<@ sustainability

Article

Material Flow Analysis-Based Sustainability Assessment for
Circular Economy Scenarios of Urban Building Stock of Vienna

Jakob Lederer *

check for
updates

Citation: Lederer, J.; Blasenbauer, D.
Material Flow Analysis-Based
Sustainability Assessment for Circular
Economy Scenarios of Urban Building
Stock of Vienna. Sustainability 2024, 16,
7319. https://doi.org/10.3390/
sul6177319

Academic Editor: Francesco
Asdrubali

Received: 28 July 2024
Revised: 13 August 2024
Accepted: 20 August 2024
Published: 26 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Dominik Blasenbauer

Institute for Chemical, Environmental, and Bioscience Engineering, TU Wien, 1060 Vienna, Austria;
dominik.blasenbauer@tuwien.ac.at
* Correspondence: jakob.lederer@tuwien.ac.at; Tel.: +43-158801166155

Abstract: Urban buildings consume raw material and energy, and they produce waste and greenhouse
gasses. Sustainable urban development strategies aim to reduce these. Using the case study of
buildings in Vienna, this article evaluates the impact of a defined urban development pathway on the
heating energy demand, greenhouse gas emissions, and total material requirement of buildings in
Vienna for 2021-2050. Furthermore, the impact of recycling to reduce the total material requirement
and to increase the circular material use rate is evaluated. The results show that the heating energy
demand can be reduced to meet the targets of Vienna’s sustainable development strategy. The same
does not count for greenhouse gas emissions. To meet the targets for the latter, the renovation of old
buildings by thermal insulation should be expanded and heating systems substituted. With respect to
the total material requirement, the recycling of demolition waste from buildings in Vienna to produce
secondary raw materials for buildings in Vienna can help to achieve the reduction targets of Vienna’s
sustainable development strategy so that in the year 2050, the material footprint is only 44% of the
value of the year 2019. Since there is a contradiction between the total material requirement and the
circular material use rate, the latter has to be discussed for its use as a circular economy indicator,
since the aim of circular economy is not to produce as much recycling materials as possible, but to
reduce resource consumption to a sustainable level.

Keywords: buildings; circular economy; material footprint; demolition waste; circular material use
rate; heating energy demand; greenhouse gas emissions

1. Introduction

Human history is characterized by a number of groundbreaking transformations. One
of the most recent, but also most dramatic, is urbanization. Today, 55% of the global popu-
lation lives in cities. It is projected that by the year 2050, this share will increase to 68% [1].
One consequence of this rapid growth is that cities not only became important consumers
of energy and raw materials, but also large producers of emissions and waste [2,3]. In order
to reduce the negative consequences associated with this urban consumption and waste
generation, many cities defined strategies, subsumed under the term sustainable urban
development [4,5]. While most of these strategies aim to reduce energy consumption and
greenhouse gas (GHG) emissions, others also foresee a reduction in the consumption of
primary raw materials [6,7]. In order to achieve these reductions, two of the most important
sectors in urban societies that have to be targeted are the transport sector and the building
construction sector [8-15]. This also accounts for the Austrian capital of Vienna, where
recent studies show that from the two sectors, building construction is twice as relevant for
the resource consumption of construction materials than the transport sector [16-20].

When it comes to the measures needed to achieve a reduction in the consumption
of construction materials in the building construction sector, cities like Amsterdam [5,7],
Leuven [6], and Porto [21] focus on enhanced recycling or reuse of materials from the
demolition of buildings in order to produce goods or secondary raw materials that can
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substitute primary raw materials for new constructions. These measures, which are a part of
a circular economy, are also important pillars of the sustainable urban development strategy
of Vienna [22]. However, in addition, this strategy, which is called the Smart Climate City
Strategy Vienna [22], also aims to reduce resource consumption in the buildings sector
by means of demolishing fewer buildings. In this sense, the Smart Climate City Strategy
Vienna offers a broader concept of sustainability for the building sector [23]. In order
to evaluate and monitor the success of different measures to achieve a sustainable urban
development in Vienna, the Smart Climate City Strategy Vienna uses a number of indicators.
With respect to resource consumption, the most important indicator is the consumption-
based material footprint, which was defined for Vienna as the total material requirement
(TMR) [24,25]. In Vienna, this TMR should be reduced in all sectors by —30% until the
year 2030, —40% until the year 2040, and —50% until the year 2050. The reduction targets
are in comparison to the base year for the TMR, which is the year 2019 [22]. Next to the
TMR, the final energy consumption should also be reduced. For buildings in Vienna, the
heating energy demand (HED) is particularly mentioned of relevance [26]. The first reason
for this is that the HED is the largest consumer of energy in buildings, much larger than
the energy demand for warm water or electricity. The second reason is that the HED is also
associated with higher GHG emissions than other energy uses, since the HED is provided
in Vienna mainly by district heating and decentral floor heating by boilers, both of which
are fueled to a large extent by natural gas [26]. Other energy demands for light, power,
and cooling are quantitatively not only less important than heating, but they also rely
less on fossil fuels and thus generate much less GHG emissions. The reason for that is
that these energy demands are covered by electricity, and more than 80% of the electricity
produced and consumed in Austria comes from renewable energy sources. Moreover, in
summertime, when the demand for cooling for instance has had its peak, more than 100%
of the electricity produced in Austria comes from renewable energy sources, allowing not
only for covering of the increasing demand of electricity in Austria, but also for exporting
of a substantial surplus to neighbouring countries [27]. Coming back to the HED and its
reduction, the reduction targets for the energy consumption of buildings in Vienna are
—20% until the year 2030 and —30% until the year 2040 [22]. Furthermore, according to
the Smart Climate City Strategy Vienna, the direct GHG emissions should also be reduced
in Vienna. The reduction targets are —55% until the year 2030 and —100% until the year
2040. This GHG reduction does not include embodied or indirect GHG emissions. All of
these reduction targets, the TMR, the HED, and the GHG, are measured on a per-capita
basis. The base for the HED and the GWP reductions is the average annual value of the
timespan 2005-2010. As aforementioned, for the TMR, the base is the annual value of
the year 2019 [22]. Besides the Smart Climate City Strategy Vienna, other regulations
relevant to assessing the sustainable development of the city exist. At a national level,
the Austrian Circular Economy Strategy not only aims to reduce the material footprint
but also to increase the Circular Material Use Rate (CMUR) from 12% in the year 2020 to
18% in the year 2030. Hosting more than a fifth of the population of the country, Vienna
will play a crucial role to fulfil this national target. With respect to the energy demand
scenarios for Austria, the most important source comes from the Umweltbundesamt, which
is the Federal Environment Management Agency of Austria [28]. This document, which is
also one of the scientific bases for the Austrian National Energy and Climate Plan [29] in
the German Nationaler Energie- und Klimaplan (NEKP), models three scenarios for energy
demand in the buildings sector until the year 2050 in Austria. The first scenario is the “With
Existing Measures” or WEM scenario, the second is the “With Additional Measures” or
WAM scenario, and the third is the Transition scenario. Having a look at the building sector
in these scenarios, it becomes clear that the energy demand reduction targets of Vienna are
much higher than those modelled in the scenarios. In particular, the WEM scenario models
the energy consumption reduction per capita until 2030 by —10%, until 2040 by —13%, and
until 2050 by —14%. The WAM scenario models a reduction of —15% (2030), —23% (2040),
and —27% (2050), while the Transition scenario models a reduction of —19% (2030), —34%
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(2040), and —42% (2050) [28]. In comparison, the energy reduction targets for Vienna are
—20% (2030) and —30% (2040) and thus comparable to the Transition scenario modelled by
the Umweltbundesamt.

With respect to achieving the sustainable urban development targets for buildings in
Vienna, there are a number of recent studies investigating scenarios that aim to analyze
possible future urban development pathways in the context of the Smart Climate City
Strategy Vienna. A recent study by Lederer et al. [30] for instance calculated the direct ma-
terial requirement (DMR) of the most important construction minerals under an enhanced
circularity scenario, suggesting that re-use and recycling can contribute, but will not be
sufficient alone, to meeting Vienna’s resource consumption reduction target. This study,
however, used the material flow data of construction materials and demolition waste from
the year 2014, but not future scenarios or development pathways for material consumption
and waste generation. Such scenarios were developed by Lederer et al. [17], who found
that a massive reduction in the demolition of old buildings in combination with enhanced
renovation, the so-called RENO-scenario in their study, is favourable with respect to re-
ducing the material consumption if compared to a continuation of the business-as-usual,
the so-called BAU-scenario, or the DEMO-scenario, which foresees more demolition of old
buildings that can then be substituted by new low-energy buildings. Moreover, using the
model of Lederer et al. [17], Haas et al. [31] found that the RENO-scenario outperforms the
other scenarios with respect to savings of heating energy and mitigation of greenhouse
gas emissions. Yet, there are certain points that must be considered and discussed with
respect to these studies. First, the model of Lederer et al. [17] modelled material inputs
and outputs in the building sector of Vienna in the future until the year 2050. However,
the study did not consider to which extent recycling of the material outputs can reduce
the material inputs and thus contribute to sustainable development in Vienna. To do so, a
combination of the material flow scenarios from Lederer et al. [17] with recycling scenarios
from Lederer et al. [30], would be inevitable. Second, the scenario-based model of Lederer
et al. [17] started its calculation in the year 2016. This means that now, in the year 2024,
there is already statistical data available for the years 2016-2020. These data can first of all
be used to update the material flow model of Lederer et al. [17], which can be combined
with the recycling scenarios from Lederer et al. [30]. Furthermore, it can serve to update
the HED and GHG emissions model from Haas et al. [31]. Finally, and probably most
importantly, the new statistical data can also be used to indicate the most likely scenario as
a future development pathway of the building stock in Vienna.

Against this background, this study investigates the following research questions.

(1) What is the annual material input and output, the heating energy demand, and
the direct greenhouse gas emissions from the heating of buildings in Vienna for a defined
development pathway of the building sector in the city and the timespan 2021-2050?

(2) What are the material flows (inputs and outputs) of the most important construction
materials and demolition waste of buildings in Vienna in the timespan 2021-2050, consider-
ing both enhanced vs non-enhanced domestic circular economy within the building sector
with demolition waste from the city for secondary raw materials for the city?

(3) To which extent can recycling reduce the consumption-based material footprint and
at the same time increase the circular material use rate of buildings in Vienna if domestic
recycling in the building sector is further encouraged?

2. Materials and Methods
2.1. An Updated Model for Material Flows, Heating Energy Demand, and Greenhouse Gas
Emissions of Vienna’s Building Stock

The model from Lederer et al. [17] basically consists of material intensity coefficients
(MICs) in mass per reference values, in the present case kg/m? net floor area (NFA), and
reference values (RVs) of different building types, in the present case given in m? NFA. Both
are used to model material flows of inputs and outputs, but also for other parameters, like
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HED or GHG emissions. While the MICs are not changed in the model, the RVs are, since
these are affected by the developments observed in the years 2016-2020.

Thus, as a first step, statistical data for the years 2016-2020 were retrieved. These data,
which referred to the NFA of new constructed buildings, thermal renovation on existing
buildings, attic extensions on existing buildings, and demolition of existing buildings, the
latter based on demolition waste statistics, were then used twofold, namely first for defining
a likely development pathway for Vienna’s buildings stock 2021-2050, and secondly for
updating the material input and output model from Lederer et al. [17] with new data. These
applications are discussed here in detail before we present how these updated data sets can
be used to model material flows, heating energy demand, and greenhouse gas emissions of
the development pathway defined.

2.1.1. Definition of a Development Pathway for Vienna’s Building Stock 2021-2050

Based on this statistical data for the years 20162020, Vienna more likely develops its
building stock somewhere in between the aforementioned BAU-scenario and the DEMO-
scenario from Lederer et al. [17]. For instance, the amount of waste generated from buildings
has increased since 2016, as shown in Figure 1, while the NFA of buildings being renovated
by thermal insulation remains virtually constant, as shown in Figure 2. For this study, it was
thus assumed that Vienna would start in the year 2021, with the assumptions as defined in
the DEMO-scenario of Lederer et al. [17]. Furthermore, it was assumed that the buildings
stock of the city is gradually managed as in the BAU-scenario, which means a reduction in
the number of buildings demolished but an increase in the number of buildings thermally
renovated, if compared to the DEMO-scenario.

2016 2017 2018 2019 2020
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Figure 1. Generation of concrete and debris (bricks, mortar, etc.) demolition waste from buildings
generated in Vienna based on statistics from the City of Vienna [32] if compared to the amounts
modelled in the scenarios by Lederer et al. [17].

2.1.2. Updated Material Input and Output Model by New Data

After having selected the future development pathway for buildings in Vienna until
the year 2050, the model used to calculate net floor areas (NFAs) and material inputs and
outputs of the building stock from Lederer et al. [17] was updated by recently published sta-
tistical data on the new construction of buildings, new attic extensions on existing buildings,
new thermal insulation on existing buildings, and demolition of existing buildings. The
data sources for these data sets come from national and city statistical departments [32-34].
These updated data from statistics, as well as the new modelled data based on these
statistics, are shown in NFAs in Table 1 as well as in Tables S1-54 in the Supplementary File.
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Figure 2. NFA of residential buildings renovated by thermal insulation based on statistics [32]

compared to the amounts modelled in the scenarios by Lederer et al. [17].

Table 1. Updated statistical data of NFA in m? for the years 2016-2020, and new modelled data based
on these updates for the years 2021, 2030, 2040, and 2050 for buildings in Vienna. Building categories
according to their use (Residential, Service, etc.).

Year 2016 2017 2018 2019 2020 2021D 2030 2040 2050 ®
Updated Data from Statistic Modelled Data Updated
Population (capita) 1,855,254 1,870,282 1,885,310 1,900,338 1,915,366 1,930,394 2,065,647 2,195,061 2,286,094
New construction of residential, service, industrial, and other buildings )
Residential 544960 656,256 808960 851,712 897,088 523,841 506,241 486,685 467,130
Service 375271 375271 375271 375271 375271 428,612 412,075 393,700 375,325
Industrial 70,630 70,630 70,630 70,630 70,630 211,176 192,196 171,106 150,016
Other 444,714 444,714 444,714 444,714 444,714 250,752 248,323 245,623 242,924
New attic extension on existing buildings (only applicable to residential buildings) ®)
Residential 294,600 343,700 392,800 441900 294,600 176,405 176,405 176,405 176,405
1800-1918 235,680 274,960 314,240 353,520 235,680 124,656 124,656 124,656 124,656
1919-1945 58,920 68,740 78,560 88,380 58,920 51,749 51,749 51,749 51,749
New thermal insulation on existing buildings (only applicable to residential and service buildings) 4
Residential 369,475 317,867 197,476 260,073 392,999 174,847 305,541 450,756 595,970
1800-1918 66,504 56,736 33,211 50,875 38,095 33,211 74,597 120,581 166,565
1919-1945 93,773 53,968 37,932 44,933 177,533 15,303 38,729 64,757 90,785
1946-1980 209,198 207,163 126,333 164,265 177,371 126,333 192,215 265,418 338,620
Service 137,159 136,640 135856 135260 134,563 134,563 137,054 139,823 142,592
1800-1918 85,655 85,489 85,238 85,047 84,824 84,824 85,681 86,634 87,587
1919-1945 8194 8150 8084 8033 7974 7974 8192 8434 8676
1946-1980 43,310 43,001 42,534 42,180 41,765 41,765 43,181 44,755 46,329
Demolition of existing buildings )
Residential 113,478 171,523 130,311 152,511 148,199 175,731 158,132 138,576 119,022
1800-1918 79,809 120,632 91,648 107,261 93,610 120,632 108,907 95,880 82,853
1919-1945 27,236 41,168 31,276 36,605 44,160 44,160 39,357 34,019 28,682
1946-1980 5521 8345 6340 7420 8951 8951 7978 6896 5814
1981-2000 912 1378 1047 1225 1478 1478 1380 1271 1163
2001-2020 - - - - - 510 510 510 510
Service 98,644 149,101 113,277 132,576 159,941 160,451 137,054 111,058 85,060
1800-1918 16,624 25,127 19,090 22,342 26,953 26,953 23,925 20,560 17,195
1919-1945 4400 6651 5053 5914 7135 7135 6243 5253 4262
1946-1980 30,876 46,669 35,456 41,497 50,062 50,062 42,678 34,473 26,267
1981-2000 46,744 70,654 53,678 62,823 75,791 75,791 63,856 50,596 37,336
20012020 - - - - - 510 352 176 -
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Table 1. Cont.
Year 2016 2017 2018 2019 2020 2021 @D 2030®  2040® 2050 ®
Industrial 82,400 124547 94623 110,742 133,602 133,602 114,621 93,531 72,441
1800-1918 10,287 15,549 11,813 13,825 16,679 16,679 14,726 12,556 10,385
1919-1945 9447 14,278 10,848 12,696 15,317 15,317 13,410 11,291 9173
1946-1980 40,725 61,556 46,766 54,733 66,031 66,031 56,413 45,727 35,040
1981-2000 21,941 33,164 25,196 29,488 35,575 35,575 30,072 23,957 17,843
2001-2020 - - - - - - - - -

() Modelled data for the DEMO-scenario, based on updated statistics for 2016-2020. @ Linear interpolation
between DEMO-scenario 2021 and BAU-Scenario 2050. ) Modelled data for the BAU-scenario, based on updated
statistics for 2016-2020. ) Building construction statistics from Statistics Austria [33], thermal renovation statistics
from the City of Vienna [34], and demolition waste statistics from the City of Vienna [32].

2.1.3. Modelling the Material Input and Output of the Updated Building Model of Vienna

By combining the data for the RVs (Table 1) by material intensity coefficients (MICs),
the material flows MF were modelled after Equation (1):

ijr=p
MFpui =Y MICfiomm,ijr X RV fiowijr 1
ijr=1

in which MF,; is the material flow for the material m in the year t in kg/year, and
MIC1ow,m,ijr is the material intensity coefficient of material m for buildings distinguishing
between age category i, use category j, and renovation status r, given in kg/m? NFA. These
units also indicate the reference value RV ¢4y 1, ;- for different building types, which is m?
NFA. For the MICs, data from Lederer et al. [17] were used (Table 3 of their article, Table A1,
and S5 in this article). The RV came from the updated model (see Table 1 and Supplementary
File spreadsheets “S1 Res-NFA”, “S2 Ser-NFA”, “S3 Ind-NFA”, “S4 Oth-NFA”).

2.1.4. Modelling the Heating Energy Demand of the Updated Building Model of Vienna

The updated RVs from Table 1 can also be used to determine the HED for the building
stock in Vienna. For residential and service buildings, energy for floor heating is the most
relevant energy consumption. The same cannot be said for other buildings where the HED
is less relevant [26]. In addition, and as aforementioned, the energy consumption for other
purposes is less relevant. In order to model the HED of these building types, first the gross
floor area (GFA) had to be determined, since standard values for the HED are usually given
in [kWh/m? GFA]. In the model of Lederer et al. [17]., the development of the building
stock was given in m? net floor area conditioned (NFA onditioned,i j,r) for residential buildings
and m?® gross volume (GV/; ;) for service buildings. The indices indicate the age category i,
use category j, and renovation status r of buildings. Both data can be found in Lederer
et al. [17]. For the reference values, Lederer et al. [35] provided conversion factors CF; ;, in
order to convert from NFA; ;, to GFA; ; , (see Equation (2)).

GFA;;, = NFA;;, x CF;;, (2)

The data for the NFA are in Table 1. The CF; ;, data came from analyzing 256 buildings
of different ages, sizes, and uses in Vienna [35]. The CF; ;, values are shown in Table 2.

After converting the RVs of the building stock into m? GFA, the floor HED for the
timespan 1991-2050 were modelled. This was performed by multiplying the specific floor
HED of each building class by the reference value. The total floor heating energy demand
HED:u, per year, given in [kwh/yr], was calculated, as shown in Equation (3).

Ljr=p
HEDyotqy = Y, HEDgGraijr X RVij, 3)
ijr=1
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where HEDGEa i j, is the heating energy demand of each building type per m? GFA in
[kwh/m? GFA/yr] and RV, is the reference value, both distinguishing between age
category i, use category j, and renovation status r. The RV/; ; , is given in [m? GFA] and can
be found in the Supplementary File spreadsheets (“S1 Res-NFA”, “S2 Ser-NFA”, “S3 Ind-
NFA”, “54 Oth-NFA”). Values for HEDGFg i j,» are shown in Table 2 and the Supplementary
File spreadsheet (Table “S7 Heating-energy data” and “S8 Heating-energy-carrier”).

Table 2. Updated statistical data for the years 20162020, and new modelled data based on these
updates for the years 2021, 2030, 2040, and 2050 for buildings in Vienna.

Building Type 1800-1918  1919-1945 1946-1980  1981-2000 2001-2020  2021-2050
Conversion factor CFgga /nga [-1 Y
Residential 0.76 0.81 0.83 0.81 0.80 0.80
Service 0.75 0.77 0.90 0.95 0.95 0.95
Heating energy demand [kwh/m? GFA]
Residential
Existing buildings 100 @ 90 @ 80 @ 50 @ 450 22
Thermal insulation 380 380 38
Attic extension 38 ®) 38 ®
Service
Existing buildings 250 © 250 © 250 © 130 © 70 © 22
Thermal insulation 80 (© 80 © 80 ©
Heating energy demand [kwh/m?2 NFA]
Residential
Existing buildings 132 111 96 62 56 28
Thermal insulation 50 47 46
Attic extension 50 47
Service
Existing buildings 333 325 272 144 74 23
Thermal insulation 107 104 87

@ Lederer et al. [35]; @ Miiller [36]; @ OIB [37]; @ OIB [37]; ©) Stadt Wien [38]; © Bayer et al. [39].

2.1.5. Modelling the Greenhouse Gas Emissions of the Updated Building Model of Vienna

After determining the HED, it is possible to calculate the direct GHG emissions. Note
that in contrast to Haas et al. [31], indirect and embodied GHG emissions are not considered,
which is in line with the Smart Climate City Strategy Vienna [22]. The corresponding
indicators are the GHGs for supplying the buildings with different energy carriers for
heating k. According to the Smart Climate City Strategy Vienna, only these direct GHGs
are to be considered, while the GHGs associated with the provision of materials are not.
The calculation was performed as in Equation (4):

k=1
GHGdirect, heating — k=1 HEDk X EFGWP,k (4)

where GHGgirect, neating 1S the greenhouse gas emissions in kg CO2 equivalent from the heating
energy demand of different energy carriers for heating HED) multiplied by the emission
factors of all of these energy carriers EFgyyp . The data for the distribution of the total
heating energy demand HED;,;,; to the enegy carriers k came from Veigl et al. [26], who
modelled one heating energy consumption pathway for Vienna until the year 2050. Even
though Veigl et al. did not consider recent ambitions to achieve carbon neutrality until 2040,
the results give an impression of the additional steps required. Using these data, the HED
and its distribution to energy carriers and heating systems was estimated, as shown in the
Supplementary File (spreadsheet “heating-energy-carrier”). Emission factors EF gy p x were
taken from Austria’s Environment Agency [40], shown in the Appendix A Table A2.

2.2. Modelling the Material Flows of Construction Materials and Demolition Waste of the Updated
Building Model of Vienna Considering Non- and Enhanced Circular Economy Scenarios

For modelling the material flows of construction materials and demolition waste in
the updated building model of Vienna, material flow analysis (MFA) after Brunner and
Rechberger [41] was used. Two types of MFA models were calculated. The first does
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not consider an enhanced local circular economy in the building sector but assumes that
demolition waste from Vienna are either exported to the neighbouring federal state of Lower
Austria or recycled to other sectors than building construction. The second is an enhanced
local circular economy scenario that assumes the maximum treatment of demolition waste in
Vienna to produce secondary raw materials to be used in Vienna’s building sector.

2.2.1. Material Flows of Construction Materials and Demolition Waste without Local
Circular Economy in the Building Sector

The MFA model, which is shown in Figure 3, consists of seven processes, starting with 1.
Production of construction materials and 2. Buildings. The inputs of construction materials
into both processes are assumed to be the same, meaning that losses, for instance by clinker
burning for cement, are not considered here. The material inputs of construction materials and
outputs of demolition waste come from the updated material input and output model (see
Section 2.1.3). The latter (material outputs of demolition waste) form the input into process 3.
Demolition waste collection and transport, in which the demolition waste are distributed to
the processes 4. Demolition waste management Lower Austria and process 5. Demolition
waste management Vienna. The relevant data were taken from the waste management plan
of Lower Austria [42]. In Lower Austria, the bulk of demolition waste are recycled, mainly in
road construction in Lower Austria [30,42,43], while a smaller share is landfilled (process 6.
Landfill Lower Austria). The incineration of demolition waste from Vienna in Lower Austria
is of low relevance. The reason is that Vienna has the largest waste incineration capacity in
Austria and imports rather than exports combustible waste. In Vienna, based on information
from the only two operators of demolition waste treatment plants and landfills (ContraCon
and LangesFeld [44,45]), a higher share of demolition waste is landfilled than in Lower Austria,
while a smaller amount is recycled, also mainly in road construction. With respect to recycling,
there is only a relevant backflow of demolition recycling materials generated in Vienna and
used in Vienna (flow F5-1.1). This flow consists of brickwork contributing 10% of material
demand in the cement industry [46], steel scrap which is entirely used to produce new steel,
and waste wood of which 73% is recycled in new wood products [47].

2.2.2. Material Flows of Construction Materials and Demolition Waste with Local Circular
Economy in the Building Sector

The MFA model for the local circular economy scenario is the same as in Figure 2.
However, the difference is that there is a much stronger link between Vienna’s demolition
waste management and the construction industry of the city. This particularly counts for the
mineral demolition waste of concrete, brickwork, and gravel and sand, which are, like the
aforementioned steel and wood, also sought to be recycled in buildings in Vienna. Based
on the strategies as defined in Lederer et al. [30], mineral demolition waste from buildings
in Vienna are treated in Vienna or its vicinity, in order to produce recycling materials
such as recycling aggregates from demolition waste concrete, debris, gravel and sand to
be used in concrete, secondary raw materials from debris to produce cement, recycling
aggregate from demolition waste debris for unbound use (e.g., as filler on flat roofs), or
recycling wood and steel products (material flow F5-1.1 in the MFA-model in Figure 3).
These strategies consider technical and legal limits for the use of recycling materials. In
detail, these limits foresee that concretes (material flow F1-2.1 in Figure 2) can consist either
of 29% recycling aggregate from demolished and processed concrete or gravel and sand, or
17% of recycling material from the coarse fraction of demolished and processed brickwork.
According to the literature, all cements can consist of 20% of demolished and processed
fine fractions of brickwork [48], instead of 10% as assumed based on data from Mauschitz
on the current practise in the Austrian cement industry [46]. As before, waste steel can be
recycled at 100% to steel (material flow F1-2.4) and waste wood (material flow FI1-2.5 in
Figure 3) can be recycled at 73% of the waste generated. The remaining wood is incinerated,
due to its low quality [47]. For other waste such as glass, mineral wool, and polystyrene,
no recycling is assumed, which has to do with lack of data, quality limitations, but also
contents of potentially hazardous materials such as asbestos in mineral wool or CFCs in
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polystyrene. In Austria, however, these hazardous materials are usually removed manually
before demolition [30]. Furthermore, reuse is not considered, since its contribution to a
circular economy of construction materials considered in this study is negligible [30].

Import: 0 [Mg/yr] dStock: 0 [Mglyr] Export: 0 [Mglyr]
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Material flows of construction materials and demolition wastes of buildings in Vienna: Ex-post analysis 1991-2020

and scenario-analysis for 2021-2050 without / with enhanced circular economy scenario Stocks [Mg]

Figure 3. MFA model for buildings in Vienna. Concrete * from demolition can be present in concrete
waste or debris waste, the latter being a mix of mineral demolition wastes. Brickwork ** consists of
bricks, mortar, and plaster, and is like Gravel & Sand ** present in debris waste. Steel *** consists of
construction steel and rebar.

2.3. Assessing the Scenarios without vs. with a Local Circular Economy of the Updated
Building Model

In accordance with Vienna’s and Austria’s circular economy and waste management
legislation and strategies, the following indicators were used for the sustainability assess-
ment of both the scenarios defined in Section 2.2.

2.3.1. Heating Energy Demand (HED)

The first indicator is the HED in MWh/ capita/yr and calculated as in Equation (3).
The results for this indicator are not influenced by the circular economy scenarios. The
HED is calculated for the years 1991-2020 ex-post and for 2021-2050 scenario-based, and
the results are indicated for the years for which a HED reduction target in comparison to
the base value (average annual value for the timespan 2005-2010) was aimed to be achieved
in the Smart Climate City Strategy Vienna. This counts for the years 2030 (—20%) and 2040
(—30%). These reduction targets are similar to the modelled transition scenario for Austria
by the Umweltbundesamt [29]. Not considered as a benchmark here in this study are any
reduction targets of the Integrated National Energy- and Climate Plan, since this document
was not ratified by the relevant parties in Austria, meaning that it is likely to be subject to
changes before coming to force.

2.3.2. Direct Greenhouse Gas Emissions from Heating

The second indicator is the direct GHG emissions from heating, which are calculated as
shown in Equation (4), Section 2.1.5. The results for this indicator are not influenced by the
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circular economy scenarios, since only direct GHG emissions from heating are considered
in the Smart Climate City Strategy Vienna. The GWP is calculated for the years 1991-2020
ex-post and 2021-2050 scenario-based, and the results are indicated for the years for which
a GWP reduction target existed in comparison to the annual average of the years 2005-2010.
This counts for the years 2030 (—30%) and 2040 (—100% GHG per capita).

2.3.3. Total Material Requirement

The second metric for the consumption-based material footprint is the total material
requirement (TMR). For calculation of the TMR,, data on construction material con-
sumption, i.e., the material flows for the different materials MF;pys m ¢, were modelled as
shown in Section 2.1.3. Recycling materials substituting raw materials were subtracted,
considering characterization factors for raw materials (CETpmR m_raw) and recycling mate-
rials (CFTpR m_rec) after Mostert and Bringezu [49]. Like in Watari et al. [50] and Oliveira
Neto et al. [51], data for the CFrpRr » came from the Wuppertal Institute [52]. The same
data were also used to calculate and monitor the TMR of Vienna in the Smart Climate City
Strategy Vienna [25]. Table A2 provides an overview not only of the GWP emission factors,
but also of the TMR characterization factors as used in this study. The calculation was
performed using Equation (5):

TMRnet,t = ZZiT (MFinput,m,t X CFTMR,m raw — Mprecycling,m,t X CFTMR,m rec) (5)

In detail, MFjypys,m,+ is the material flow input into processing P2 Buildings that can
be substituted by recycling materials, and MF cyclingm,+ 1S the material flow of recycling
materials. It is assumed that these recycling materials, summarized in material flow F5-1.1
in the MFA model in Figure 3, consist of first recycling aggregate from demolished concrete,
brickwork, and gravel and sand, substituting natural aggregate to produce concrete or an
unbound form (as filling material); second, the fine fraction of processed brickwork to be
used for the production of cement for concrete; third, demolished steel that can be used
to produce steel; and fourth, demolished wood that can be used to produce wood fibre
boards. For details on these recycling routes, see Lederer et al. [30].

The TMRyet+ was calculated for the year 2019, which is the base year, and for the
years 2021-2050 on a scenario basis. The results are indicated for the years with a reduction
target, namely 2030 (—30%), 2040 (—40%), and 2050 (—50% of the TMRy;¢t per capita if
compared to the year 2019). The unit is Mg/ capita/year.

2.3.4. Circular Material Use Rate

An important indicator in Austria’s Circular Economy Strategy [53] is the circular
material use rate (CMUR), which is the content of recycled materials in products. The CMUR
is usually calculated for economic entities, like national states. For these, only recycling
materials originating from the entities are considered, but not recycling materials which are
imported [54]. For a particular sector, like buildings, and a not national but regional entity,
like a federal state, there are no general guidelines for calculating the CMUR. For this reason,
the CMUR for buildings in Vienna is calculated as defined in this study by Equation (6).

CMUR; = Zj; MPrecycling,m,t/MFinput,m,t (6)

where MFjypysm+ is the material input calculated after Equation (1) (Section 2.1.3) and
MF rocyclingm ¢+ is the recycling material provided to cover parts of this material input for
material m in year {. In the MFA model in Figure 3, MF ecycling,m,+ €quals material flow
F5-1.1 Recycling materials, while Y = MFjy ¢, is the sum of the material flows F1-2.1
to F1-2.8, which are construction materials such as concrete, brickwork, etc. Recycling
materials that may come from outside Vienna or recycling materials that origin from sectors
other than buildings are not counted.
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3. Results and Discussion

The results section first shows the model result based on the updates (Section 3.1),
then the material flows considering demolition waste management (Section 3.2), and finally
the sustainability assessment of Vienna’s building sector (Section 3.3).

3.1. Updated Material Inputs and Outputs, Heating Energy Demand, and Greenhouse Gases of
Vienna’s Building Sector

The updated material input and output model is shown in Figure 4 and in the Supple-
mentary File spreadsheet (Table “S11 Results per-captia”). Even though it was assumed
that the scenario 2021-2050 follows the DEMO-scenario from Lederer et al. [17], the ma-
terial input after 2021 is smaller than in the preceding years. The reason for this is that it
was assumed that the NFA per person remains constant, while it was expanded in recent
decades. This influences the material inputs. In other studies, particularly Heeren and
Hellweg for Switzerland and Soonsawad et al. for Canberras, decreasing material inputs in
the building stock were also predicted [55,56]. The reasons for this are manifold, including
population decrease in the case of Switzerland, but also a saturation of the building stock
in both cases. On the output side, the amount of waste from the demolition of buildings
starts with a high value, which is reduced until 2050 to a level that was experienced in the
year 2001. This is in contrast to the assumptions from Heeren and Hellweg, who assumed
higher material outputs in the future, caused by the refurbishment of buildings [55].

O
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|
|

o
o

Material inputs (+), outputs (-) in [Mg/cap/yr]
o

—
o

OMaterial input (raw materials) @ Material output (demolition waste)

Figure 4. Updated material input and output model for buildings in Vienna 1991-2050.

Figure 5 shows the updated HED model of Vienna for 1991-2050. The data are also
displayed in the Supplementary File spreadsheet (Table “S11 Results per-capita” and
“S9 Results_heating-energy”). The result first shows the good agreement between the
modelled and the measured data from Gollner [57] for the years for which data were
available (1991-2020). Furthermore, the model shows the decline in the per capita HED
since the year 2001. This is clearly an achievement not only of new low-energy buildings
substituting old high-energy consuming buildings, but also of thermal renovation of
existing buildings [13,31]. With respect to future HED, the results are in line with studies
from the UK and Finland, even though in these studies, the temperature increase due to
global warming has a much higher impact than in this study, where this factor was not
considered [58,59]. Furthermore, the reduction in HED in Vienna as modelled in this study
is stronger than in the cities investigated by Harris et al. [60]. However, the study of Harris
et al. modelled the total energy demand of cities, and not only the HED. What is remarkable
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in this study for Vienna is the comparatively high HED of service buildings, which are only
13 m? NFA /capita in Vienna if compared to 41 m? NFA/capita for residential buildings.
This means that the potential to save energy for the HED in Vienna is larger for service
buildings, despite their smaller relevance in terms of the HED.
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Figure 5. Updated HED model for buildings in Vienna 1991-2050.

The updated greenhouse gas emission model considering the direct greenhouse gasses
from heating is shown in Figure 6. Like for the HED, the GHG for heating has declined
since the year 2001. This decline is even stronger, since not only less energy is used, but
the energy sources also produce less GHG emissions than, for instance, oil or natural
gas. However, and this will be shown later, this decline is not sufficient to meet the GHG
emission reduction targets of Vienna, nor also Austria and the EU 27. In comparison to
other cities, however, Harris et al. [60] shows that only Copenhagen achieves higher GHG
reductions than the HED-caused GHG emissions in the building sector of Vienna, evenin a
business-as-usual scenario [60]. Therefore, Vienna should look at cities like Copenhagen as
role models for their own transformation.

3.2. Material Flows of Construction Materials and Demolition Wastes of the Updated Building
Model of Vienna with and witout Enhanced Circular Economy Scenarios

The MFA for buildings in Vienna for the year 2030 without an enhanced local circular
economy is shown in Figure 7, and the MFA for the enhanced local circular economy
scenario for the year 2030 is shown in Figure 8. Figures A1-A5 in the Appendix A show
the MFAs for the year 2019 (status quo), and for the years 2040, and 2050 (with and without
an enhanced local circular economy). A comparison of the figures for the scenario without
local circular economy in the year 2030 (Figure 7) with the local circular economy scenario
for the year 2030 (Figure 8) shows that in the first, the bulk of wastes are still exported and
not recycled in Vienna in the building sector. In detail, in the year 2030, without a local
circular economy, in total 3,146,040 Mg/yr have to be imported (see Figure 7), while with
an enhanced local circular economy, the import reduces to 2,295,559 Mg/ yr (see Figure 8).
In the latter case, 902,315 Mg/yr of secondary raw materials from building demolition in
Vienna will be used as construction materials for buildings newly constructed in Vienna.
Since it was assumed that demolition activities will decrease until 2050, as foreseen in the
Smart Climate City Strategy Vienna [25], the amount of raw materials consumed in process 2.
Buildings will also decrease to 2,931,154 Mg/ yr in the year 2050 (see Figures A4 and A5 in
the Appendix A). Since less demolition waste is available in 2050, the amount of secondary
raw materials provided also decreases to 629,854 Mg/ yr in the enhanced local recycling
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scenario (Figure A5). As a result, slightly more raw materials have to be imported in the
year 2050 (2,301,300 Mg/yr) than in the year 2030 (2,295,559 Mg/ yr), which is detrimental
to achieving a maximum CMUR. Furthermore, the results are in contrast to findings
from Zhang et al. for the Netherlands, where most imports of raw materials for building
construction (except limestone and cement) are projected to decrease [61]. The reason for
this difference is that in Zhang et al., the demolition rate of buildings does not decrease,
while in this study, it did, since it was assumed that a lower number of buildings were
demolished. However, this also reflects the differences in the political agenda of how to
achieve a decarbonized and circular building stock.
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Figure 6. Updated direct GHG emission model from heating for buildings in Vienna 1991-2050.
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3.3. Assessing the Updated Building Model
3.3.1. Heating Energy Demand and Greenhouse Gas Emissions

Table 3 shows the results of the HED and GHG emissions of the defined development
pathway. As already mentioned, there is no difference in these indicators for the two
circular economy scenarios. The results show that the defined DEMO-BAU development
pathway can reach the reduction targets of the Smart Climate City Strategy Vienna for the
HED. As shown in Haas et al. [31] and Hoxha et al. [62], a higher number of buildings
being renovated by thermal insulation annually can further reduce the HED. However,
sufficient incentives therefore have to be provided [31,62].

Table 3. Modelled HED and GWP for the heating of buildings in Vienna in 2030, 2040, and 2050,
compared to reduction targets (base year annual average 2005-2010).

Indicator Value Unit 2005 2030 2040 2050

Modelled value 4972 4372 3892

HED Value that has to be achieved kwh/cap/yr 6620 5296 4634
Modelled value % of the average 100% 75% 66% 59%
Value that has to be achieved 2005-2010 100% 80% 70%
Modelled value kg 1217 805 692 602

CHG Value that has to be achieved =~ COs.q./cap/yr 548 0 0
Modelled value % of the average 100% 66% 57% 49%
Value that has to be achieved 2005-2010 100% 45% 0% 0%

With respect to GHG emissions, the figures look worse for both the 2030 and the
2040 target. It must be said that all major stakeholders at different levels, from Vienna
over Austria to the EU 27, agreed to achieve carbon neutrality by earliest in 2040, latest
in 2050 [22,63]. To reduce the GHG emissions for the HED of buildings in Vienna, next
to reducing the HED, a change in the heating systems is required. For Vienna, this is
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a challenge, considering the high share of decentralized natural gas-fed boiler heating
systems that exist [31]. However, with a lower HED, this is also easier to achieve.

3.3.2. Total Material Requirement and Circular Material Use Rate with a Local Circular
Economy Scenario

Table 4 shows the results of the TMR and CMUR calculation of the defined develop-
ment pathway in Vienna. With respect to the TMR, the reduction targets as defined in
the Smart Climate City Strategy Vienna were easily met by the modelled values for the
years 2030, 2040, and 2050. The reason for this is on the one hand a decrease in material
consumption due to a lower demolition of buildings, and on the other hand the enhanced
local recycling of demolition wastes. The latter has also been shown by Zhang et al. for
concrete recycling in the Netherlands [64]. Contrary to the positive development of the
TMR, the CMUR declines from 28% in the year 2030 to 21% in the year 2050 due to the lower
amounts of recycling material available, which is caused by lower number of buildings
being demolished. When solely looking at the CMUR, this development is negative, since
the CMUR aims to achieve a maximum possible value in sustainable development [54].
However, since a circular economy aims to reduce primary raw material consumption, the
benefits of reducing the TMR outweigh the costs of a decreasing CMUR, since recycling,
which is actually measured by the CMUR, is just a tool for the circular economy and not an
objective of the circular economy. This contradiction is interesting, not only for research,
but also for policy-selecting circular economy indicators.

Table 4. TMR and CMUR for buildings in Vienna in 2030, 2040, and 2050, compared to 2019.

Indicator Value Unit 2019 2030 2040 2050
Modelled value for primary
raw materials 3929 2568 2318 2132
xogiliffez;gl;;or reduction kg/cap/yr =37 —e8L =30 —426
TMR  Modelled value total 3892 1887 1769 1705
Value that has to be achieved 3892 2725 2335 1946
Modelled value total % of the year 100% 48% 45% 44%
Value that has to be achieved 2019 100% 70% 60% 50%
Modelled value % of material 1% 28% 25% 21%
CMUR Value that has to be achieved input 12% D 18% @  18% @ 18% ©®

@) 12% refers to the national level in Austria, as there are no data available for Vienna [53]. @ The 18% refers to
the national target in Austria [53]. ®) For the years 2040 and 2050, no national target was defined, so the target
from the year 2030 was used.

4. Conclusions

Cities are not only important consumers of energy and resources but also producers of
emissions and waste. For the material resources and waste part, a circular economy can play
an important role to mitigate negative impacts on the environment, even under a scenario
where an excessive demolition of buildings, an in general unsustainable practise, prevails.
This was shown for the case study of Vienna, as analyzed in this study. However, for a
reduction in energy consumption and the mitigation of greenhouse gas emissions, more
ambitions are still required, particularly increasing the renovation of buildings by thermal
insulation and transforming energy production for the heating of buildings. Together with
a circular economy for demolition wastes and construction materials, this will be the key to
sustainable urban development.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sul16177319/s1, Supplementary File spreadsheet.
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Appendix A

Table Al. Material intensity coefficients (MCls) for the material input (MClinpyt) and output MCloutputy
of different building types according to their use, age, and renovation category. Renovated refers to
thermal renovation.

Material Building Age and MICinput  MICoutput  MICinput  MICoutput MICinput  MICoutput  MICinput  MICoutput

Renovation Category Residential Buildings Service Buildings Industrial Buildings Other Buildings

Concrete 1800-1918 - 250.6 - 183.0 - 917.5 - 814
1800-1918 Renovated - - - - - - - -
1800-1918 Attic extension 920.3 - - - - - - -
1919-1945 - 519.2 - 836.6 - 1322.3 - 1333.3
1919-1945 Renovated - - - - - - - -
1919-1945 Attic extension 920.3 - - - - - - -
1946-1980 - 1370.7 - 1688.8 - 1499.5 - 1561.0
1946-1980 Renovated - - - - - - - -
1981-2000 1700.1 1700.1 1822.5 1822.5 1189.7 1189.7 1755.8 1755.8
2001-2050 1664.9 1664.9 1533.1 1533.1 1905.0 1905.0 1852.7 1852.7

Brick 1800-1918 - 1888.8 - 1747.5 - 1212.7 - 2031.5
1800-1918 Renovated - - - - - - - -
1800-1918 Attic extension 224.2 175.4 - - - - - -
1919-1945 - 1518.4 - 1298.9 - 1144.7 - 703.8
1919-1945 Renovated - - - - - - - -
1919-1945 Attic extension 224.2 175.4 - - - - - -
1946-1980 - 818.9 - 136.1 - 370.3 - 211.9
1946-1980 Renovated - - - - - - - -
1981-2000 510.2 510.2 38.6 38.6 10.8 10.8 523.3 523.3
2001-2050 2739 2739 61.0 61.0 192.0 192.0 208.9 208.9

Gravel 1800-1918 - 164.0 - 149.9 - 174.1 - 110.2

1800-1918 Renovated - - - - - - - -

1800-1918 Attic extension 3.6 76.8 - - - - - _

1919-1945

- 172.0 - 134.8 - 165.3 - 77.7
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Table A1. Cont.
Material Building Age and MICinput  MICoutput  MICinput  MICoutput MICinput  MICoutput  MICinput  MICoutput

Renovation Category Residential Buildings Service Buildings Industrial Buildings Other Buildings
1919-1945 Renovated - - - - - - - -
1919-1945 Attic extension 3.6 76.8 - - - - - -
1946-1980 - 152.5 - 143.9 - 105.4 - 151.2
1946-1980 Renovated - - - - - - - -
1981-2000 157.2 157.2 121.0 121.0 106.4 106.4 151.3 151.3
2001-2050 149.5 149.5 118.0 118.0 136.8 136.8 152.3 152.3

Wood 1800-1918 - 44.6 - 43.9 - 31.2 - 62.3
1800-1918 Renovated - - - - - - - -
1800-1918 Attic extension 23.0 30.5 - - - - - -
1919-1945 - 40.1 - 28.9 - 43.7 - 19.1
1919-1945 Renovated - - - - - - - -
1919-1945 Attic extension 23.0 30.5 - - - - - -
1946-1980 - 15.1 - 8.8 - 5.5 - 30.6
1946-1980 Renovated - - - - - - - -
1981-2000 13.7 13.7 - - - - 44 44
2001-2050 11.8 11.8 9.3 9.3 - - 12.2 12.2

Steel 1800-1918 - 9.1 - 7.2 - 42.6 - 1.9
1800-1918 Renovated - - - - - - - -
1800-1918 Attic extension 58.9 - - - - - - -
1919-1945 - 8.7 - 14.1 - 138.7 - 41.8
1919-1945 Renovated - - - - - - - -
1919-1945 Attic extension 58.9 - - - - - - -
1946-1980 - 349 - 49.1 - 423 - 38.5
1946-1980 Renovated - - - - - - - -
1981-2000 99.7 99.7 116.4 116.4 127.7 127.7 269.8 269.8
2001-2050 226.2 226.2 914 914 125.2 125.2 104.1 104.1

Glass 1800-1918 - 47 - 5.0 - 2.0 - 0.9
1800-1918 Renovated 8.5 - 3.1 - 43 - 3.0 -
1800-1918 Attic extension 29 1.0 - - - - - -
1919-1945 - 5.2 - 29 - 3.8 - 3.4
1919-1945 Renovated 7.2 - 3.0 - 8.0 - 3.4 -
1919-1945 Attic extension 29 1.0 - - - - - -
1946-1980 - 41 - 34 - 9.3 - 9.1
1946-1980 Renovated 6.3 - 3.1 - 4.1 - 29 -
1981-2000 44 44 33 33 35 35 33 33
2001-2050 6.0 6.0 3.3 3.3 6.9 6.9 5.1 5.1

MinWool 1800-1918 - 0.7 - 1.3 - 1.5 - 0.4
1800-1918 Renovated 3.1 - 1.9 - 0.5 - 1.2 -
1800-1918 Attic extension 6.7 0.0 - - - - - -
1919-1945 - 2.5 - 1.2 - 0.5 - 3.6
1919-1945 Renovated 2.7 - 1.9 - 0.9 - 14 -
1919-1945 Attic extension 6.7 0.0 - - - - - -
1946-1980 - 1.3 - 0.4 - - - 3.0
1946-1980 Renovated 23 - 2.0 - 0.5 - 1.2 -
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Table Al. Cont.

Material Building Age and MICinput  MICoutput MICinput  MICoutput  MICinput  MICoutput  MICinput  MICoutput
ateria 4
Renovation Category Residential Buildings Service Buildings Industrial Buildings Other Buildings
1981-2000 1.4 1.4 0.4 0.4 - - 0.9 0.9
2001-2050 22 22 21 21 0.8 0.8 21 21
Polystyrene  1800-1918 - 0.6 - 0.5 - 0.6 - -
1800-1918 Renovated 6.5 - 3.5 - 3.9 - 3.9 -
1800-1918 Attic extension 2.4 - - - - - - -
1919-1945 - 0.6 - 0.7 - 0.9 - 0.8
1919-1945 Renovated 5.5 - 3.5 - 7.3 - 44 -
1919-1945 Attic extension 2.4 - - - - - - -
1946-1980 - 0.5 - 1.1 - 39 - 1.3
1946-1980 Renovated 4.8 - 3.6 - 3.7 - 3.8 -
1981-2000 52 52 3.5 3.5 1.0 1.0 4.1 41
2001-2050 4.6 4.6 3.9 3.9 6.3 6.3 6.6 6.6
Table A2. Emission factors (EFs) and characterization factors (CFs) to calculate the GWP and TMR
for the use of different building materials and heating energy sources.
. CFTMR,m_raw . CFTMR m_rec EFgwp,x of HED
Material m in [ke/kg] Material m in [kg/ks] Energy k in [kg/kwh]
Concrete 1.3300 Recyc'hng material from congrete to 1.420 DlStI"lCt 0.2000
substitute natural aggregate in concrete heating
Brickwork 19700 ~ Recycling material from brickwork to 1420 Wood 0.0120
substitute natural aggregate in concrete
Gravel and sand 1.0100 Recyc.hng material from gravgl and sand to 1.420 Renewables 0.0638
substitute natural aggregate in concrete
Wood 54000  Recycling material from brickwork to 1.420 Electricity 0.2190
substitute raw materials for cement
Tron and steel as000 ~ Recycling material from brickwork to 1420 Hard coal 0.3320
substitute gravel and sand
Glass 2.9500 Recycling material from gravel and sand to 1.420 Heating oil 0.3320
substitute gravel & sand
Mineral wool 4.3300 Recycling material from wood to substitute 3.440 Natural gas 0.2680
wood
Polystyrene 25000 Recycling material from steel to substitute 6.670

iron ore
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