
household appliances per private household stays constant. As the GEMIS-database does
not contain CED-values for these appliances, the values found in Weirich (there compiled
from several individual studies) were applied, which gives more uncertainty than the
GEMIS-database, as the boundaries of analysis may be different in these studies but very in
a lot of cases not indicated. With regard to household appliances, the cumulative energy
demand of an average Viennese household amounts to 1.09 GJ. Of these, washing
machines (24%) and small kitchen appliances (20%) have the highest share in embodied
energy, followed by freezers with 17%. This can be explained both via the high energy
intensity per unit for washing machines and freezers and the number of acquisitions (based
upon the high degree of equipment per private households). Although tumble dryers
feature a high specific CED as well, the number of acquisitions and the degree of equipment
in private households is considerably lower (27%), which explains their lower contribution
to the average cumulative energy demand. The comparatively low demand of embodied
energy per year can be explained by the fact that these appliances are purchased only once
every few years, so the embodied energy contained in each appliance was distributed over

its specific lifetime.

Table 4.2.2.b Embodied energy of household appliances consumed per private household and year

Household appliances Acquisitions in CED [G)/unit] 2 CED [GJ/pHH] CED-Data
Vienna [N°/a] source
Washing machine 50609 3.92 0.26 Weirich, 2008
Small kitchen appliances 1254013 0.13 0.22 Weirich, 2008
Freezer 36531 3.79 0.18 Weirich, 2008
Refrigerator 43884 2.64 0.15 Weirich, 2008
Dishwasher 35963 3.21 0.15 Weirich, 2008
Tumble dryer 13486 3.60 0.06 Weirich, 2008
Electric/gas-oven 38288 1.14 0.06 Weirich, 2008
Microwave oven 36584 0.27 0.01 Weirich, 2008
Sum household appliances 1509358 1.08

(source: Weirich, 2008)
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Entertainment electronics, computers and mobile phones in a typical private household
contain an overall embodied energy of 2.1 GJ. The number of acquisitions was calculated in
the same way as for household appliances. In this category, computers exhibit the highest
specific CED as well as the highest share in overall embodied energy consumption of each
household (51% compared to a share in overall acquisitions of 10%). Almost 744000 mobile
phones were purchased in the reference year (47% of all acquisitions), which explains their
share in overall embodied energy (16%) despite a relatively low specific CED. In sum, the
embodied energy of entertainment electronics is about twice as high as the embodied
energy of household appliances, which is merely due to the high value of embodied energy
in computers, their high degree of equipment in every household and a significantly lower

lifetime of all entertainment electronics than the one of household appliances.

Table 4.2.2.c Embodied energy of entertainment electronics

Entertainment electronics Acquisitions in KEA [GJ/unit] 3 KEA [GJ/pHH] KEA-Data
Vienna [N°/a] source
Computer/laptop 158199 5.35 1.10 Weirich, 2008
Monitor 56248 2.07 0.15 Weirich, 2008
Printer 158199 0.33 0.07 Weirich, 2008
Mobile phone 743981 0.35 0.34 Weirich, 2008
TV set LCD 65337 2.07 0.18 Weirich, 2008
TV set CRT 21779 0.71 0.02 Weirich, 2008
Digital camera 167712 0.95 0.21 Weirich, 2008
Hifi-system 96463 0.33 0.04 Weirich, 2008
DVD-player 112823 0.33 0.05 Weirich, 2008
Sum entertainment electronics 1580739 2.14

(source: Weirich, 2008)

The amount of energy embodied in all types of furniture, illumination devices, kitchenware
and detergents, clothes and textiles, paper and cardboard packaging as well as all other
packaging materials (glass, aluminum, other metals, wood and plastics) totals 29.7 GJ per
household and year. Clothes and textiles were calculated based on the trade statistics of
Vienna (2008), which yielded an overall quantity of about 36000 tons of clothes purchased
in Vienna. Thus, every household purchases on average 46.7 kg of clothes and accessories
per year. The GEMIS database provided 2 significantly different CED-values for T-shirts

made of cotton (360 MJ/kg according to the process chain Baumwoll-Aquivalent (T-Shirt)-




DE-mix, and 147 MJ/kg according to the process chain Baumwoll-Aquivalent (T-Shirt)-DE-
6ko), which were taken as an approximation to the embodied energy of clothes. Thus, half
of the quantity was calculated with each of these values, as these CED-values are based on
different assumptions about the origin of these clothes. The high CED-value ascribed to
textile fabrics by the GEMIS database results from the assumption that most of the clothes
traded were produced in China and other Asian countries with lower energy efficiency in
production. This assumption is complemented by a hypothesized high energy demand for
long-distance transport. Both factors contribute to the high value embodied energy
consumption for textiles. Thus, embodied energy of clothes and textiles totals 11.8 GJ per

private household and year.

Table 4.2.2.d Embodied energy of clothes and textiles per private household and year

Clothes & textiles Vienna, weight weight CED CED CED-data
t/a [kg/pHH.a] [GJ/kg] [GJ/pHH.a] source
Clothes & textiles 36000 23 0.36 8.41 GEMIS
Clothes & textiles 23 0.15 3.43 GEMIS
Sum clothes & 11.84
textiles

(source: GEMIS, Trade statistics Vienna, 2008)

The respective masses of paper, cardboard packaging and other packaging materials were
calculated according to the quantities ending up as separated and residual waste based on
the Austrian Waste Management Plan of 2006. Packaging materials constitute about 25% of
the embodied energy consumed in this category, of which plastic materials contain most
embodied energy. Surprisingly, the energy embodied in clothes and textiles (11.8 GJ or
about 40% per household) was found to be twice as high as the energy embodied in
furniture (6.25 GJ or 21%). The quantities of furniture purchased were derived from the
Austrian statistics of the business cycle. Office equipment, built-in furniture as well as
maintenance and repair of existing furniture were not considered in this category (Weirich,
2008). The energy embodied in illumination devices as well as kitchenware and detergents

(in sum about 0.1%) was found to be insignificant.
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Table 4.2.2.c Embodied energy of other equipment per private household and year

Others 2 CED [GJ/pHH] CED-Data source

Furniture (seating furniture, tables, . . 6.25 . GEMIS, Weirich, 2008
beds, cupboards, garden furniture,

mattresses etc.)

Illumination devices 0.00 Federal Env. Agency, Weirich 2008
Kitchenware & detergents 0.03 GEMIS, Weirich, 2008
Clothes & textiles 11.84 GEMIS
Paper & cardboard packaging 4.04 ifeu 2006, Weirich, 2008
Packaging (glass, aluminum, other 7.55 GEMIS, Weirich, 2008
metals, wood, plastic)
Sum others 29.71

(source: GEMIS, Weirich 2008, Federal Environment Agency, ifeu, 2006)

Individual and public transport in sum amounts to 10.1 GJ of embodied energy per

household and year, which was calculated based on the figures of Weirich regarding the

material composition of the vehicles and the embodied energy consumed during operation

(e.g. wear and tear). This figure needs to be assessed in a more precise way, divided

according to the material possession of private cars, motorcycles and bicycles and

according to the transport performance. Transport performance of the different modes of

transport was calculated consistent with the calculations of chapter 6.1. (optimisation

options for the transport sector). The analysis of transport only covers an approximation of

the first order, so the pertaining road and railway infrastructure as well as the energy

demand for traffic lights etc. is left out of consideration. Nevertheless, an average share in

the road infrastructure will be calculated together with the consumption of construction

materials in the next section.

According to the Statistical Yearbook of Vienna (2010), a stock of 657,426 passenger

vehicles and 73,336 motorbikes existed in Vienna in 2008. A VCO study showed that 84% of

Austrian households own at least one bicycle, but taking into the consideration that some

households possess more than one bicycle and other none, it is assumed that one bicycle

per household exists. This results in about 70 GJ per private household for a passenger

vehicle, 0.81 GJ for motorbikes (due to the fact that only about 10% of private households

possess a motorbike), and 0.53 GJ for bicycles. With an assumed average service life of 10

years for all these vehicles, private property of passenger cars, bicycles and motorbikes

amounts to an average 7.2 GJ per private household and year, or 71% of embodied energy

in transport. Public means of transport were considered only in terms of their transport
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performance, or to be precise, in terms of the material consumption (wear and tear) during
the transport service, which was complemented by the wear and tear of private vehicles.
The calculation was based on the average amount of embodied energy (0.21 MJ/pkm)
during the operation of diesel and gasoline cars, as given by the GEMIS database. The
embodied energy consumed during the operation of private vehicles and for the use of
public means of transportation amounts to 3 GJ or 29% of the embodied energy for
transport. Transport performance of motorcycles was not considered, as no figures for the
average driving performance per person were obtained. Therefore it has to be assumed
that a minor part of the energy consumption captured as passenger vehicles refers to
motorcycles. Private vehicles were found to be responsible for about 93% of the
consumption of operational embodied energy, whereas public means of transportation
account for another 6% and bicycles for the remaining 1%. Unlike in Weirich, air travels and

inter-city railway travels were excluded as outside the systems boundary.

Table 4.2.2.f Embodied energy for private and public transport per private household and year

Private & Public Means of Transport Number or pkm CED 2 CED CED-Data source
travelled [G)/unit  [GJ/pHH.
1 a]
Passenger car 657426 82.5 7.03 Hoffmann, 1995
Wear and tear (g of diesel/gasoline) 6570 0.00021 2.75 Weirich, 2008
[pkm]
Motorcycle 73336 8.49 0.08 Weirich, 2008
Bicycle 771700 0.53011 0.05 Weirich, 2008
Wear and tear [pkm] 263 0.00006 0.03 Weirich,
2008/GEMIS
Tram & underground [pkm], 2000 0.00002 0.08 GEMIS
Buses [pkm] 1000 0.00006 0.12 GEMIS
Sum Transport 10.14

(own creation, based on data from GEMIS, Hoffmann 1995, Weirich 2008, VCO, 2010)

According to the PILOT study of material and substance flows in Vienna (1996), the average
quantity of construction materials each person possesses amounts to a stock of about 130
tons with an average apartment size of 68 m2. Considering the decline in the number of
persons per household and the additional residential building activity, the average
apartment size has risen by 8.7% up to 73.9m? per household (Statistics Austria, 2008).
Assuming a proportionate increase in building materials, the current stock of construction

materials adds up to 141 tons/cap or 281 tons per Viennese household in 2008. With an



average material content of the building stock in Vienna as found by Clement et al (2011),
the proportion of construction materials in a building is estimated with 63% bricks, 25%
concrete and 2% steel. The remaining materials, mainly raw stone, timber, synthetic
materials and several bulking agents, in total amount to 10% of the buildings. As the
composition of buildings varies in terms of these materials and their specific average
contribution could not be quantified within this thesis, only the three major construction
materials bricks, concrete and steel were considered. Multiplying the mass of materials
with the CED-values from the GEMIS database results in 649.54 GJ per private household of
embodied energy contained in the building stock. Allocated according to an assumed
service life of 80 years of the building, the resulting annual consumption of embodied

energy is estimated at about 8.12 GJ per household and year.

Similarly to this, a certain amount of infrastructure is attributed to each household, which
shall give an indication of the abrasion caused by the utilization of the existing
infrastructure. The road, underground and bridge infrastructure was assumed to be
representative for the transport infrastructure used by private households in Vienna.
According to Brunner (2010), the European average material stock of transport activities
was determined with 160 tons per capita and year (318 tons/pHH.a for Vienna), so the
difference between both values was used as representative for the remaining public
infrastructure. The CED of concrete was used as a proxy to calculate the embodied energy
of infrastructure. According to the statistic on road & traffic (BMVIT, 2010), the length of
the Viennese road network is 2808.5 km and the total road traffic surface is 46 km?. Thus,
following the calculation method as laid out in the PILOT project (1993), about 1.5 t/m? of
concrete are assumed which yields a total of 69,000,000 tons of road infrastructure in
Vienna. Following the Master Plan for Traffic of Vienna (Master Plan Verkehr Wien 2003),
commercial traffic is responsible for 10% of the total traffic in Vienna. Thus, with a 90%
share of the total road infrastructure, a stock of 80.5 tons of concrete is attributed to each
household in Vienna. Distributed over an assumed service life of 30 years, this amounts to

2.7 tons of concrete per household and year.

According to the calculation method of the PILOT project, the Viennese bridges with a
surface of about one million m? are assumed with a specific weight of 2.4t/m? and thus
yield a total mass of about 5 million tons in Vienna or 6.48 tons per private household. The
mass of concrete for the underground infrastructure was estimated at about 5.7 million

tons in 1996 (PILOT project, 1996). The underground network was extended between 1996
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and 2008 by about 63% (from 5.7 million tons of material or 43 km in 2996 to 70 km in
2008), which results in a total mass of 9.3 million tons of concrete or a stock of 12 tons per
household. The remaining material stock of roughly 220 tons of public infrastructure per
private household was assumed to consist of concrete only. Distributed over a service life
of 80 years, a total of 2.7 tons of construction materials for the underground infrastructure,
bridges and the remaining public infrastructure are consumed per Viennese household

each year.

Thus, 5.4 tons of infrastructure materials are attributed to each household per year, which
contain 5.2 GJ of embodied energy. The low amount of embodied energy results from the
simplified assumption, that the whole Viennese infrastructure consists of concrete, which
has a relatively low CED-value compared to other construction materials. In sum embodied

energy of construction materials amounts to roughly 13.3 GJ per household and year.

Table 4.2.2.g Embodied energy of construction materials per household and year

Construction Materials Av. material Material [t/pHH] CED [GJ/kg] 2 CED [GJ]
(buildings, road composition [%]
infrastructure)
Concrete 25 70 958.24*10° 67.2
Brick 63 177 2.6750*10° 472.9
Steel 2 6 19.504*10° 109.5
Others 10 28 n.q. n.q.
Sum buildings/pHH 100 281 649.5
Sum buildings/pHH.a 3.5 8.1
Infrastructure 100 318.4 958.24*10° 305.1
(bitumen)/pHH
Infrastructure 100 5.4 958.24*10° 5.2
(bitumen)/pHH.a

(own creation, based on data from: PILOT project, 1993, Statistics Austria, GEMIS, Clement et al, 2011)

The embodied energy of the services employed each year by private households was
calculated based on the energy intensity of services (MJ/€) and annual household
expenditures supplemented by a proportionate share of public expenditures for healthcare,
education, public administration and social insurance . Michael Hartner from the Energy
Economics Group of Vienna UT provided information on the energy intensity of services as
well as on private and public expenditures, which were calculated according to national

input-output-tables. These tables inter alia provide data on the quantities of goods and



substances supplied by other business sectors to the service sector, where these goods and
substances are used for the provision of each and every service. The resulting value
determines the amount of TJ expended per million Euro paid for each category of the
service sector within Austria MJ. These numbers were translated into the amount of MJ
expended per Euro of private and public expenditure for the employment of a certain
service. Based on these data and average expenditures for services attributable to each
household (according to the input-output-table at production costs 2006 from Michael
Hartner) the annual consumption of embodied energy was calculated at 39.9 GJ per private
household. For reasons of comparison, the values presented by the GEMIS-database for
the German service sector were consulted and average annual expenditures per household
were adjusted to 2% inflation over 13 years (1995-2008), which amounted to an even

higher embodied energy consumption of 50.7 GJ per household and year (Table 4.2.2.b).

Table 4.2.2.h Embodied energy of services employed per household and year

Energy intensity Energy Public Private EmbE of Inflation- Energy EmbE
of services intensity of expenditure  expenditures services adjusted intensit  [GJ/pHH.
(private & services[MJ/€] s €/pHH.a €/pHH.a [G)/pHH.a] expenditures y GEMIS al

public /pHH.a [MJ/€]
expenditures)
Lodging & 3.03 0 3425.6 10.4 2648.1 5.97 15.8
gastronomy
@ 1.66 0 745.6 1.2 576.4 1.66 1.0
Communication,
data processing
and databases
@ Insurances, 1.44 4422.7 1003.3 7.8 4194.5 2.75 11.5
public
administration
and banking
Education 1.75 2858.5 317.4 5.6 2455.1 3.44 8.4
Healthcare & 2.82 3414.8 1180.8 13.0 3552.6 3.25 11.6
social services
Culture, sports 2.54 0 786.9 2.0 608.3 3.89 24
& leisure
activities
Sum EmbE of 10696.0 7459.6 39.9 14035 50.7
services

(own creation, based on data from Michael Hartner, EEG)
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In sum, an average Viennese household consumes 106.6 GJ of embodied energy through
the goods and services used throughout a year. Of this, services constitute the biggest
share of embodied energy (37%), followed by construction materials (about 12.5%), clothes
and textiles (11%) and food and beverages (10%). The high energy intensity of the service
sector is surprising in the light of previous studies, such as Lenzen et al (2004), yielding
lower energy intensities for services compared to goods consumption. One possible
explanation may be the calculation method, which determined the energy intensity of the
service sector according to the goods and materials delivered by other sectors and used for
the provision of the respective performance. Thus, the energy intensity of services depends
to a high extent on the respective performances in advance. Nevertheless, both the GEMIS-
database and the calculation method of the EEG of the Vienna University of Technology
yield a comparatively high embodied energy requirement for services. Clothes and textiles
feature quite prominently due to very high CED-values given by the GEMIS-database.
Despite their high overall value of embodied energy, construction materials only account
for roughly 12.5% of overall embodied energy consumption, which results from the
assumption of a long service life. The assumed service life of investment goods confirms the
significant impact of the temporal boundaries on the overall result of embodied energy

measurements.

Table 4.2.2.i Overall embodied energy consumption per household and year

Embodied energy consumption Embodied Energy Consumption [GJ/pHH.a] [%/pHH]
Services 39.9 37.4
Construction materials 13.3 12.5
Clothes & textiles 11.8 11.1
Food & beverages 10.3 9.7
Transport 10.1 9.5
Packaging materials 7.6 7.1
Furniture 6.3 5.9
Others 4.1 3.8
Entertainment electronics 2.1 2.0
Household appliances 1.1 1.0
Sum 106.6 100

(own creation, based on data from GEMIS, Statistics Austria and Michael Hartner)
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Figure 4.2.2.d Overall embodied energy consumption per household and year

4.2.3. Results

The quantitative determination of embodied energy flows showed their dominant
contribution to the overall energy throughput in a Viennese household, which confirmed
that restricting the analysis to the direct use of energy would disregard a significant part of

the overall anthropogenic burden on the environment.

An average Viennese household was found to consume about 83 GJ of final energy per
year, of which space heating and air conditioning consume most energy (33 GJ), followed
by individual and public transport (30 GJ). This has to be seen alongside an expenditure of
106.6 GJ in terms of embodied energy, which is mainly determined by the services
employed (about 40 GJ), followed by construction materials (13 GJ) and clothes and textiles
(roughly 12 GJ). The relatively prominent representation of clothes is induced by the high
CED-values for cotton T-shirts of the GEMIS-database. The huge stock of construction
materials does not figure more prominently in the consumption of embodied energy, as a
service life and thus an amortization period of the embodied energy expended at the time
of construction was assumed with 80 years for most of the infrastructure. If the embodied
energy of the construction materials was factored into the overall embodied energy

consumption of one single year, this figure would escalate by one decimal power, so the
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timeframe used in an analysis should be considered when comparing different embodied

energy measurements.

Direct vs embodied energy consumption [GJ/pHH.a]
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Figure 4.2.3. Embodied and direct energy flows per household and year, Vienna, 2008 (own creation)

5. Discussion of the Results

Two different methodologies were applied in the analysis of energy requirements. Direct
energy flows on an urban scale were determined and illustrated via energy flow analysis,
which allows to capture, to illustrate and to interpret the respective flows through the
system. This allows for a closer examination of flow sizes and influencing factors, such as
the conversion efficiency, and enables an interpretation of the results with respect to the
whole system. The analysis of the amount of energy embodied in the goods and services
consumed by a typical Viennese household in turn allows for a determination of the relative
size of the flows. Although the GEMIS database provides the CED-values based on a life-
cycle analysis of all processes and scenarios used, the specific processes are too complex
and diverse in order to display them in a manner compatible with an EFA within a

reasonable timeframe. Thus, this type of analysis enables the valuable identification and
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comparison of the overall amount of energy expended for a certain good or service,

although the processes involved are not easily traceable.

The energy flow analysis regarding direct energy requirements on an urban scale illustrated
the dominance of the activities to reside & work and to transport. In a sectoral perspective,
the transport sector was identified as the main consumer of direct energy, closely followed
by private households. Transport was also identified as the main usage category of final
energy (37%), although almost equal to space heating and air conditioning (36%) across all

sectors in Vienna.

The European Green City Index (Siemens and EIU, 2009), which tries to measure and rate
the environmental services of 30 European cities, ranks Vienna in fourth place as an overall
result. Although the city ranks third in terms of (direct) energy, the local conditions with
respect to traffic and buildings were judged lower (rank 4 and 8, respectively). The study
states an energy consumption of 78.7 GJ per capita or about 157 GJ per household and
year, which is 89% higher than the results of the energy flow analysis carried out here.
Unfortunately neither the methodology nor the data sources are revealed in detail, which
leaves these figures as simple facts. According to this study, renewable energy sources have
a share of 13.2% in the urban energy consumption (not differentiating between electricity
or heat) and 68% of Vienna’s inhabitants walk, cycle or use public means of transportation
for their daily travels to work, which is in line with the energy mix and modal split

presented here.

The results of a juxtaposition of direct and embodied energy requirements in a typical
Viennese household showed the significance of the energy embodied in the goods and
services consumed for the overall energy requirement. Interpreting these results in the
light of other studies on embodied energy is a difficult task, as there is no reliable standard
or template regarding embodied energy computation and thus embodied energy databases
suffer from divergences and incomparability. Kumar Dixit et al (2010) identified several
parameters causing variation in the results of embodied energy measurements, which
should be regarded in order to determine the comparability of results. Differences in
system boundaries, the methodology of embodied energy analysis or geographic location,
the differentiation between primary and final energy, varying data sources and temporal

representations range among these factors. Not all embodied energy measurements
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provide enough information about the boundaries and methodologies used, wherefore
only orders of magnitude might be worth comparing until a more standardized
methodology prevails. The GEMIS database at least offers an attempt to define embodied
energy values in a transparent and standardized way for the German and, with certain

caveats, also for the Austrian market.

Weirich (2008) determined the overall embodied energy demand of Austrian households,
which amounted to 197 PJ for the reference year 2005, or to a proportionate 56.8 GJ per
private household. The production of food was identified as the main consumer of
embodied energy (38%), followed by textiles (15%) and packaging (13%). The study does
not include the energy embodied in construction materials and services, which together
with differing data sources for food & beverages and small variations in the assumptions
taken can explain the variations in the results. If only those categories of embodied energy
consumption considered by Weirich are taken into account, this results in an embodied

energy requirement of 60 GJ per household and year, which is thus very well compatible.

Vringer et al (1995) quantified the embodied energy consumption of Dutch households
with the hybrid-methodology (input-output analysis combined with a process-based
analysis) at 130 GJ in 1990. The higher result may be due to the different methodology
used, as the more extensive hybrid analysis covers energy flows which are not considered
here (different boundaries of analysis). Other factors may be a more energy intensive
consumption pattern of Dutch households, a higher share of fossil fuels in the Dutch energy

mix and a diverging scope of analysis.

The embodied energy requirement of households in Sydney was estimated by Lenzen et al
(2004) based on an I-O Analysis combined with household expenditure data, which showed
strong correlations between energy use and income, household size, age and degree of
urbanity. One of the main results was the inelasticity of direct energy requirements with
income — in the context of which the embodied energy required for goods and services was
identified as the main driver for the increase in total energy requirements with income.
Furthermore, energy intensity was shown to diminish towards higher incomes due to a
proportionally higher consumption of services. Nonetheless, no precise data on the energy
intensity of the different goods and services considered were available for comparison. The
indirect energy requirement of Australian households was shown to vary between 115

GJ/cap and 255 GJ/cap between the Statistical Subdivisions (SSD) of Sydney.
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An IGES-study (2003) on direct and embodied energy consumption of several Asian
megacities showed that on an urban level embodied energy demand was more significant
than direct energy demand for Tokyo and Shanghai, which was reverse in the case of
Beijing. In all cases examined, the secondary industry was most significant in terms of
embodied energy requirements, whereas the embodied energy requirement of a city
declined with a growing tertiary sector. A consecutive study of embodied energy
requirements according to business sectors on an urban scale could portray the conditions

in Vienna, which were not addressed here.

6. Identification of Optimisation Potentials

6.1. Reduction of the Most Dominant Flows

Sustainable energy may be addressed from various perspectives: in terms of technologies
or regulatory incentives that enable the management of demand, more efficient use of
energy or a more efficient and cleaner generation of power. Chapter 6 addresses the
second and third optimization options by presenting possibilities for reducing the energy
requirements for transport and space heating as well as the potentials of renewable energy

sources within the boundaries of Vienna.

6.1.1. Transport

Transport was identified as one of the main consumers of final energy in Vienna (about
37%) with the lowest relative conversion efficiency from final energy to the derived energy
services (movement). Although public buses mainly run on liquefied gas with lower
resulting emissions than diesel-powered buses, and even in the light of an already well
established public transportation infrastructure, more than one third of urban final energy
consumption is determined by transport. On a national scale, traffic is known as the main
reason for the failure to reach the Austrian climate responsibilities. Furthermore almost
90% of the energy used in transport stems from oil commodities, which results in high costs
and a high import dependence of mobility. Transport also exhibits the highest growth rates
in terms of energy consumption compared to other sectors: from 1990 to 2008, energy use

in transport increased by 76% and in air traffic even by 140%, whereas industrial use rose
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by 44% and private household consumption by only 12% in the same time period (BMWF)J
and BMLFUW, 2010).

Energy efficiency of mobility depends to a large extent on the technical efficiency of the
vehicles used, yet is also influenced by the size and mass of the vehicles, traffic congestions,
the driving behavior and the number of passengers. Rail transport was shown to be way
more efficient than road-based transport, so one of the most direct and efficient methods
to reduce overall energy consumption in traffic is to raise the share of railway and
underground travels in the modal split of Vienna. The recent extensions of the underground
network (2006 for the underground line U1, 2008 and 2010 for the underground line U2)
and a night schedule during the weekend, established in September 2010, show that this
potential is recognized and actively addressed by the city administration. The relocation of
goods transportation from the prevailing road to railway haulage would represent another
effective measure to reduce energy consumption, as could be seen from the results of the
analysis of direct energy flows in the Viennese transport sector. Yet reality speaks a
different language: recent investigations in urban areas show a tremendous increase in the

transportation of goods by lorries.

As more than 50% of travels within Austria are less than 5 km in length (VCO, 2011) a
significantly greater share of trips could be taken by bicycle. An expansion of the bicycle
network or the provision of free of charge “city bicycles” thus constitute measure to raise
the share of environmentally friendly means of transport and to reduce overall energy
consumption. This is actively promoted by the city administration and some companies, e.g.
through the “citybike” service of the promotion company GEWISTA, which, since its
introduction in 2003 is steadily gaining popularity during the warmer season. Nonetheless,
the proportion of daily travels by bicycle is with 5% in Vienna even lower than the Austrian
average (7%). The potential of substantially raising this share exists: according to Statistics
Austria, 84% of Austrian households own at least one bicycle (VCO, 2010). On an Austrian
scale, the substitution of the fuel intensive short-distance car travels by bicycle could save
on average 429l of fuel per vehicle and year, yielding a co-benefit of substantial cost-

savings.

Energy demand of mobility is strongly determined by the average daily travel distance,
which amounts to 18 km within Vienna or 6570 km per capita and year (VCO, 2010).

Considering an average fuel consumption of 7.61/100 km and an average fuel density of 9.5
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kWh/liter of both diesel and gasoline cars, the average energy consumption of a private
vehicle was calculated with 199.9 MJ/100 passenger kilometers (pkm) for a passenger load
of 1.3 passengers per car (Figure 6.1.1., adaptation of VCO, Energy transition, 2010). This
results in an average annual energy consumption of 13.1 GJ per Viennese dweller, or a total
of 22.1 PJ on an urban level. If incoming daily commuters were considered as well, total

final energy consumption for individual transport would have to be assumed considerably

higher.
199.9
200,0 - 180.0
180,0 -
160,0 -
140,0 ~
120,0 ~
100,0 -
71.3
80,0 - 54.0 54.0 W Energy
60,0 . . consumption
304 [MJ/100

40,0 - 21.6

’ km

0,0 ; ; ; ; ; ; ; .
o o *\(\% Q’b{;’. & \o‘){’ o 5 @Q}\ @'&‘
> Y > AQ" $© &6\ &
NS SN
& N Q >
R ¢

Figure 6.1.1. Direct energy consumption for different modes of transport [MJ/100pkm] (adapted from VCO,
2010)

Electric mobility could considerably reduce this energy demand, as electric engines are able
to reach efficiencies of more than 60% (VCO, Energy transition, 2010). Electricity
consumption of electric cars has been estimated at 54 MJ/ 100 pkm (15 kWh/100 pkm)
(VCO, e-mobility, 2011), defined as the current average energy requirement of electric
engines. Substituting all private transport using conventional diesel- or gasoline-powered
cars by electric cars would result in a more than three times smaller annual energy
consumption per capita (3.6 GJ/cap.a). The energy requirement of private transport in
Vienna (considering inhabitants only) could thereby be reduced to one quarter of its

current value (5.9 PJ), if the electricity used for e-mobility stems from renewable energy
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sources. Electricity generation from fossil resources would by contrast require the
integration of the fuel requirement and conversion efficiency of the respective power

plants and thus lead to a higher energy requirement for e-mobility.

Table 6.1.1. Direct energy requirement for transport, Vienna, 2008

Energy requirement of transport Per capita [GJ/cap.a] Vienna [PJ/a]
Electric vehicles 3.55 5.9
Savings 9.55 16.2

(own creation, based on data from VCO, 2010, Wien Energie, 2011, Statistics Austria, 2008)

The resulting shift in demand from fossil fuels to electricity may and has to be met with
renewable energy sources in order to ensure an environmentally sustainable transition.
Life-cycle analyses of electricity generated from hard coal or crude oil yielded almost the
same results in terms of cumulative CO,-emissions as the direct use of fossil fuels, so the
resulting emissions can only be lowered by a substitution with renewable energy sources:
with a 72% share of water power and other renewable sources in electricity generation, the
current Austrian energy mix features CO,-emissions that are 78% (40 g CO,equ/km) lower
compared to electricity generation from the combustion of hard coal (181 g/km) (VCO,

Energy transition, 2010).

Seen from a planning perspective, the transition towards electric mobility can be fostered
by means of regulatory instruments, such as subsidies for the purchase of e-cars, higher
taxes on conventional fuels or a city toll for conventional diesel- or gasoline-powered
vehicles. These incentives should be combined with measures to reduce the overall volume
of urban traffic, for instance city planning towards enhanced urban density, an extension of
the public transportation network and a valorization of cycling. Otherwise the intensified
operation of electric vehicles may lead to a rebound effect, such as a more frequent
utilization of the car or the construction of bigger cars with more technical appliances. A
first step in enhancing the replacement of conventional cars by electric cars could be to
equip the vehicle fleets of public administration, car-sharing providers and cab enterprises,
as their average inner-city travel distance is about five kilometers and stationary times

could be used to recharge the fleet.
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6.1.2. Space Heating

As it has been recognized by previous studies, buildings are responsible for 40% of global
energy consumption and the construction industry is among the largest exploiters of
natural resources in terms of raw stone, gravel, sand and virgin wood (Kumar Dixit, 2010;
Siemens, Sustainable Cities, 2010). The energy flow analysis of Vienna showed an overall
energy requirement for space heating and air conditioning of roughly 50 PJ in the reference

year, which constitutes about 36% of the overall energy demand of the city.

Until recently, scientific research focused on operating energy that is expended inside the
building through processes like heating, cooling, lighting and operating appliances. On
grounds of a higher efficiency of appliances along with improved insulation materials, the
potential to reduce operational energy demand has increased and the research focus
shifted towards a life-cycle analysis approach including embodied energy in building
materials (Kumar Dixit, 2010). Energy-saving measures, such as a better thermal insulation,
often induce an additional input of embodied energy and thus, at the bottom line, reduce
the effected conservation of energy. Although this higher demand of embodied energy may
only in the least of cases completely outweigh the effect of energy-saving measures, it is
worth investigating this relationship. In a life-cycle comparison of buildings with different
energy efficiency standards, Feist (1997/2007) showed that primary energy inputs for
heating were dominant over embodied energy during a service life of 80 years and
plummeted with thicker insulation. Only above a plate thickness of 105 cm the marginal
production input exceeded the savings provided by the insulation. Spreng (1995)
documented an optimal thickness of thermal insulation considering the cumulative energy
demand of direct and embodied energy, above which the embodied energy sequestered in
additional insulation outstrips the energy savings throughout the lifetime of the
components. The heat requirement was shown as a function of plate thickness and
minimum lifetime, with an optimum point at 24cm (and a minimum lifetime of 10 years).
This result was confirmed by Feist’s analysis (1997/2007) according to which passive house

standard was reached at a plate thickness of 23 cm.

At present, a wide range of energy efficiency standards of buildings exists, usually
depending on the building code in force at the time of their construction. The enactment of
building codes in Austria falls within the area of competences of the federal states,

wherefore energy efficiency standards are not regulated uniformly. Only with the
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promulgation of the guideline number six (Energy Conservation and Thermal Insulation) of
the Austrian Institute for Constructional Engineering, which was adopted by all federal
states except Salzburg, the trend goes towards uniform building standards. The technology
amendment of 2007 of the Vienna building code aimed at simultaneously implementing
these guidelines and the EU building directive. It defines a maximum permissible heat
requirement of 52 kWh/m2.a (187.2 MJ/m?2.a) for newly constructed apartment buildings,
the issuance of a so-called energy pass as an evidence of the overall energy efficiency of the
newly constructed building and a mandatory attestation of the applicability of alternative
systems for energy supply (especially considering renewable energy sources) for buildings
with a cumulative floor space of more than 1000 m?. In addition to this, the funding regime
of the federal state of Vienna requires compliance with a low energy standard as a
prerequisite for granting loans for the construction of apartment buildings and homes.
Nonetheless, no standardized and unambiguous definition of the low energy standard
exists, so the upper limit of the heat requirement varies from below 40 kWh/m?.a (144
MJ/m?2.a) to below 70 kWh/m?2.a (252 MJ/m?.a). Additional subsidies are granted for
compliance with high ecological standards, which amount to 20€/m? for heat recovery or
the application of energy supply systems using renewable energy sources or to 60€/m? for
compliance with the passive-house standard (on average 15 kWh/m?2.a or 54 MJ/m2.a).
Although the achievement of the passive house standard by 2015 is targeted for all
residential buildings that receive funding (wien.gv.at, construction and living), a recent
study by the University of Natural Resources and Applied Life Sciences (NaMAP Project,
2009) showed that the construction costs of apartment buildings according to the passive
house standard exceeded those of comparable low-energy houses by 4-12% and often
exceed the financing provided. Bearing this fact and the current refurbishment rate of
slightly above 1% per year (NaMAP Project, 2009) in mind, this objective seems hardly

achievable.

Notwithstanding, the passive house standard, referring to buildings with an efficient
thermal insulation and tightness combined with a good venting system which render a
separate heating system redundant, should be defined as a minimum standard for all
buildings. Based on the state of the art in the construction industry, zero-energy buildings
or plus-energy houses can only be achieved via a passive house with additional facilities for
energy generation. Apart from solar or wind power, a zero-energy building does not receive

any external energy sources for heating, electricity and energy for water heating balanced
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over a period of one year, whereas a self-sufficient building generates the required amount

of energy at any time. A plus-energy building, however, is capable of generating more

energy from renewable sources than it actually consumes (www.energiesparhaus.at, 2011).

Scientific analyses comparing the embodied energy sequestered in the construction of
these houses with the consequential reduction of the heat requirement therefore mainly

focus on passive houses.

In a life-cycle analysis of low energy, passive and self-sufficient houses compared to a
reference building with a much higher heat requirement, Feist (1997/2007) showed that
the cumulative primary energy input (CPEI) over a service life of 80 years (including the
cumulative energy demand for electricity, gas, the construction of the building itself and
the energy requirement for refurbishments) can be reduced by 70-80% when switching
from a low-energy house to a passive house standard. Due to a much higher energy input
for the construction (CEl) and technological refurbishments (R-CEl) after relatively short
time periods, the cumulative primary energy input of self-sufficient houses was shown to

again exceed the CPEI of passive houses (Figure 6.1.2.).
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CED Gas kWh/m?
X | R-CEI KWh/m?
20000 o cel KWh/m?
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Building code  LEH-standard PH-standard Self sufficient
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Figure 6.1.2. CPEI of different houses over a service life of 80 years (adaptation from Feist, 2007)

A life-cycle-analysis of single- and double-family passive-houses (Schuf3, 2004)

demonstrated that the additional embodied energy contained in the thermal insulation
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material was in all cases compensated by the resulting energy conservation within the first
two years of operation. Assuming a heat requirement of 13 kWh/m?2.a (46.8 MJ) for the
utility space and a service life of 50 years for a double-family house in solid construction,
the embodied energy contained in the thermal insulation amortised even within the first
year when compared to a reference building complying with the then valid standards of the
building code and equipped with a gas heating system (heat requirement of 270 to 432
MJ/m?2.a).

The advantage of passive houses over low-energy buildings was confirmed by the Vienna
University of Natural Resources and Applied Life Sciences (NaMAP Project) through a
sustainability monitoring of different apartment buildings constructed between 2005 and
2007. The passive house apartment buildings had a heat requirement for district heat of
about 17 kWh/m?2.a (61.2 MJ/m2.a) of the gross floor area, which translated into average
savings of 30 kWh/m?2.a (108 MJ/m?2.a) or about 45% compared to low-energy buildings.
Seen from a household perspective, about 2.5 MWh or energy costs in the amount of 230€

per year could be saved (NaMAP Project, 2009).

The energy efficiency standard of buildings in Vienna varies greatly depending on the
requirements of the then valid construction code of Vienna, wherefore a reliable
guantitative assessment of the overall savings potential by switching to passive house
standard cannot be presented within the framework of this analysis. Assuming an average
Viennese household in a passive house apartment building with an apartment size of 73.9
m? and a heat requirement of 61.2 MJ/m?2.a for district heating, this household would
consume 4.5 GJ for heating purposes per year. According to expert information from DI
Alexander Wallisch of Fernwdarme Wien, the measured average annual heat requirement
for district heating (heating purposes only) regarding all existing energy efficiency standards
of buildings amounts to roughly 18 GJ (5 MWh) per household. A comprehensive transition
to the passive house standard would thus result in annual savings of 13.5 GJ per household
(-75% of the current heat requirement, see Table 6.1.2.). Compared to the current energy
requirement for space heating and cooling of 33.16 GJ per household and year (which
includes all energy sources and heating systems), this transition would translate into

substantial reductions of the average heat requirement.
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Table 6.1.2. Energy requirement for heating

Energy requirement for heating Heat requirement [MJ/m?] Total heat requirement
[G)/pHH.a]
| Currentstandard, average 243.6 18
Passive house & district heat 61.2 4.5
Savings 182.4 13.5

(own creation, based on data from Wallisch, Statistics Austria, 2011)

These results clearly indicate the huge energy saving potential of establishing the passive
house standard as a legal requirement in the building codes of the federal states. Further
efficiency improvements could be achieved through technological advancements in heating
and venting systems as well as through the generation of energy from renewable sources, a
higher efficiency in the production of construction materials and the utilisation of

ecologically more sustainable materials.

6.2. Renewable Energy Potentials within the System Boundaries

An achievement of the objectives set out in the urban energy efficiency programme (SEP)
and the Austrian Energy Strategy as well as national compliance with the responsibilities
under the Kyoto Protocol require a three-fold approach: a reduction of demand, an
increase in energy efficiency and a substantial rise in the share of renewable energy in the
domestic energy budget. On that account and with the objective of evaluating the
attainable degree of self-sufficiency within the city’s territory, this chapter addresses the

regional potential of energy generation from renewable sources.

The generation of heat and electricity from renewable sources has a long-standing tradition
in Vienna, of which biomass and hydropower were the first sources to be used. Biomass can
be used in solid (wood, bark or by-products of sawmills), liquid (biofuels) or gaseous
(agricultural, landfill or sewage gas) form to generate heat, electricity or derived fuels.
Apart from the use of forest-biomass from the Vienna Woods and a minor quantity of
landfill and sewage gas, the city of Vienna has a very low potential for energy generation

from the biomass produced on its territory. The anthropogenic use of forest biomass
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underwent an evolution from simple firewood to the start-up of the currently biggest
European forest-biomass power plant in Simmering, which provides electricity and district
heat to Vienna since 2008. The plant has a capacity of 37 MW of district heat and more
than 16 MW of electricity, produced with an efficiency of 80% from roughly 190000 tons of
biomass per year. The wood chips are delivered by Osterreichische Bundesforste AG from
the forests within a radius of about 100 km from the city, complemented by a 20% share of
imported biomass. According to Wiener Stadtwerke, roughly 540 TJ of electricity and 330 TJ
of district heat were generated from biomass in 2008. Although it was not possible to trace
the input flows back to their sources, it is evident that the biomass-requirement of the
power plant cannot be met within the administrative boundaries of the city. Deliveries of
forest-biomass from forests within a radius of 100 km and a 20% share of biomass imports
already display the dependence of the city on its hinterland. Stanzer et al, who assessed
renewable energy potentials on a district scale across Austria (2010b), indicated a very low
future potential for energy generation from regionally produced (forest) biomass.
Nonetheless the situation differs on a national scale: the same study found a reduced
technical fuel potential, referring to the sustainably usable portion of firewood and the by-
products of sawmills as stated by the national forest inventory, of roughly 130 PJ/a across
Austria. A BMLFUW study (2009) yielded similar results and according to a 2006 study of
the Austrian Research Centre for Forests, an annual harvest of 25 to 28 million solid cubic
meter of wood biomass by 2020 seems realistic on a national scale. With a maximal
exhaustion of this potential, forest biomass could contribute by about one quarter to the
EU-requirement for a 34% share of renewable energy in Austria’s energy budget
(www.lebensministerium.at, 2009, access 27/05/2011). Nevertheless, the potential of
biomass for the generation of electricity and heat is subject to controversial discussions.
Sinabell et al (2008), for instance, spot economic limitations to the exploitation of the
technical potential, especially with respect to agricultural biomass. In the light of already
established uses of readily available biomass, a redirection towards the energetic use of
biomass is expected to be affiliated to incremental costs due to an emerging area
competition (BMLFUW, 2007 in Sinabell et al, 2008). In summary, the biomass potential of
Vienna is very low compared to the overall Austrian biomass potential, so even for the
maintenance of the current supply to the biomass plant Simmering, the city is dependent

on its hinterland.
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Hydropower traditionally occupies a share of about 70% in the Austrian electricity mix, to
which small hydropower stations contribute with roughly 6% (BMWFJ, 2009). Due to its
long-standing tradition, the potential of large hydropower is already developed to a great
extent. In 2007, the developed potential generated 145 PJ/a of electricity in Austria, which
represents about half of the nation-wide technical potential or, taking legal restrictions
such as protected areas into account, about 79% of the reduced technical potential (Stanzer
et al, 2010a). Future potentials are seen in the further development of small hydropower
plants (up to 10 MW capacity) and in the revitalization of existing power stations (Stanzer
et al, 2010a). The oldest hydropower plant in the periphery of Vienna (Trumau) supplying
electricity to the city went into operation in 1908. A hundred years later, hydropower has a
share of 9% (1.7 PJ) in the own electricity generation of Wien Energie (Wiener Stadtwerke,
2011), which stems from the hydropower plants NuRdorf and Freudenau located directly in
Vienna as well as the hydropower stations Gaming 1 and 2 along the drinking water
pipeline, and the hydropower stations Trumau and Greifenstein, located in Lower Austria.
Within the territory of Vienna, the REGIO Energy (2010a) study displayed a reduced
technical potential for electricity generation of 6.1 PJ/a, which roughly matches the current
amount of electricity generated by the large hydropower plants Freudenau and
Greifenstein. Thus, Vienna only disposes of minor possibilities for a further expansion of
hydropower, which was also confirmed by a study of Poyry (2008, in Wiener Stadtwerke,
2010a) due to the fact, that the riparian zone east of Vienna with a good technical potential
is protected as a national park (Nationalpark Donauauen). Recent studies on so-called
electricity buoys try to evaluate their possible contribution to an additional hydropower
potential. The deployment of these floating facilities for electricity generation is currently

investigated with several prototypes by Wiener Stadtwerke (2010a).

The first oil-price hikes in the 1970s were the starting point for the use of photovoltaic cells
and solar thermal collectors and for intensified research and development efforts for an
improvement of the technological components (Stanzer et al, 2010a). The development of
solar energy in Austria followed a discontinuous trend, depending inter alia on the price of
crude oil and incentives in terms of energy policy, such as funding via feed-in tariffs (Stanzer
et al, 2010a). Nowadays, about 90% of the solar cells produced for photovoltaic systems on
a global scale are silicon cells, which can be distinguished into mono- or multi-crystalline or

amorphous silicon cells. Fields of application range from electricity generation by island




systems or grid-connected small installations to big photovoltaic plants. Solar thermal
collectors (flat-plate, vacuum tube, synthetic absorber or air-cooled collectors) supply heat
for space or water heating, the warming of swimming pools or low-temperature process

heat.

The theoretical solar potential, referring to the overall global radiation impinging on a
certain territory within one year and consisting of direct and diffuse solar insolation,
amounts to roughly 4 GJ/m?.a (1100 kWh/m?2.a) on an Austrian average (Smola et al, 1991).
Assuming the use of grid-connected mono-crystalline PV cells, the REGIO Energy study
(2010a) found a national technical potential of about 256 GJ/a (defined as supply potential
for building surface areas and certain open spaces) and a reduced technical potential
(taking the surface competition of PV cells and solar thermal collectors into consideration)
of 207 PJ/a. Nevertheless, the current degree of development is still low: only 90 TJ of

electricity were produced in 2007 with an installed peak capacity of about 28 MW .

The cumulative annual global radiation in all of Vienna can be calculated at roughly 1659
PJ/a (petajoule = 10" joule) and according to the REGIO Energy study, Vienna has the
highest technical (12.5 PJ/a) and reduced technical potential (6.6 PJ/a) for energy
generation from PV cells all over Austria (Stanzer et al, 2010a). The solar potential cadastre
provides another estimation of the theoretical solar insolation potential (in terms of direct
and diffuse solar insolation). This publicly accessible web application established by the city
of Vienna is based on 2007 data of a laser scan analysis of the urban roof surface area.
Results on an city scale exhibit a theoretical solar insolation potential of 26 to 32 TJ/a for
the “well-suited” 8km? of roof surface area and an additional potential of more than 83 TJ/a
taking the 21 km? of “very well suited” roof surface areas into account. In a historical city
like Vienna the realizable potential is expected to be considerably lower due to reduction
factors like the protection of historic buildings and monuments, the adherence to
protection zones according to the zoning and land-use plan, the adherence to Natura 2000
and ecological development areas or the consideration of structural conditions of the
suitable roofs. Although the solar potential cadastre can be used to determine the
suitability of specific roof surface areas for solar energy generation, it currently does not
refer to the specific energy generation potential of photovoltaic cells or solar thermal

collectors (solar potential cadastre, 2010).
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Due to enormous efficiency optimisation potentials, the availability of raw materials (mainly
silicon) and an almost universal applicability in areas with sufficient solar insolation,
photovoltaic systems were accredited the biggest developable potential in terms of
renewable energy sources (Fechner et al, 2007). According to the Austrian Roadmap for
Photovoltaics, a 60% exploitation of the technical potential of building-integrated
photovoltaic systems could supply about one fifth of the overall Austrian electricity demand
by 2050 (Fechner et al, 2007). An economic operation of PV systems is still largely
dependent on financial funding via investment incentives and feed-in tariffs (Wiener
Stadtwerke, 2010a), so an extension of the currently insufficient nationwide funding
scheme via feed-in tariffs would support the development of Vienna’s renewable energy

potential.

In 2007, the 3.6 million square meters of solar thermal collectors installed all over Austria
yielded about 4.3 PJ, which constitutes only 1% of the reduced technical potential of about
420 PJ/a as concluded by the REGIO Energy project. With a technical potential of 69 PJ/a
and a reduced technical potential of 40 PJ/a in Vienna (Stanzer et al, 2010a), solar thermal
collectors should be a promising option for heat generation in the urban context. The
results of the studies further indicated a notable link between a good technical potential
and permanent settlement areas. The deployment of solar thermal collectors in residential
buildings and in business applications is already funded by the city of Vienna and requires
less funding than PV cells for an economic operation. Nevertheless the reduced technical
potential ranges still way above the currently installed capacity. All these results point
towards the promising potential of photovoltaic and solar thermal systems for future
energy generation, which should be reflected in a more prominent role of solar energy in

the energy strategy of Vienna.

The development of wind power in Austria started with the connection of the first two wind
turbines to the national power grid in 1994. After a gradual development, the expansion of
wind power took off in the period between 2003 and 2006 on grounds of subsidies under
the national law on green electricity (Okostromgesetz). With the entering into force of an
amendment to this law in July 2006, the new installation of wind power capacity
plummeted and has not achieved the previous growth rates again. The highest theoretical

technical potential of wind power is located in the eastern part of Austria (Stanzer et al,
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2010b) with corresponding centers of installed wind capacity located in the Weinviertel
north of Vienna, the eastern part of Lower Austria and the northern part of Burgenland.
Estimations on the theoretical technical and the realizable wind potential in Austria cover a
wide range from about 11 PJ/a up to 72 PJ/a (Hantsch and Moidl, 2007), although most
scientific studies were based on the then relevant state of technology and did not
anticipate technological developments. In a future scenario with about 1100 wind turbines
all over Austria and a cumulative capacity of 3500 MW, Hantsch and Moidl estimated a
realizable wind power yield of 7.3 TWh (26.3 PJ) by 2020. Compared to the 2007 conditions
with 612 wind turbines, an installed capacity of 980 MW and a wind power yield of 7.2 PJ,
this implies a tripling of the overall performance. The few studies addressing the wind
potential on a federal state level ascribed the comparatively lowest wind potential to
Vienna, amounting to about 64 TJ/a (Hantsch and Moidl, 2007). The low potential for wind
power can be explained by the dense urban structure and surface area competition with
other uses (e.g. with protected areas or infrastructure projects). Stanzer et al (2010b) as
well attribute a low realizable wind potential to Vienna (up to 180 TJ/a), which is expected
to be fully exploited by 2020. “Urban wind turbines” could provide an additional wind
power potential, which could not be assessed due to the still immature technology. Thus,
wind power does not provide a promising option within the territory of Vienna. Yet as the
eastern region of Austria (Lower Austria, Burgenland and some parts of Upper Austria) has
a promising wind power potential (Stanzer et al, 2010b), an expansion of wind power

supply to Vienna seems feasible in connection with the hinterland.

Deep geothermal energy has been used in Austria on a larger scale since the detection of
hot aquifers in the late 1970s (Haas et al, 2004). Profitable sources are used for the
provision of low temperature heat for space and water heating, whereas lower
temperature sources can be used for thermal baths or the heating of glass houses. One of
the most promising hydrothermal geothermal reservoirs, an aquifer with a sufficient water
flow in a depth of up to 3000m, is located in the Vienna Basin. Large parts of the basin
belong to an area category with best hydrological and geological conditions for the use of
geothermal heat (Stanzer et al, 2010b). Other promising regions are the Styrian Basin, the
Upper and Lower Austrian Molasse and the Limestone Alps, of which Vienna is the only
territory without an existing geothermal heating system. Vienna was found to have a

technical heat potential of about 800 TJ and a reduced technical potential of 570 TJ per
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year, which could supply more than 10000 households with heat (Stanzer et al, 2010a).
Furthermore, a study of Schneider and Straka (2007) found a hot water aquifer in Aspern-
Essling with an estimated productivity of over 1100 TJ/a, which shall be exploited from
2012 on. Nevertheless, the geothermal potential of Austria is still relatively unexplored and

undeveloped compared to other renewable energy sources.

Heat pumps for ambient heat extraction experienced growing popularity in recent years,
due to their applicability for space heating purposes in private households. Ambient heat
may be extracted from ground-level air, surface-near soils, surface waters or groundwater
in order to provide energy services such as warm water or space heating. The Austrian
market for heat pumps started to develop around 1975 with a focus on water heating and
after a strong growth trend the market significantly plummeted around 1987. From 2001
on a strong upward trend can be observed, yet with a focus shifted towards the provision
of space heat. Changed conditions for space heating due to low-energy and passive house
standards of residential buildings were cited as a possible cause for the regained attractivity
(Stanzer et al, 2010b). The technical heat potential (defined as a demand potential with
30.7 PJ/a) and the reduced technical heat potential (defined as a demand potential with
minimal energy efficiency in the amount of about 16 PJ/a) of Vienna were shown to be

extraordinarily high (Stanzer et al, 2010b).

Considering all reduced technical potentials of renewable energy sources in Vienna, as
found by Stanzer at all, an annual energy generation of 63.2 PJ can be calculated. This
would constitute roughly 45% of the overall Viennese demand of final energy in 2008.
Nevertheless the realizable potential is expected to be considerably lower, as it has been
shown by previous studies, that Vienna can only achieve a very low degree of self-
sufficiency both in terms of electricity and heat demand (Stanzer et al, 2010b). The degree
of self-sufficiency, depicted as the demand in 2008 versus the most optimistic energy
generation scenario in 2020 (considering all renewable energy sources), accounted for a
maximum of roughly 19% in terms of electricity and below 10% in terms of space heat.
Hydropower was shown to supply about 90% of electricity, whereas wind power and
biomass covered the remaining share. Surprisingly, photovoltaic systems do not feature in

this result, despite their highest potential in urban areas. The low degree of self-sufficiency
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for heat was explained by the extraordinary demand for space heating of urban areas. Heat
pumps were shown to have the highest contribution to the possible future heat generation

in Vienna, followed by geothermal systems and biomass heat (Stanzer et al, 2010b).

By and large, the potentials for electricity and heat generation from renewable resources
are relevant in Vienna, although a high degree of self-sufficiency appears completely out of
reach in the near future. Solar energy, geothermal heat and ambient heat turned out as the
most promising future potentials within the system boundaries, whereas no significant
additional potential could be found for hydropower, biomass and wind power. Thus, a
simultaneous reduction of the energy demand and an enhancement of electricity and heat
generation from renewable resources appear as the most promising development paths. A
maximal exhaustion of renewable energy potentials provided, at least a very high degree of
self-sufficiency might be feasible on a national scale, as confirmed for instance by the
feasibility study “Energy Autarky for Austria 2050” by Streicher et al (2011), but the

dependence of Vienna on its national hinterland will prevail to a great extent.

Table 6.2. Future potentials for energy generation from renewable sources in Vienna

Generation of electricity Current use Potential Generation of heat Current use Potential
| Hydropower . PN Biomass e |
Biomass . 4 Solar thermal collectors . T
Photovoltaic cells . ™ Geothermal systems o ™
Geothermal systems o ™ Ambient heat 0 ™
Wind power . 4

(own creation)
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7. Summary and Conclusions

The aim of this study was to characterize the urban energy metabolism based on activities
by taking the example of Vienna and to discuss selected possibilities for the reduction of
the most dominant flows together with the existing regional potential of electricity and

heat generation from renewable sources.

To this end, an energy balance on an urban scale was compiled in line with the EFA concept,
which provided information on the energy turnover within selected processes and the
whole system and on the energy requirement for the four key activities to nourish, to
reside and work, to transport and to clean. Additionally, a juxtaposition of the direct and
embodied energy requirement on a household level was conducted with a view to
disclosing the relative flow sizes and their significance in determining the overall energy

requirement and thus the environmental burden of a typical Viennese household.

This study is a first attempt for an activity-based evaluation of the urban energy turnover. It
appeared that the available data sets were not geared towards this research question and
that additional methodological work is needed in order to delineate the relevant activities
and the associated processes and flows in a more precise way. Thus, the numerical results
have to be accepted with a certain reservation. Furthermore, an activity-based energy flow
analysis of the direct and embodied energy turnover of a typical private household was not
feasible within the framework of this thesis due to data constraints and the required

additional methodological effort.

The relevant energy flows on an urban and on a household scale were identified as follows:

Table 7. Results: energy turnover on an urban and on a household scale

Urban (direct) energy turnover . PJ/a . Energy turnover of a Viennese GJ/a
_ _ household
to nourish 6 Direct energy 82.9
to reside & work 78.8 Embodied energy 106.6
to transport 51.2 Total energy requirement 189.5
to clean 7.2
Total final energy requirement 143.2

(own creation, based on various data sources)




Main results are the dominance of the activity to work and reside, followed by the activity
to transport. In addition to this, the energy requirement for space heating and air
conditioning together with transport represent major consumers of final energy and the

Achilles’ heel in Vienna’s attempt for a sustainable urban metabolism.

The energy turnover on an urban scale reveals that mass flows and (direct) energy flows are
attributed differently to the respective activities: whereas cleaning activities cause by far
the greatest mass flows (in terms of water), they require only a very small quantity of
energy. This result illustrates clearly, that mass flows and energy flows within the urban
metabolism are not always coupled. Embodied energy flows on the other hand display a
material reliance of the energy turnover of the evaluated system. Further studies on the
relation of mass flows and corresponding direct and embodied energy flows within an
urban system are needed to provide a clearer picture of the connections and size

differences involved.

It has been shown that embodied energy flows are more significant in private households
than the direct use of energy. This result needs more detailed analysis and methodological
adaptations in order to allow for a better assessment of embodied energy flows (especially
regarding the services employed) and more detailed conclusions. The ratio of direct and
embodied energy use on an urban scale provides valuable information on the openness of a
city, meaning its dependence on the hinterland and especially on the displacement of
environmental loads from the densely populated city to its hinterland. As a material-related
indicator, embodied energy measurements imply the material reliance of a system on its
outside and, on an urban scale, can also clarify sectoral differences and characteristics in
terms of energy requirements. Thus, an analysis of embodied energy flows on an urban

scale could be a next step towards a more sustainable urban metabolism.

Finally, Vienna disposes of relevant potentials for energy generation from renewable
sources, which appear more promising in terms of heat generation (with a cumulative
reduced technical potential of 56.6 PJ/a regarding solar thermal collectors, geothermal
systems and heat pumps) than in terms of electricity generation (reduced technical
potential of 6.6 PJ/a in terms of photovoltaic cells). Future studies on the realizable
potential of renewable energy sources within the territory of the city and regarding its
immediate hinterland would be valuable for determining the development path of urban

energy metabolism.
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