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Chapter 1

Chapter 1 General introduction

1.1 Background

Buildings provide people with comfortable shelter for daily activities, such as
sleeping, working, and relaxing [1-3], while they are characterized as highly
intensive in the use of resources and energy and the generation of residues [4].
Currently, the building sector accounts for around 35% of global energy consumption
and nearly 55% of global electricity is consumed by building operations [5]. Building
operation and construction represent 38% of global greenhouse gas (GHQG)
emissions, mainly due to the combustion of fossil fuels (natural gas, oil, and solid
fuels) for onsite space heating and cooking and offsite heat (e.g. district heating
networks) and electricity generation [1,5]. 40-50% of globally extracted resources
are used for constructing buildings and infrastructures [5—7]. In the European Union
(EU), construction and demolition waste (CDW) accounts for 25-30% of the total
generated waste, by weight [5,8]. The building sector thus has to play a significant
role in ambitions concerning climate change mitigation [9,10].

Policies have been developed, from the EU to the national level, to accelerate the
decarbonization of the EU building stock [11]. However, large-scale construction of
new buildings and renovation of existing buildings with more complex technical
systems will continue in the next decades [12], mainly driven by ongoing population
increase, urbanization, and continuous increases in living standards, such as floor
space per capita [ 13] and higher thermal comfort requirements for space heating and
cooling [3,14,15]. This trend will inevitably pose great challenges for reducing the
demand for primary materials and energy and the generation of CDW [16], which
further emphasizes the urgency of reducing/decarbonizing the materials and energy
consumed in the building sector to realize the circular economy, energy-neutral and
climate-neutral targets [17-19].

1.2 GHG emissions in buildings

The GHG emissions of buildings are mainly composed of embodied and operational
emissions [1,20]. Embodied emissions are primarily related to building material
(component) manufacturing, transportation, installation, and end-of-lifespan
treatment during construction, renovation, maintenance, and demolition processes
[1,11,20,21]. The consumption of cement, concrete, bricks, and steel during initial
construction accounts for the most embodied GHG emissions [1]. Operational
emissions are from energy use, including the direct emissions from fossil fuel
combustion for space heating, hot water, and cooking, and the indirect emissions
from heat (heat networks) and public grid electricity generated by fossil fuels [22].

The amounts of life-cycle GHG emissions and the respective share of embodied and
operational emissions are determined by many factors, such as the local climate,
construction techniques, energy performance standards, and energy supply systems
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[20]. The embodied GHG emissions from construction range from 250 to 400 kg
CO»-eq/m? [23], which occur in the relatively short construction phase (typically
around one year) [20]. Renovation and maintenance during the operation phase can
also lead to embodied emissions, but these emissions are less than 50% of the GHG
emissions released during initial construction [1]. In contrast, the operational
emissions per year range from 30 to 50 kg CO,-eq/m?[23]. Since buildings are long-
lifetime products [24] over the lifetime of the building, operational GHG emissions
are more important than the embodied emissions related to construction. The
proportion of operational GHG emissions can be changed by energy-efficiency
renovations during the operation phase [25].

In addition to the building itself, the lifestyle of occupants can also greatly affect the
living space per capita and energy demand per floor area. Greening lifestyles (e.g.
shorter showers, more people living together in one house, and living in smaller
houses) due to people’s increased awareness of environmental protection can also be
regarded as an important decarbonization strategy [26-28].

1.3 Towards climate-neutral building stock

According to the literature [1,28-31], decarbonization of the built environment can
be pursued via three approaches: realizing a material transition, realizing an energy
transition, and pursuing green lifestyles.

1.3.1 Material transition

Given the major contribution of building material production to embodied GHG
emissions [32], it is critical to reduce the primary material extraction and decarbonize
the building materials, i.e. material efficiency improvement and the substitution of
carbon-intensive materials with low-carbon materials [33,34].

Material efficiency

Previous literature [3,34,35] suggests that strategies for material efficiency
improvement mainly include:

(1) Lifetime extension. Increasing the lifetime of a building or component can
reduce the life-cycle material demand [36]. New building construction will require
large amounts of materials, especially for the foundation, structure, and walls, which
consume the most carbon-intensive materials such as concrete, cement, bricks, and
steel. Therefore, extending the lifetime of existing buildings by deep renovation
rather than demolition and reconstruction can not only reduce the generation of CDW
but also reduce new material demand. Demolition can be an option only when the
building can hardly meet current function demand or its structure is seriously
defective (e.g. foundation settlement), which makes the renovation too expensive or
almost technically impossible. As for new buildings, advanced urban planning and
better building design (increased durability of components) can greatly reduce the
construction of short-lifetime buildings. This is an important lesson learned from
China where the building lifetimes are very short [37,38] and large-scale demolition
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and construction activities generate very high CDW amounts leading to
unnecessarily high consumption of primary raw materials [39,40].

(2) Material recovery. This mainly encompasses reuse and recycling [41]. Some
components can be directly reused for new construction or renovation [4], such as
the components made of wood and steel. Some materials, such as metals, plastics,
wood, and concrete, can be recycled and used to produce secondary materials.
Concrete can be crushed into aggregate for new concrete manufacturing [42]
although additional cement, sand, and water are required [43]. In practice, CDW is
commonly used as road foundation or backfilling [43], which represents a form of
downcycling and should be transformed into high-level recycling [44]. In addition,
future building construction should develop towards manufacturing off-site
prefabricated modular components [45] that are easy to disassemble [46,47] which
will increase the closed-loop use of materials [5]. Standardized component libraries
can be built and thus enhance component universality between different buildings,
which can effectively reduce CDW generation and crushing works.

(3) Lightweight design. The structures account for a significant proportion of
material consumption. Reducing the weight of structures without loss of mechanical
properties and specific functionality should therefore be pursued [3,5]. Some
components (e.g. non-load-bearing walls) can be constructed with lightweight
materials. Innovative technologies for low-density material production can be of
great benefit in the future [48] and are highly advocated as these materials have
advantages of seismic resistance, fewer environmental impacts, and shorter
construction time [49]. In addition, the building type choice can also affect the
component weight, especially for high-rise buildings, which tend to use large
amounts of concrete and steel for foundations, pillars, and beams.

Low-carbon materials

Raw material extraction and building material production cause a great impact in
terms of biodiversity loss and carbon emissions [5,50]. It is therefore important to
substitute carbon-intensive materials (e.g. metals, concrete, and masonry) with bio-
based materials, such as wood [3,51]. Some bio-based materials can sequester CO»
emissions during growing and can act as carbon storage [3,5,50]. Wood can be used
in different parts of the buildings, such as structures, window frames, walls, and roofs.
Bio-based materials can also become a good choice for insulating building envelopes
[52]. Bio-based materials (e.g. bamboo or timber) have been the main building
materials in human history but, with the fast population increase and urbanization in
the process of the industrial revolution, other materials that can be produced on a
large scale and have better properties began to be used in buildings in the past two
to five hundred years. Given that the supply of bio-materials is limited due to the
slow growth of forestry, using materials from fast-growing bio-based plants (e.g.
bamboo, straw, hemp, and flax) can be a sound option as they can store carbon in
less than 10 years and more easily keep pace with the material demand [53].

In addition to material substitution, decarbonizing the material production is also
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critical because wood can hardly meet the material demand in most countries [54],
such as the Netherlands and China. Further, harvesting trees from unmanaged forests
will harm the ecosystem [53]. The GHG emissions of building material production
(e.g. metals and cement) are mainly related to the energy supply from fossil fuel
combustion [39]. Therefore, increasing the energy efficiency during material
production, developing low-carbon processes particularly cement and steel
production [55,56], and enhancing the share of renewable energy in upstream energy
systems can greatly reduce material-related GHG emissions [50].

1.3.2 Energy transition

The energy transition is regarded as an important measure in reducing GHG
emissions in the building sector. The main reason is that energy-related GHG
emissions related to the operational energy use of buildings account for the largest
share of life-cycle emissions [1].

Building energy efficiency improvement

Realizing climate change targets will be extremely challenging and expensive if the
energy demand is not significantly reduced [57,58] because a substantial increase
would be required in renewable energy infrastructure construction and carbon
dioxide removal (CDR) technology adoption [58]. The GHG emissions during
building operations mainly involve fossil fuel combustion for space heating, hot
water, and cooking, and electricity consumption for cooling, lighting, and appliances
[11]. In many EU countries, space heating is the dominant form of energy use
(mainly in the form of natural gas), corresponding with about 66% of total household
energy consumption [23], but this share can be larger in Northern Europe [1].
Considering that most EU countries’ building stocks are rather aged and most
existing buildings will continue to exist in the next decades [15], renovating existing
buildings is regarded as an important strategy to reduce operational energy
consumption [1,11,59]. This mainly encompasses insulating the building envelopes
and replacing current heating systems with more efficient ones. In addition to heating
systems, ventilation systems with heat recovery are also important to reduce heat
losses. Smart ventilation systems are recommended as they can maintain a
comfortable home in terms of both temperature and fresh air control [60]. Moreover,
more energy-efficient appliances can also contribute to reducing household
electricity consumption.

As regards the construction of new buildings, it is important to ensure that these are
energy efficient. Many EU member states have made national plans to encourage the
construction of “nearly Zero-Energy Buildings” (nZEB) [61,62], which are defined
by the Energy Performance of Buildings Directive (EPBD) as “a building that has a
very high energy performance, as determined in accordance with Annex I, and states
that the nearly zero amount of primary energy required should be covered to a very
significant extent by energy from renewable sources, including those produced on-
site or nearby”. According to EPBD [61], after 31 December 2018 buildings
occupied and owned by public authorities must reach the nZEB energy standard and
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from 2021 all the new buildings have to be nZEBs.
Renewable energy supply

Increasing the renewable energy share in electricity generation can reduce the carbon

emissions of many types of electricity uses, such as lighting, appliances, and electric

cooking [63,64]. It can also contribute to the decarbonization of space heating and

cooling systems. Phasing out the onsite fossil fuel use of buildings mainly involves

installing new heating systems (e.g. heat pumps, heat networks, and green gas boilers)
that do not directly combust fossil fuels [60]. Replacing water heaters based on

electricity and fossil fuels with solar water heaters can greatly reduce GHG

emissions as hot water is provided with energy from the sun. Besides, increasing the

installation of electric cooking systems (e.g. induction cooking) instead of natural

gas cookers is also an option to reduce natural gas use.

Rather than consuming energy, buildings can also produce energy onsite by installing
solar panels [29,65]. In recent decades, solar panel technologies have become mature
and their price and installation cost has dropped significantly [66]. Solar panels can
be installed on the roofs of existing buildings and are commonly installed on new
buildings heated with heat pumps [67], especially on the roofs of nZEBs [68]. The
solar panel system can convert energy from the sun into electricity and is regarded
as an important option for renewable electricity generation [66]. Compared with a
conventional pattern where power plants are far from buildings, meeting electricity
demand with locally generated electricity from rooftop PV (photovoltaics) has the
advantage of saving the cost of electricity transmission and distribution
infrastructure and reducing electricity losses in transmission processes [69]. A report
[70] estimated that there are 892 km? of roof surfaces suitable for solar PV
installation in the Netherlands, which can potentially meet half of the national
electricity demand and greatly reduce the fossil fuel combustion for electricity
generation. Given that the electricity generation of solar panels is limited by the
weather and sun, the supply peaks are usually not in line with the demand peaks [71].
Therefore, the combination of solar panels with energy storage technologies (e.g.
lithium-ion batteries) can balance the different peaks of demand and supply [66].
When the electricity generated from solar panels exceeds buildings’ demand and can
supply surplus electricity to the public grid, such buildings or neighborhoods are
named positive energy buildings (PEBs) or positive energy neighborhoods (PENSs)
[1,72].

1.3.3 Green lifestyles

In addition to technical measures, the GHG emissions of building stock can also be
reduced by changing occupants’ lifestyles [57,73]. Reducing the demand for floor
area per capita (more intensive use of buildings [3]) can directly reduce the
consumption of both materials and energy. Along with economic development and
urbanization, house prices are increasing, which leads to decreasing family size
(partly due to a lower marriage rate and birth rate than before) and the demand by
individuals for increasing living space [3]. Policymakers and urban planners can
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mitigate this trend by constructing more multi-family houses rather than single-
family houses. The size of single-family houses can also be reduced by constructing
smaller buildings. Further, the greener lifestyles of building occupants can also lead
to a reduction in the demand for energy and water, such as lowering room
temperature and reducing shower time. Imposing taxes on fossil fuels and increasing
the cost of energy can also contribute to the decrease in energy consumption [74].

1.4 Methods for analyzing building stock

The tools for analyzing building stocks include building stock models, which are
usually based on material flow analysis (MFA), and life cycle assessment (LCA)
[29]. In this thesis, the development of building stocks is calculated by combining
an Urban mining model that analyses how much materials are stocked at a point in
time in the built environment, with a Dynamic building stock model based on MFA
that calculates material inflows and outflows per unit of time, and as a result,
development of the building stock. We further use a Building stock energy model to
analyze the energy requirements of the building stock, while we use LCA to assess
the life cycle impacts of material and energy flows. These methods and their
applications are introduced below.

1.4.1 Urban mining model

Urban mining models quantify how many, where and what kinds of materials are
stocked in the current buildings and infrastructures [75,76]. They are mostly used to
assess the potential of current anthropogenic material stock to provide secondary
material to meet future material demand, such as concrete, bricks, wood, steel, and
copper [76,77]. The amounts of building materials are usually estimated by
multiplying the floor area of different types of buildings with the corresponding
material intensities (kg/m?) [78,79]. Many of these models apply GIS (geographical
information system) data of buildings and infrastructures to estimate the floor area
stock or the length of roads. For example, Mastrucci and colleagues [80] developed
a bottom-up material stock model based on GIS and combined it with LCA to assess
the end-of-lifespan scenarios of demolition wastes in a city in Luxembourg. Arora
and colleagues [77] proposed a model framework for investigating the urban mining,
recovery, and reuse potential of building materials on a city scale and demonstrated
the framework in the public building stock of Singapore. Guo and colleagues [81]
conducted a case study for Beijing, China, which quantifies the material stock in
different kinds of roads. Arbabi and colleagues [82] presented a framework that can
estimate the material stock at the building component level based on a mobile-
sensing approach. Peled and Fishman [83] used nightlight radiance values as a proxy
for built-up volume and linked it with the material stock distribution of Europe based
on regression analysis. It is worth mentioning that Heeren and Fishman [84] created
a comprehensive and harmonized material intensity database differentiated by
climate and socioeconomic indicators by extracting data from 33 worldwide studies,
which greatly helps data provided for use in urban stock models. Based on an
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extensive survey (813 sample buildings), Yang and colleagues [85] created the
material intensity data of buildings differentiated by structure, function, construction
period, and provinces in China. These datasets can increase granularity and consider
the heterogeneity of buildings, which benefits model accuracy [10]. Nasir and
colleagues [75] and Fu and colleagues [86] have provided an overview and
comparison of approaches to urban mining models.

1.4.2 Building stock energy model

The end-use energy can be grouped into space heating, space cooling, domestic hot
water, appliances, and lighting [87,88]. The end-use energy types can be very
different, depending largely on the climatic and socioeconomic conditions [89]. For
example, most residential buildings in the Netherlands do not have air conditioning
systems for space cooling (moderately warm summers) while air conditioning
systems are installed in most buildings in southern China (hot summers).

Building stock energy models (or urban building energy models) estimate the energy
demand on a large scale to support decision-making in energy performance
improvement and climate change mitigation [90]. This mainly involves assessing
and comparing the energy-saving effects of different renovation measures, especially
for reducing the space heating demand. Modeling the building stock energy demand
is hindered by a lack of data on so many heterogeneous buildings on an urban or
national scale, such as building geometries, physical properties, and occupant
behavior.

Swan and Ugursal [87] classified building stock energy models into two categories:
top-down models and bottom-up models. Top-down methods usually link aggregated
energy consumption data from statistics with socioeconomic variables such as
population, economic indicators, fuel prices, and income [91]. This kind of model
mostly conducts a retrospective analysis of the relationship between sectoral energy
consumption and macroeconomy [87] and estimates the potential change in energy
demand and GHG emissions under certain policy scenarios in the future [92]. The
technical details and end energy uses are usually omitted. In contrast, bottom-up
approaches consider the end-use energy consumption intensities (kWh/m?a) of
archetypical buildings that are usually differentiated by construction periods and
building types [93,94]. The energy demand of representative buildings is mostly
aggregated to the building stock based on the distribution proportion of building
archetypes [95].

Abbasabadi and Ashayeri [96] further classified bottom-up models into data-driven
(statistical) and simulation (engineering-based) approaches. Data-driven models
typically use statistical and artificial intelligence techniques (e.g. machine learning)
to identify the mathematical relationship between energy use and the characteristics
of end-users, such as urban attributes, occupant features, and building properties,
while this method regards the building stock as a “black box” and relies on large-
scale historical end-user datasets that are usually unavailable and need to be collected
from questionnaires [96]. Engineering-based approaches use the physical properties
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of buildings, climate data, and occupant data to model the balance of heat transfer
according to thermodynamic equations [97]. While it is almost impossible to collect
so much detailed information on individual buildings, Buffat and colleagues [98]
simulated the building stock heat demand building by building based on building
energy modeling standards (engineering-based model) and comprehensive use of
various GIS datasets in Switzerland such as building footprints and high-resolution
climate data. There have already been several review articles [91,96,97,99—107] on
building stock energy models.

1.4.3 Dynamic building stock model

Miiller [108] developed a dynamic MFA model to determine the future product
demand based on lifetimes, per capita demand, and population (stock driven). The
model was applied to model the building stock development of the Netherlands and
the corresponding concrete inflows, outflows, and stocks. After this, the model was
widely used to model the production routes and embodied emissions of building and
construction materials in general. Bergsdal and colleagues [109] employed MFA to
model concrete and wood usage in residential buildings from 1900 to 2100. Material
intensities differentiated by building type and vintage cohorts are multiplied with
floor areas to quantify the material composition of the building stock. Hu and
colleagues analyzed [110] the urban and rural floor area demand and predicted the
oscillation of new construction and demolition activities in China. Hu and colleagues
[111] applied MFA to estimate the amounts of CDW generation in Beijing. They
found that the CDW generation will unavoidably rise and the lifetime of buildings is
a key factor affecting future CDW figures. Using a cohort-based and stock-driven
dynamic model developed by Deetman and colleagues [37], Zhong and colleagues
[34] explored the material-related emissions for residential and commercial
buildings in the world and compared the decarbonization potential of different
material efficiency strategies. Heeren and Hellweg [112] applied a three-dimensional
and geo-referenced building dataset to characterize the building geometries and
combined this with detailed building inventory data to track future material flows
and stocks in the Swiss residential building sector. They found that material outflows
would be almost equal to material inflows in 2055, meaning that for the Swiss case
CDW recycling has great potential to meet future material demand for construction
activities, i.e. closing building material cycles. Wiedenhofer and colleagues [113]
used an inflow-driven dynamic stock-flow model to analyze 14 kinds of materials in
the building sector around the world and found that the rising levels of stocks in the
future will lead to more waste outflows and higher material demand for maintenance,
renovation, and replacement. Further information can be found in several review
articles [24,114-118], which provide a comprehensive overview and comparison of
modeling techniques in MFA.

Apart from material aspects, some models include the energy demand and
environmental impacts in dynamic building stock analyses [79,90,119]. Heeren and
colleagues [95] developed a lifecycle-based building stock framework (LC-Build)
that classified the building stock according to construction periods, building types,
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and technical systems (e.g. heating and ventilation systems) and can assess the effect
of climate change mitigation strategies on material flows, energy demand, and
environmental impact. McKenna and colleagues [120] modeled the likely house
stock development in Germany and modeled the energy performance change with
the consideration of floor area demand, demolition and renovation rates. Roca-
Puigros and colleagues [28] developed a dynamic stock-driven model to quantify the
future energy consumption and GHG emissions under different technology and
lifestyle combinations in Switzerland. Recently, some researchers integrated
building stock models with system dynamics models [121-123], agent-based models
[124,125], and machine learning [126,127]. For instance, Nageli and colleagues [128]
employed an agent-based building stock model to explore the potential effects of
different policies aimed at realizing national GHG emission reduction targets in
Switzerland. There have already been some review articles [29,129,130] that classify
the different building stock models and compare their modeling approaches.

1.4.4 Life cycle assessment

LCA is a method that accounts for the potential environmental impact of products
and services during their life cycle [131,132]. It can help designers and policymakers
to make decisions at the early stage of products, services, and policy strategy making
[1,20]. ISO 14041 divides LCA into four steps: goal and scope definition, inventory
analysis, environmental impact assessment, and interpretation [133]. When LCA is
applied to individual buildings, it covers the product stage (raw material supply,
transport, manufacturing), process stage (transport and construction), use stage (use,
maintenance, repair, replacement, refurbishment, operational energy use, and
operational water use) and end-of-life stage (deconstruction, transport, waste
processing, disposal) [134]. The commonly used life cycle inventory databases are,
e.g., ecoinvent, Gabi, ELCD, and CLCD [135-138]. The most commonly used LCA
software include SimaPro, Gabi, OpenLCA, brightway [139], and the Activity
Browser [140-142]. In the past decade, the ever-wider application of building
information modeling (BIM) systems proved to be supportive to provide Life Cycle
Inventory (LCI) data for buildings concerning detailed material and energy
consumption data during building construction and operation [20,143—-146].

The review by Mastrucci and colleagues [129] shows that LCA application in
building stock models mainly involves: 1) assessing the performance of current
building stock to inform current issues; 2) exploring the improving potential of
certain measures (e.g. renovation) in comparison with the current state; 3) the
environmental target realization potential during building stock evolvement. The
production-construction and use stages are included in most studies while the end-
of-life stage is usually omitted [29,129]. Instead of quantifying the annual
environmental impact of individual buildings one by one, current building stock
models usually regard the building stock as a “virtual product” providing humans
with comfortable living spaces (meeting floor area demand) over a specific time
frame. The material flows and energy consumption information from building stock
models are typically aggregated, after which LCA is used to calculate the life cycle

9
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emissions and impacts related to these material and energy flows. Results are usually
reported as annual environmental impacts or accumulated impacts in the considered
time frame. For example, Goswein and colleagues [31] translated material and
energy needs into an emission inventory reflecting GHG emission coefficients.
Heeren and colleagues [95] used the emission factors extracted from the ecoinvent
database in their dynamic building stock model to calculate both direct and indirect
GHG emissions (upstream processes).

1.5 Building stock modeling in the Netherlands

Several studies have developed building stock models in the Netherlands. The
building stock model developed by Miiller [108] is the earliest one, which presented
the basic modeling principles and applied the model to analyze concrete flows and
stock. Based on the material intensity data [147] collected from demolition
companies in the Netherlands, Verhagen and colleagues [44] modeled the building
stock dynamics based on government plans and compared the amounts of recycled
materials from demolition wastes with the material demand for construction. Zhang
and colleagues [148] extended the ODYM (Open Dynamic Material Systems Model
[149]) by including a renovation function and explored the potential of new
technology for manufacturing prefabricated concrete elements (PCEs) from recycled
CDW. Zhang and colleagues [43] further conducted a static MFA to analyze the
contribution of different end-of-life scenarios to circular construction.

In addition to material usage, some other studies focused on saving energy and
reducing environmental impact. Verhagen and colleagues [74] characterized the
building stock with GIS data and compared the environmental and financial impact
of alternative sustainable heating options to natural gas boilers. Yiicel [150]
presented a dynamic simulation model to analyze the importance and inertia of the
existing Dutch residential stock for the energy transition. Mastrucci and colleagues
[151] linked measured natural gas and electricity consumption with several variables
(e.g. building type, construction year, and floor area) through multiple linear
regression, and assessed the energy-saving potential of typical renovation measures
in Rotterdam. Wang and colleagues [152] presented a data-driven residential heating
demand model based on GIS data and Bayesian calibration and applied the model in
Amsterdam. Filippidou and colleagues [153] estimated the renovation rate between
2010 and 2014 based on the SHAERE (Sociale Huursector Audit en Evaluatie van
Resultaten Energiebesparing), involving 856,252 Dutch residential buildings. Liu
and colleagues [154] conducted a case study for the city of Utrecht to assess the
current and future energy system in 2050 under different sustainable heating
scenarios.

1.6 Research gaps

Despite the progress in data application and modeling techniques, there are several
limitations:
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(1) The potential development of the Dutch residential building stock in space
and time. Against the background of energy transition and climate change mitigation,
the Dutch building stock composition will see substantial change due to demolishing
old energy-inefficient buildings, constructing energy-efficient buildings, and
upgrading the energy performance of existing buildings. To develop optimal
decarbonization strategies, it is important to track this dynamic process and
understand how many and which buildings will be involved with what kinds of
solutions. However, previous dynamic building stock models mostly disaggregated
the building stock based on statistical floor area. While the Netherlands has high-
resolution GIS data of buildings that contains georeferenced information, geometries,
construction year, and function, the potential of this data has not been fully explored
in dynamic building stock modeling to simulate the spatiotemporal development
pattern of building stock yet.

(2) Energy-saving potential and energy supply. Reducing energy demand and
greening the energy mix is critical for the decarbonization of the residential sector.
It is necessary to assess the energy-saving potential of different measures (e.g.
envelope insulation and heating system replacement) and explore the potential
change in energy supply structure in the building sector, particularly with the
consideration of wide installation of rooftop PV. The macro policy targets (e.g.
climate change mitigation) and corresponding strategies have to be realized by
implementing specific measures (e.g. envelope insulation and technical system
replacement or installation) that influence the material and energy use of individual
buildings. However, existing dynamic building stock models are mostly top-down
and usually estimate energy consumption by multiplying floor area with energy
intensities of a limited number of archetype (or sample) buildings, which is too rough
to capture the complex and gradual development of individual buildings in terms of
material composition, technical system parameters, energy performance and
environmental impact under different technical combination scenarios.

(3) Linking material outflows with material inflows in space and time. Previous
urban mining models mainly analyze the spatial distribution of retrospective material
flows and current material stock and have not yet adequately depicted the spatial
distribution of future material flows, while the spatial distribution of material flows
will significantly influence the cost and GHG emissions of transportation processes.
In addition, the models focusing on future perspectives usually estimate the potential
of CDW recycling to meet future material demand by directly comparing material
inflows with material outflows. However, the amount of CDW that is recycled and
comes back to the building stock is not only limited by the composition of the
collected CDW but also by secondary material production practices and future
building types, and associated material demand.

(4) Overall decarbonization potential of combined strategies. Previous studies
mostly focused on either material or energy aspects separately, whereas material-
related strategies (e.g. circular economy) and energy-related strategies (e.g. heat
transition) are intertwined with each other and deployed together in reality. For
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example, the large-scale energy-efficiency renovation of existing building stock will
require large amounts of building materials, particularly insulation materials. In
addition, replacing old energy-inefficient buildings with energy-efficient buildings
will lead to large amounts of CDW generation and material consumption. Moreover,
the lifestyle of occupants has not been well considered although it can significantly
influence resource and energy consumption. It is, therefore, necessary to consider
different factors together to help policymakers understand what the overall
decarbonization potential of the building stock is and which strategies should be
given priority.

1.7 Aims and research questions

The government of the Netherlands has established ambitious targets related to the
circular economy [155], energy transition [156], and climate change mitigation [157].
This research aims to provide policymakers with the knowledge related to building
stock decarbonization and support them in making reasonable climate change
mitigation strategies. It involves tracking the building stock development and
accounting for the associated material flows, energy demand, and environmental
impacts under different scenarios. The overarching research question is:

What is the potential to reduce energy demand, close material loops, and
decarbonize in the residential building sector of the Netherlands?

To answer the overall research question, the following sub-questions are developed:

(1) How will the residential building stock develop in the Netherlands? (Chapter 3,
4, and 5)

(2) How much can energy demand be reduced and what is the potential of rooftop
PV to meet local electricity demand? (Chapter 2, 3, and 5)

(3) How much primary material consumption in the Dutch residential building sector
can be potentially reduced by urban mining? (Chapter 4 and 5)

(4) To what extent can residential GHG emissions be reduced under different
decarbonization strategies and scenarios? (Chapter 3, 4, and 5)

1.8 Thesis outline

The thesis consists of six chapters (see Figure 1.1).

Chapter 1 introduces the characteristics and existing challenges of the building
sector in terms of material use, CDW generation, energy consumption, and GHG
emissions. It reviews the main policy strategies and technical measures to reduce the
GHG emissions of the building stock. An overview of relevant methods for
analyzing building stock is provided, including urban mining, LCA, and building
stock models. Finally, the research gaps, aims, research questions, and outlines of
the thesis are presented.

Chapter 2 presents an engineering-based, bottom-up building stock energy model
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that can estimate the current energy demand and assess the energy-saving potential
of certain energy efficiency measures. An approach to derive building information
(e.g. geometries and physical properties) from GIS data and building archetypes is
proposed. The model accuracy is spatially validated against statistical energy
consumption. The marginal accuracy improvement due to including more
parameters is explored.

General introduction
(Chapter 1)

|

Question 1

How will the residential building stock develop in
the Netherlands?
(Chapter 3, 4, and 5)

/\

Question 2 Question 3
How much energy demand can be reduced and How much primary material consumption in the
what is the potential of rooftop PV to meet local Dutch residential building sector can be
electricity demand? potentially reduced by urban mining?
(Chapter 2, 3, and 5) (Chapter 4 and 5)
Question 4

To what extent can residential GHG emissions be
reduced under different decarbonization
strategies and scenarios?

(Chapter 3, 4, and 5)

|

General discussion and conclusion
(Chapter 6)

Figure 1.1 Outline of the thesis.

Chapter 3 develops a bottom-up dynamic building stock model that tracks the
change in floor area composition, material stocks and flows, energy demand and
supply, and GHG emissions under energy transition scenarios in the Netherlands.
The overall energy and GHG emission reduction potential are analyzed. The effects
of different measures on GHG emissions from space heating are compared. The
potential of rooftop PV systems to meet the electricity demand for appliances and
lighting is investigated.

Chapter 4 estimates the urban mining potential to substitute primary materials and
reduce GHG emissions. It is based on the model from chapter 3, while it adds a
module linking material inflows with material outflows. The spatial distribution of
material stocks and material flows in different cities are mapped. The spatiotemporal
mismatch between material demand and secondary material supply is analyzed. The
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decarbonization effects of urban mining and renewable electricity transition are
accounted for.

Chapter 5 presents a bottom-up dynamic building stock with both spatial and
temporal dimensions to assess the decarbonization potential of different strategies,
mainly including material transition, energy transition, and green lifestyle.
Renovation is driven by building component lifetimes instead of exogenously
defined renovation rates. The maximum decarbonization potential of implementing
all kinds of strategies is estimated. The effects of different decarbonization strategies
are compared.

Chapter 6 answers the research questions, discusses the findings, and provides
implications for making policies. The limitations of the thesis and recommendations
for future research are given.
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Chapter 2 A combined GlS-archetype approach to model
residential space heating energy: A case study for
the Netherlands including validation?

Abstract

High spatial resolution is critical for a building stock energy model to identify spatial
hotspots and provide targeted recommendations for reducing regional energy
consumption. However, input uncertainties due to lacking high-resolution spatial
data (e.g. building information and occupant behavior) can cause great discrepancies
between modeled and actual energy consumption. We present a modeling framework
that can act as a blueprint model for most European countries based on geo-
referenced data, building archetypes, and public algorithms. Further sophistication
is added in a step-wise approach, including the shift from average to hourly weather
data, refurbishment, and occupants’ heating schedules. The model is demonstrated
for the city of Leiden, the Netherlands, and the simulated results are spatially
validated against the measured natural gas consumption reported at the postcode
level. Results show that when these factors are considered, the model can provide a
good estimate of the energy consumption at the city scale (overestimated by 6%). At
the postcode level, nearly 83% of the absolute differences between modeled and
measured natural gas consumption are within one standard deviation (+ 25 kWh/m?a,
about 30% of the mean measured natural gas consumption). Further research and
data would be required to provide reliable results at the level of individual buildings,
e.g. information on refurbishment and occupant behavior. The model is well suited
to identify spatial hotspots of residential energy consumption and could thus provide
a practical basis (e.g. maps) for targeted measures to mitigate climate change.

Keywords: building stock, space heating, spatially explicit model, Geographic
Information System (GIS), the Netherlands

2.1 Introduction

The building sector is important for climate change mitigation [32], as it is
responsible for approximately 40% of final energy consumption and 36% of the
greenhouse gas (GHG) emissions in the European Union (EU) [158]. Spatially-
explicit building stock energy models can be used to identify energy consumption
hotspots, assess the energy-saving potential of various technologies, such as
envelope insulation, efficient HVAC (heating, ventilation, and air conditioning)
system, or optimize the integration of renewables [159], such as solar photovoltaic

! Published as: Yang, X., Hu, M., Zhang, C., Steubing, B. A combined GIS-archetype
approach to model residential space heating energy: A case study for the Netherlands
including validation. Applied Energy 280, 115953 (2020).
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systems (PVS), and thus support the building, neighborhood, or city-level decision
making [98].

Many building stock energy models have been developed, which can be divided into
top-down and bottom-up models [87]. The top-down models regard the building
stock as a black box and estimate energy consumption by investigating the
correlations between aggregated energy consumption and socioeconomic or
sociotechnical drivers from a historical perspective, usually based on statistical data
[160]. Due to lacking details of individual buildings, such models cannot capture the
characteristics of the energy consumption of specific neighborhoods [161],
especially those caused by discontinuous changes in techno-economic conditions,
such as the wide application of new insulation materials, high-efficiency HVAC
systems, and sustainable energy sources [162].

In contrast, bottom-up models use a hierarchy of disaggregated components as input
data and account for the regional or national energy consumption by summation of
the energy consumption of individual buildings or building groups [129]. Swan et al.
[87] further classify the bottom-up models into statistical and engineering-based
methods (also known as physical models or white box models [160]). The former
performs statistical analysis (mostly regression techniques) on historical data and
establishes the relationships between end uses and energy consumption [163] while
the latter considers the building elements and HVAC of sample buildings
representative of the building stock and simulates the energy demand with the
balance of heat transfer following thermodynamic principles [164]. Kavgic et al.
[162] add the hybrid models that estimate the energy consumption mainly influenced
by occupant behavior, such as domestic hot water (DHW), cooking, lighting, and
appliances with statistical methods while calculating the energy consumption for
space heating and cooling with engineering-based methods due to a lack of historic
data and the application of new technologies.

According to the difference of aggregation process, Mastrucci et al. [129] divide the
engineering-based bottom-up model into the archetype approach and building-by-
building approach. The archetype approach employs a subset of archetype or sample
buildings to represent a specific building cohort that has similar properties (e.g.
building type and age) and extrapolate them to total energy consumption (typically
urban, regional, or national building stock) by factoring the results in proportion (by
number or floor area per building type or age group) [95]. This method has been
widely adopted by many studies [165]. However, the limited coverage and
representativeness of archetypes for heterogeneous building stock may greatly
influence the reliability of results for both individual buildings and the whole
building stock [166]. Distinct from the archetype approach, the building-by-building
method simulates building energy consumption one by one and then sums up the
energy consumptions of individual buildings to the whole stock level. While this
approach in principle can assess the different combinations of refurbishment
measures applied to single buildings, expanding energy simulation tools from a
single building to urban or national stock level makes data collection more
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challenging [103].

The input data for engineering-based building stock energy models mainly includes
building geometries, physical properties (e.g. thermal transmittance, solar energy
transmittance, and air exchange by infiltration), HVAC systems, occupant behavior
(e.g. hours of occupancy, number of occupants, internal room temperature, internal
heat gains and air exchange by use), and external weather conditions [167]. In the
past decades, the method of Geographic Information System (GIS) has significantly
increased the availability of large-scale geo-referenced building information,
especially the building geometries, which makes such models more sophisticated
and spatially explicit [129]. GIS is mostly applied in result visualization or
estimating the floor areas [98]. Only a few studies [98] use GIS data to quantify the
areas of envelope elements and then simulate the energy consumption building by
building. The main barrier is that the non-geometric building information such as
properties, HVAC, and occupant characteristics [168], is typically not available at
the city scale [98]. Therefore, archetypes complemented by assumptions are usually
used to fill in the data gaps [169]. Besides, refurbishment records for existing
buildings (i.e. the type and extent of insulation added or the upgrade of HVAC
systems) are difficult to obtain and only a few studies [98] that consider these.
Therefore, simplified energy models are often used [162], while both model
simplification and input data uncertainty may lead to notable discrepancies between
simulated and measured energy consumptions, known as the “energy-performance
gap” [170].

The review above demonstrates that lacking the data at the individual building level
is the main barrier for building stock models. Different models are developed for
different countries or regions, depending on data availability and research purposes.
Engineering-based bottom-up models can track the energy-efficiency measures
while they differ significantly in the complexity of input data and energy simulation
algorithms or tools. The previous models based on the building-by-building
approach require particularly large amounts of detailed data that are only available
for certain countries [98]. In addition, the energy simulation methods are usually
national standards or expensive software [171], some of which are incapable of
processing largescale building stock. Therefore, these models have limited
applicability in other countries, and typically lack the high spatial resolution of
energy consumption. There is a demand for a harmonized model that estimates the
energy consumption of largescale building stock (city or national scale) with a high-
level spatial resolution and can act as a benchmark method for policy makers and
planners to effectively quantify the energy efficiency of the current building stock,
identify energy consumption hotspots, and evaluate the energy-saving effects of
measures or technologies aimed at mitigating climate change in the building sector.
Recently, GIS data of building footprints, archetype buildings (notably the
residential archetype buildings for 21 EU countries in TABULA [68]), and other data,
such as high-resolution weather data, have become available for many countries,
which provides the possibility of developing such a model framework for a larger
number of countries.
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The goal of this paper is to develop a transferable framework for modeling residential
space heating energy consumption based on GIS data and archetypes. The model
maps the typical geometry parameters, physical properties, and HVAC of archetypes
to individual buildings in GIS data according to age and type, and then simulates the
energy consumption building by building. As in most countries, GIS data of
buildings does not hold building types or simply differentiates between single-family
houses and multi-family houses, we present an approach to identify them based on
building size and morphology. A stepwise approach is presented to construct the
model and thereby include key factors such as spatial building properties, building
system, as well as temporally resolved weather data, refurbishment, and occupant
schedules. The model is applied in Leiden, a city in the Netherlands and spatially
validated against the measured energy consumption.

2.2 Materials and methods

2.2.1 Model overview

Table 2.1 Steps and factors increasing sophistication for the energy consumption for space
heating.

Main factors for
Step energy Model implementation Data type
consumption

Calculation
method

Derived from BAG [172] and

S1 Basic input data Spatial and archetypal | Seasonal

TABULA [68]
% | sreis | " meoun iy | Tt | vy
S3 | + refurbishment r;Z:SiZ?n?(allrlotcraatti:rglt%] Statistical Hourly
4 + occupant Assumption: 18:00-08:00 (+1 Temporal Hourly

schedule day)

In order to develop a building stock energy model and simultaneously investigate
the effects of various factors on the modeled energy consumption for space heating,
we stepwise simulate the energy consumption with increasing model sophistication.
Step 1 (S1) uses the seasonal heat demand calculation method while S2-4 employ
the hourly calculation approach (see section 2.2.3). All steps use the same basic input
data, including geometry, physical property, supply system, and occupant-behavior
data other than occupant schedule. S1 uses seasonal average weather data, while
hourly weather data is introduced in S2, refurbishment in S3, and occupant schedule
in S4, as shown in Table 2.1.

Three principal data sources are used in this study:
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(1) The GIS dataset from the Basic Registration of Addresses and Buildings (BAG)
contains all official addresses and basic building information of the Netherlands
[172]. The main information included in this dataset is the georeferenced building
footprint as a polygon, function, year of construction, building height, and registered
addresses per building.

(2) The TABULA database (Typology Approach for Building Stock Energy
Assessment) contains residential building typologies for 21 European countries
including the Netherlands [68]. It distinguishes six construction periods, i.e. before
1965, 1965-1974, 1975-1991, 1992-2005, 2006-2014 and after 2014, and five types
of residential buildings, namely single-family house, mid-terraced house, end-
terrace house, apartment building, and multi-family house (see Table S7.1.1 in
Appendix), and provides archetypical information on their surface areas, the thermal
properties of envelope components, and supply systems.

(3) Weather data is from the Royal Dutch Meteorological Institute (KNMI) [173].

Derived parameters Building dimensions

Ground floor area Conditioned floor area

[ Stories —— Building archetype

Gross floor area Ground floor area

Number of registered Roof area
addresses Weather data

Number of shared walls y| e (average for 51
@bckiEm Door area and hourly for 52-
(BAG) Facade area )
i Wall area
Building vintages Annual heating energy
 — lculati demand
Building type — Physical properties and Cal “'hat:’"
ildi methods s heati
Construction period building system pace heating

Building archetype Domestic hot water

Representative
buildings U-values of ground floor
(TABULA) Derived typical geometries Occupant
- - U-values of roof behavior(schedule
Window to facade ratio | E— UsElEsehuies added only in S4)
Door to fagade ratio/door

>
area

U-values of door

U-values of wall

Solar energy transmittance
‘ Air change rate by
Rate(S3-4) infiltration
Building system parameters

Figure 2.1 Schematic overview of the relationships between different databases. The orange
denotes data sources. The blue denotes the derived basic building parameters from BAG and
TABULA. The red denotes the identified construction period and building type of each
building. The purple denotes the derived input data for heating energy models. The pink
denotes the calculation methods. The green denotes the outputs of different models. The
colors of connection arrows are in line with the latter databases.

These data sources are combined in the four models as shown in Figure 2.1. In order
to characterize BAG buildings with TABULA archetypes, we first identify the types
of BAG buildings, and then automatically map the parameters (typical geometries,
physical properties, and supply system parameters) of archetypes to BAG buildings
based on construction periods and building types. The following five criteria are
employed to differentiate the types of BAG buildings: the number of shared walls,
the number of registered addresses, building footprint area, gross floor area, and the
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number of stories (see details in Table S7.1.2 in Appendix). These extracted
parameters, together with the weather data, refurbishment statistics, and occupant-
behavior data, constitute the input data for S1-4.

2.2.2 Input data
2.2.2.1 Building information

As proposed by Heeren and Hellweg [112], we use several strategies to correct and
complete faulty and missing data. The implausible building heights (smaller than 2
meters) are automatically replaced by the heights of the nearest buildings with the
“spatial join” tool of ArcGIS 10.6.1. Because floor heights vary significantly in
reality and many buildings may have slanted roofs, the average floor height is
assumed as 3 meters [175]. The stories of buildings are estimated as follows:

stories = round(height =+ 3m) €))

The gross floor area (Agyross) is calculated by multiplying the building footprint area
(Afootprint) With the stories:

Agross = Afootprint X Stories (2)

The number and area of shared walls between adjoined buildings are critical for both
identifying the building type and calculating the areas of facade components exposed
to the outdoor air. ArcGIS 10.6.1 is employed to generate the shared line of two
adjoined building footprints. The height of a shared wall is determined by the lower
height of two adjoined buildings. It is formulated in eq 3:

Ashared_wall = Z?:l lengthshared_linei X min (heightbuildingo' heightbuildingi) (3)

where Agspgred wan 1S the area of shared walls of a given building. n is the number
of walls that building, shares with its adjacent buildings. lengthspareq_tine; 18
the length of the shared wall between building, and its adjoined building;.

BAG does not hold the types (flat or slanted) and inclination angle of roofs.
According to the research by Froemelt and Hellweg [167], roof inclination has a very
limited effect on overall energy consumption for space heating, so we do not consider
the roof types and each building is simplified as a cube.

The area of roof and ground floor is assumed to be equal to the building footprint
area. The fagade consists of window, door, and external wall (exposed to the outdoor
air). Its area is calculated by multiplying the perimeter of each building footprint
with the corresponding building height and subtracting the areas of shared walls:

Afacade = perimeterfootprint X height - Ashared,wall (4)

In order to estimate the areas of windows, the window-to-facade ratio
(fractionyindgow, see Table S7.1.5 in Appendix) are derived from the envelope
component areas of representative buildings in TABULA. Then the window area is
calculated by multiplying the facade area with the window-to-facade ratio:
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Ayindow = Afacade X fractionyimgow ®)

As the difference between the door areas of the single-family house and the terraced
house is typically very small, the door areas of these buildings are obtained from the
representative buildings in TABULA (A14gyLa_door> S€€ Table §7.1.5 in Appendix).
The door areas of multi-family houses and apartment buildings are calculated by
multiplying the facade area with the door-to-facade ratio (fractiong,,,, sce Table
S$7.1.5 in Appendix):

ArapuLa_door for single — family house or terraced house

A = .
4007 ™ | Arqcage X fractiongeer else

(6)

The area of the external wall is calculated by subtracting the window area and door
area from the facade area:

Aexternal_wall = Afacade - Awindow - Adoor (7)

According to the TABULA calculation method, the conditioned floor area (4.,y) is
determined by the internal dimensions [176]. In this study, the thickness of the
external wall is assumed as 0.25 meters [177], [178] and the conditioned floor area
is estimated by correcting the gross floor area:

Acon = Agross — berimetersoorprine X 0.25m X stories ®)

Based on the building classification and age determined above, the U-values
(thermal transmittance coefficient) of envelope components, g-values (solar energy
transmittance values) of windows, air change rate by infiltration, and supply system
parameters from the archetypes in TABULA are allocated to BAG buildings.

2.2.2.2 Weather data

KNMI includes 50 weather stations distributed in the territory of the Netherlands
and records the weather data per station per hour [173]. The typical heating season
in the Netherlands is from October 1% to April 30" (212 days) [170]. S1 uses the
average hourly outdoor temperature and global solar radiation, while S2-4 use the
hourly weather data.

2.2.2.3 Refurbishment

TABULA includes refurbishment standards for representative buildings, including
U-values of roof, window, wall, and ground floor, and the g-values of windows. The
U-values distinguish conventional refurbishment, i.e. to the current standard, and
advanced refurbishment, i.e. to the nearly zero-energy level [68]. However, BAG
does not hold the information on what refurbishment measures have been exactly
implemented for which buildings. We allocate the refurbishment of archetypes to
BAG buildings based on refurbishment rates. As the latest cumulative refurbishment
rates for envelope components are only available for 2012 [174], we linearly
extrapolate the annual refurbishment rates of 2013-2015 based on the average annual
refurbishment rates of 2006-2012. Therefore, the cumulative refurbishment rates
(Rcomponent) of ground floors, external walls, roofs and windows are 63%, 77%,
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81%, and 88%, respectively.

According to Milieu Centraal [179], the buildings constructed after 2000 are already
well insulated and this is also shown by their U-values in the TABULA database [68].
In addition, these recently constructed buildings are unlikely to have undergone
significant thermal refurbishment. Therefore, we assume that only buildings
constructed before 2000 might have been refurbished. The number of refurbished
buildings for each type of envelope component (Ncomponens) 18 determined as
follows:

Ncomponent = Nbuilding X Rcomponent (9)

Where Npyiiging denotes the total number of buildings; Rcomponen: 15 the
cumulative refurbishment rate for a specific type of envelope component.

As the refurbishment rates are not differentiated by the construction period and
building type, we randomly choose Niomponent BAG buildings constructed before
2000 and assume that the components of these buildings have experienced
conventional refurbishment. Then the U-values of their envelope components are
updated.

2.2.2.4 Occupant behavior

According to TABULA, the internal room temperature, air change rate related to the
utilization of the building, and the internal heat gains from human metabolism and
appliances, are 20 °C (Ty,¢) and 0.4 1/h (Nyeyse) and 3 W/m? (g, ), respectively
[68]. The above values are the same for S1-4 while the occupant schedule is only
considered in S4. The average time that occupants stay at home differs across studies
(e.g. 12 [180] or 16 [181] hours per day). Occupants are assumed present at home
from 7:00 pm to 7:00 am (+1 day, 12 hours) [180], and the heating supply systems
are assumed to only operate during this period.

2.2.3 Calculation of energy consumption

While the purpose of the study is to develop models for simulating the energy
consumption for space heating, the validation data, apart from the energy
consumption for space heating, also includes the energy for DHW. In order to ensure
comparability, we thus additionally simulate the energy consumption for DHW
generation. The energy demand for space heating and DHW is calculated based on
EN ISO 13790 [180] and the TABULA method [176]. S1 is a seasonal model
(seasonal calculation timesteps), while S2-4 are hourly models. Then the energy
demand is converted into energy consumption based on the TABULA supply system
simulation method [176]. The detailed calculation process can be found in section
7.1.4 and the simulation is performed with Python.

2.2.4 Case study

The residential building stock of Leiden, a city in the Netherlands is selected as a
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case study to demonstrate the developed model. Leiden is a typical Dutch city that
has various kinds of residential buildings (29030 in total based on BAG). Its
residential building stock characters can be found in Table S7.1.3 and Table S7.1.4
in Appendix. Almost half of the buildings are built before 1964 while the 1975-1991
period seems a high tide of construction. Terraced houses account for approximately
52% of the total conditioned floor area in Leiden. As there is no weather station in
Leiden, we use the weather data (2016) of Voorschoten, the closest weather station
to Leiden.

2.2.5 Spatial validation

The Central Bureau of Statistics (CBS) holds the measured natural gas consumption
data at the household level [182] but the data is only publicly available in an
aggregated form at the postcode level. We use the natural gas consumption data in
2016 to validate the modeled natural gas consumption (aggregated to 2950 postcodes,
see the distribution of buildings per postcode in Figure S7.1.1 in Appendix). In this
study, the heating value of natural gas is used to convert the unit of measured natural
gas (m?) into kWh (1kWh=3.6MJ) and its value (35.2 MJ/m?) is from the literature
[183]. The physical properties of buildings’ envelope elements vary with ages, so the
“age” of the postcode is regarded as the average building construction year weighted
by conditioned floor area.

The measured natural gas does not distinguish between end-use energy purposes
(mainly including space heating, DHW, and cooking), but the proportion of cooking
is quite small (on average only 3.9% [183]). Therefore, we subtract 3.9% of the
measured natural gas from each postcode and thus the remaining natural gas is
mainly related to space heating and DHW.

Then the modeled natural gas consumption and conditioned floor area aggregated at
postcode level are spatially linked to the measured natural gas consumption based
on postcodes (see Figure 2.2). The overlap ratio, defined as the ratio of the footprint
area of dissolved buildings by postcode (BAG) to the footprint area of dissolved
buildings by postcode (CBS) and vice versa, is used to guarantee that the same
buildings are selected for validation. Only postcode pairs whose overlap ratios are
within the 90-110% interval are selected (1,241 postcodes excluded and 1709
postcodes left).

When the measured natural gas consumption is normalized by the conditioned floor
area, outliers (the measured natural gas consumptions that are below 20 kWh/m?a
and above 500 kWh/m?a [184]) are found, which is mainly caused by the following
reasons:

(1) There might be some data errors caused by limited data coverage or occupants’
delayed registration.

(2) While the majority of buildings use natural gas for space heating and DHW in
the Netherlands, some buildings are heated by other energy sources, such as
electricity, CHP (combined heat and power), and geothermal heating [170]. In the
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heat transition atlas [185], we find that two CHP plants exist in Leiden and many
buildings are connected with the heat distribution networks, for example, the
buildings in Stevenshof (see Figure 2.2).

(3) An extreme case is that the building’s areas are only partly used by occupants and
thus the natural gas consumption per conditioned floor area is very small.

(4) Some houses might have mix-use purposes. For example, ground floors are for
business while the upper floors are for the living.

Therefore, the postcodes with outliers are excluded from the comparison. Finally, 44%
of postcodes and 49% of modeled buildings are left (see Figure 2.2).

Original data Matched data

(29030 buildings) (14321 buildings, 49%)
Matching criteria:
® 90%<areal overlap ratio<110%
® 20 kWh/m?a <natural gas per floor area
<500 kWh/m?a

Modeled data < 1% b A l/ fj / / |

\| I / hed with
Ty <

5% 4
Validation data — Q T

Stevenshof

(2950 postcodes) (1292 postcodes, 44%)

Figure 2.2 Mapping the modeled results with measured data from CBS. The green polygons
are BAG buildings and the red are the CBS buildings dissolved by postcode. The natural gas
consumption is expressed in kWh/m?2a. In Stevenshof, the buildings are connected to district
heating networks, so it is filtered.

2.3 Results

2.3.1 Cumulative results

Figure 2.3 shows the cumulative natural gas consumption for all the steps as well as
validation data. S4 fits best with the measured data (overestimated by about 6% in
total) and thus indicates that including all influencing factors yields the most realistic
results. In contrast, S1-3 overestimate natural gas consumption. While there is hardly
any difference between S1 and S2, suggesting that the additional weather model
detail has little effect, the largest reduction arises from including refurbishment (S3)
and then the second largest reduction from including occupant schedule (S4).
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Figure 2.3 Modeled and measured natural gas consumption cumulated for all 1292 postcodes.
S is the abbreviations for step (both here and below).

2.3.2 Influence of building age
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Figure 2.4 The measured and modeled annual natural gas consumption of different
construction periods. The solid line in the box is the median value.

From Figure 2.4 we can see that both the simulated and measured natural gas
consumptions decrease with the increasing construction periods (except for S3-4 in
the 2006-2014 period). There is no great difference between the measured natural
gas consumption of different periods, but the measured natural gas consumption of
the 2006-2014 period declines significantly.

The natural gas consumption modeled by S2 is only slightly larger than S1. The
modeled natural gas consumption plunges after refurbishment and occupant
schedules are taken into account. S4 fits best with the measured natural gas
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consumption, but it slightly overestimates the natural gas consumption of buildings
in the 1992-2005 period and overestimates the energy consumption of buildings after
2006.

It is found that the measured natural gas consumption has a broader range than the
modeled consumption. The reason is that the diversity of the real world is higher
than what our models can capture. For example, the building geometries and thermal
properties are derived from a limited number of representative buildings in TABULA,
and occupant-related parameters are from TABULA and educated assumptions,
which narrows the spectrum of modeled natural gas consumption.

2.3.3 Accuracy analysis

Figure 2.5 maps the modeled and measured natural gas consumption of each
postcode. Comparing Figure 2.5a and Figure 2.5b, we can find that the natural gas
consumptions are quite large for certain spatially clustered postcodes, but the
extreme natural gas consumption of validation data is more obvious than that of S4.
It is also found in Figure 2.5¢ that the deviations between S4 and validation data are
in general very small, although the natural gas consumption modeled by S4 is not
very consistent with the measured natural gas consumption for some postcodes.
From Figure 2.5d we can see that older buildings tend to consume more natural gas,
but it is not always the case.

Figure 2.6 shows the distribution of absolute deviations between S4 and validation
data. The average absolute difference is -0.4 kWh/m?a, which means that S4 slightly
underestimates the natural gas consumption. Nearly 83% of the absolute deviations
are in the +o interval while 98% are in the +2c interval. The mean bias error (MBE)
is -0.35 kWh/m?a, and the coefficient of variation of root mean square error
(CVRSME) is 31% [186]. Overestimations and underestimations almost
symmetrically distribute on both sides of zero, which is one of the main reasons why
underestimations and overestimations level off and the modeled natural gas
consumption is in good agreement with the measured natural gas consumption on
the Leiden building stock scale.

2.4 Discussion

2.4.1 Key factors for modeling the energy consumption for space heating

The validation reveals that S1-2 do not consider refurbishment and occupant
schedule and fail in accurately simulating the natural gas consumption, while the
modeled natural gas consumption becomes increasingly close to the measured
natural gas consumption after refurbishment and occupant schedule are included in
S3-4. Therefore, refurbishment and occupant schedule are important factors
affecting the modeled natural gas consumption, which is in line with other studies
[167].
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Figure 2.5 Leiden maps of modeled and measured annual natural gas consumption of 44%
postcodes for space heating. Figure 2.5a shows the natural gas consumption modeled by S4.
The measured natural gas consumption is shown in Figure 2.5b. The absolute deviations
between S4 and the measured natural gas consumption are shown in Figure 2.5c. Figure 2.5d
shows the age distribution.

In terms of the accuracy of weather data, the difference between the simple average
weather data for the heating season (S1) and the hourly weather data (S2) does not
make a significant difference to the modeled annual natural gas consumption (Figure
2.4). However, the natural gas consumptions modeled by S1-2 are obviously higher
than measured natural gas consumption. One of the main reasons is that S1-2
inherently oversimplify the heating process by assuming that the buildings are heated
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all the time during the heating season [187]. Therefore, the seasonal heat demand
model (S1) is not suitable for accurately estimating the energy reduction effect of
specific energy-efficiency measures, while the hourly model (S2) can take hourly
weather differences into account and has more potential for accuracy improvement
by including more detailed occupant schedule (e.g. S4).
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Figure 2.6 Absolute deviations between S4 and measured natural gas consumption. p is the
mean absolute deviation and o is the standard deviation of absolute deviation.

In Figure 2.4, we find that including refurbishment increases more accuracy for
older buildings than including occupant schedule while the opposite seems to apply
for newer buildings. The reason is that newer buildings have better thermal
properties and refurbishment only has a limited impact on reducing the modeled
natural gas consumption, which indirectly demonstrates that refurbishing the
buildings constructed before 1964 can lead to the highest natural gas reduction
potential. It is also found that for S3 and S4, the modeled natural gas consumption
of the 1992-2005 period is even lower than the modeled natural gas consumption
after 2006. It is partially because the original thermal properties of the buildings of
1992-2005 period are only moderately worse than that of buildings after 2006, but
refurbishment makes the envelope components of buildings in 1992-2005 period
have even better thermal properties than the buildings after 2006 (for which no
refurbishment is simulated).

S4 overestimates the natural gas consumption of almost all the buildings of the 2006-
2014 period (Figure 2.4). One of the main reasons may be that the U-values in
TABULA only meet the national minimum requirement and these values cannot
represent the thermal properties of these buildings [68]. In reality, more efficient
heating or ventilation systems and renewable energy sources have been applied, but
S4 does not account for such increasingly applied technologies. For example, in the
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Netherlands, some heat boilers using natural gas are replaced by district heating or
heating pumps, and their gas stoves are replaced by electric cooking stoves [179].

Figure 2.5 suggests that the actual natural gas consumption is not only affected by
the building age but also other factors such as refurbishment records and occupant
schedules. Building age, as a key classification standard for TABULA archetypes
applied in characterizing the Leiden residential building stock, can partially represent
the energy efficiency of the current building stock, while the past refurbishment
measures, in reality, have changed the energy performance of original buildings.
Therefore, the refurbishment rate can be regarded as supplementary for the limited
representation of TABULA archetypes.

As increasing the sophistication from S1 to S4, some assumed data are introduced
(e.g. refurbishment and occupant schedule), for which no spatial information is
available. While S4 is the most complete among the four steps and produces the best
results at a spatially aggregated scale (neighborhood or city level), it thus comes with
the trade-off of decreased spatial accuracy, at least at a single-building level (see the
schematic representation in Figure S7.1.2 and Figure S7.1.3 in Appendix). This is a
common dilemma in building stock modeling [87] and cannot be resolved unless
spatially explicit data for factors such as refurbishment is available.

2.4.2 Limitations and research opportunities

The building information of TABULA archetypes is allocated to individual BAG
buildings based on construction periods and the identified building types, which
provides an opportunity to automatically characterize building information at large
scales with limited data. However, the archetypes are unable to completely represent
all the real buildings, such as geometries (e.g. window-to-fagade ratio and door-to-
facade ratio), physical properties, and supply systems, which is a systematical limit
of the archetype-based method. In addition, sometimes the identified building types
might be wrong. For example, the end-terraced houses and mid-terraced houses are
assumed to respectively have one and two shared walls, but multi-family houses may
also have one and two shared walls. This would cause some variations for the
estimated envelope component areas (including windows, walls, and doors), while
the differences between the U-values of different building types for the same period
are almost negligible according to the TABULA database [68]. Moreover, the
buildings are simplified as cubes, which ignore the roof types and may cause some
errors for the estimation of envelope component areas.

Due to a lack of supply system information and the corresponding energy sources
for individual buildings, all the buildings are assumed to use gas-fired boilers from
TABULA. Although most residential buildings are heated by natural gas in the
Netherlands, there are increasing exceptions. For example, some more recent houses
have been installed with gas-free heating systems (e.g. heat pumps or connecting to
district heating networks).

The national refurbishment rates [174] of envelope components and the usual
refurbishment from the TABULA database are employed to reflect the physical

29



A combined GlIS-archetype approach to model residential space heating energy: A case
study for the Netherlands including validation

properties of the current residential building stock. However, this can cause spatial
uncertainty for the Leiden residential buildings stock, so more attention should be
paid to reducing the uncertainties caused by unknown HVAC systems and
refurbishment records (e.g. refurbishment year and insulation technologies) at
postcode or even individual building level.

The presented model uses standard occupant parameters from other literature and
reasonable assumptions (e.g. occupant’s schedule) to fill in the data gaps and
calculates the energy consumption from a demand perspective (quantify the energy
required to maintain a given room temperature), while it omits the diversity of
individual occupant behavior. Previous studies [51] have revealed that occupants can
impose a critical impact on building energy consumption and sometimes even reach
the same extent of technical interventions. For example, internal room temperature
setting, ventilation (time of leaving windows and doors open), schedules, and DHW
consumption highly depends on the specific occupants (e.g. living habits, number,
age, income, and job) [188]. However, it is difficult to collect so much detailed
occupant information on building scale especially for a city-scale energy model, and
future research should pay more attention to this.

The internal room temperature of a given building varies in space and time (named
as “non-uniform heating” [176]). The use status of various rooms (e.g. living rooms,
bedrooms, and kitchens) can be quite different. The areas like the staircase, attics,
and garages are typically unheated. Additionally, intermittent heating or reduced
setting-point temperature may occur during different periods (e.g. night and
weekend). However, in this study, the internal room temperature is set as a fixed
value (20 °C [180]) in the whole space of buildings.

For validation, due to lacking measured energy consumption data for individual
buildings, the weighted average ages rather than the pure age of individual buildings
are employed to represent the construction periods of postcodes, although the
buildings with the same postcode are likely to have similar ages.

2.4.3 Model applicability and transferability

Due to a lack of refurbishment records at the level of individual buildings, its
accuracy for individual buildings is limited. However, the presented model qualifies
to offer a good overview of the energy consumption characteristics at the
neighborhood and city scales, for which validation is possible. It can also reflect the
energy efficiency of buildings belonging to different age groups.

The presented model makes a compromise between sophistication and accuracy
through making full use of public data sources (geometries in GIS data and TABULA
archetype building information). It gathers the input data as matrices (building
information) or time series (weather data and occupant behavior) and calculates
energy consumption based on public energy simulation algorithm, which allows for
analyzing largescale building stock (neighborhood, city, or nation) and realizing
transferability to other countries.
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Due to a lack of spatial data on individual buildings as well as the diverse occupant
behavior, building stock energy models previously developed applied diverse input
data [96]. Especially the model proposed by Buffat et al. [98] applied high-resolution
spatial data available in Switzerland that is not available for many other countries.
In contrast, the data required for the presented model mainly involves the GIS data
(including building registration), archetype buildings, weather data, refurbishment
records, and occupants, which are available and public in many countries. Below is
a summary of the availability of input data:

(1) The GIS data of buildings is available in many EU members and the
OpenStreetMap can be an alternative data source [98]. The availability and detail
level of individual building attributes (e.g. construction year, building types, heating
systems, energy sources, refurbishment records, occupant characteristics) differ
significantly in each country, such as the Danish BBR [189] and the Swiss FRBD
[112]. However, the building type identification method developed in this study
based on building morphologies in GIS data provides opportunities for filling in
these data gaps with archetypes or sample buildings.

(2) The archetype buildings are available for many countries [190] and it is also
worth mentioning that the TABULA project currently contains the representative
buildings of 21 European countries [68]. However, for larger countries, the archetype
system might be quite complex due to various climate regions and construction
technologies.

(3) The weather data is almost available for every country while its spatial and
temporal resolution might be quite diverse.

(4) The detailed refurbishment records for individual buildings are very rare in most
countries but can be managed by the local authorities. In some EU countries, the
EPC (Energy Performance Certificate) databases contain buildings’ past
refurbishment or suggested energy efficiency measures as well as energy labels (A-
G), actual energy use, physical properties, and HVAC systems, but the building
information types in these databases differ from country to country and not every
building has an energy label at present [191]. Alternatively, the refurbishment rates
of building elements can be collected from the published reports (local or from other
countries/regions).

(5) The occupant data (e.g. household age structure, the number of occupants,
income, and education level) that is quite related to human behavior is available in
some developed countries, such as the SHAERE database of the Netherlands [192]
and the property register of Sweden [193], but it is usually not public and spatialized
for privacy protection reasons. However, reasonable assumptions can be made to fill
in the data gaps in the absence of better data (e.g. room temperature, internal heat
gains, and occupant schedule).

2.5 Conclusion
This study presents a GIS-archetype-based bottom-up building stock model for
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energy consumption for space heating. In order to allocate the typical geometries,
thermal properties, and heating systems of archetype buildings to the individual
buildings, this paper develops a method to identify the types of individual buildings
according to building size and the number of shared walls. Then different input data
(e.g. average weather data, hourly weather data, refurbishment, and occupant
behavior data) and calculation methods are gradually included to explore the key
factors affecting the model accuracy. The main conclusions are:

(1) The spatial validation shows that the most sophisticated step can well reflect the
energy consumption at the city scale while other steps are completely off reality.
However, due to lacking heating systems, refurbishment records, and occupant
behavior for individual buildings, the modeled energy consumption is moderately
acceptable at the postcode level but likely inaccurate for individual buildings. This
demonstrates that including more factors can increase the model accuracy at the city
scale, but simultaneously increase the uncertainty for single buildings. Additionally,
as more than half of the postcodes are filtered (only 44% postcodes left), the
validation data of higher quality would be valuable to assess the developed model.

(2) The comparison between steps demonstrates that the seasonal model fails in
accurately simulating the energy consumption for space heating. It is found that
including past refurbishment in building stock energy models is necessary for
achieving reliable results. Taking the assumed occupant schedule into account can
narrow the gap between the modeled and measured energy consumption though the
occupant behavior data in this study is quite rough.

(3) The model is valuable for city planners to understand the current energy
efficiency status in space, determine the priority of implementing retrofit measures,
and assess the energy-saving potentials of refurbishment technologies. Local
authorities need to spatialize detailed information for individual buildings if more
specific energy-efficiency suggestions are required. Furthermore, the presented
model probably is transferable for other countries as long as the input data such as
GIS building datasets and archetype buildings, is available.
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Chapter 3 A bottom-up dynamic building stock model for
residential energy transition: A case study for the
Netherlands?

Abstract

The building sector plays a key role in energy transition and carbon reduction while
capturing the dynamic characteristics (e.g. materials, energy performance, and
environmental impact) of building stock is a great challenge during the gradual
process. This study presents a bottom-up dynamic building stock model that links
dynamic material flow analysis with building energy modeling. The environmental
impact of material and energy requirements is assessed by considering future
electricity mix. The model is applied to evaluate the pathways to the climate-neutral
energy supply of the residential building stock in the Netherlands by 2050. Results
show that space heating demand decreases by about 2/3 by 2050, while the energy
for hot water increases to 92% of space heating demand. 80% of public grid
electricity for appliances and lighting can be potentially substituted if rooftop
photovoltaic (PV) systems are installed on 50% of renovated buildings and all the
new buildings. Greenhouse gas (GHG) emissions of operational energy are reduced
by approximately 60-90%, depending on the electricity mix. Annual GHG emissions
from material production are not as important as those related to operational energy.
Insulation materials account for a large proportion of the carbon footprint of material
production. The model has a high spatial and temporal resolution and can be linked
with local energy source availability (e.g. buildings or neighborhoods) to provide
more accurate support for policymaking.

Keywords: dynamic building stock model, bottom-up, material flow analysis (MFA),
life cycle assessment (LCA), energy transition, carbon emissions, climate change,
geographic information system (GIS)

3.1 Introduction

The building sector is responsible for about 40% of the total final energy
consumption and 36% of greenhouse gas (GHG) emissions in the European Union
(EU) [158]. EU countries have set ambitious targets for realizing sustainable
building stock, including improving envelope insulation [194], installing efficient
energy systems [195], and replacing fossil fuels with renewable energy sources [74].
However, implementing these measures involves considerable construction
activities (construction, renovation, and demolition), which will lead to large
amounts of material consumption [20] and construction and demolition waste (CDW)

2 Published as: Yang, X., Hu, M., Tukker, A., Zhang, C., Huo, T., Steubing, B. A bottom-
up dynamic building stock model for residential energy transition: A case study for the
Netherlands. Applied Energy 306, 118060 (2022).
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[43]. It is necessary to understand the dynamics of building stock as well as the
material flows and energy consumption [196], and quantitatively assess the
performance (e.g. energy-saving effect, environmental impact, and cost) of various
energy transformation policy strategies [24].

Dynamic building stock models (DBSMs) originate from dynamic material flow
analysis (MFA) proposed by Miiller [108] and account for the long-term evolution
(construction, demolition, and renovation) of building stock as well as the changes
of technologies [197], material flows [198], energy consumption [95], and carbon
emissions [92] under different policy scenarios [125]. Many DBSMs have tried to
disaggregate and characterize the building stock. For example, Sandberg et al. [199]
present a segmented model that simulates the dynamics of each stock segment
(defined by building type and cohort) with probability functions. Wiedenhofer et al.
[200] model the nonmetallic material composition change of EU25 with typologies
of buildings, roads, and railways. Heeren and Hellweg [112] develop a prospective
bottom-up dynamic model that applies the GIS (geographic information system) data
of buildings and the component-based inventory data of building typologies [201].

Apart from materials, some dynamic models track the evolution of energy
consumption and environmental impact. Coffey et al. [202] discretize the US
commercial building stock into different categories, simulate the stock growth with
the rates of construction, renovation, and demolition, and estimate the energy
consumption by energy-use intensity. Heeren et al. [95] propose a lifecycle-based
building stock model (LC-Build) that combines construction activities and
operational energy demand and includes the environmental impact from the energy
supply side. Pauliuk et al. [203] combine MFA and life cycle assessment (LCA) to
determine the emission reduction potential of the Norwegian dwelling stock.
Vasquez et al. [204] present a dynamic Type-Cohort-Time (TCT) stock-driven model
to investigate the energy reduction levels of different policy scenarios in Germany
and the Czech Republic. Koezjakov et al. [205] investigate the development of the
Dutch building stock and the relationship change between embodied and operational
energy.

The building stock is a complex and dynamic object constituted by long-lasting
buildings [24] that will be updated by different building technologies (e.g. insulation
and heating systems) over time [26]. However, the following shortcomings of
previous DBSMs limit their ability to track the changes of building characteristics
during the gradual energy transition process:

(1) They are mostly top-down models lacking the ability to consider technical details,
or bottom-up models that are disaggregated at a very limited level (typically
segmenting the total floor area stock by the proportion of construction periods or
building types).

(2) Material and energy (empirical or modeled) intensities [28] of representative
buildings are usually employed to estimate the total material and energy stock, which
omits the specific characteristics of individual buildings and cannot accurately
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evaluate the energy and carbon reduction effect of energy-efficient measures.

(3) Most models have not combined materials and energy consumption together [28],
while better insulation increases the relative importance of embodied environmental
impact [32]. Integrated models are required to evaluate the overall impacts of both
material and energy strategies on climate change target realization across different
scales ranging from neighborhoods to cities, or an entire country.

This paper presents a bottom-up DBSM based on the basic principle of MFA to
simulate the spatial-temporal development of the building stock, material flows,
energy consumption, and environmental impact to evaluate the effects of policy
strategies for the energy transition in the building sector. Individual buildings are
mainly characterized by GIS data and building typologies. The space heating
demand is simulated based on the model by Yang et al. [27]. The environmental
impacts linked to building materials and energy supply of the energy transition are
assessed by considering the likely development of future electricity production. The
model is used to evaluate the Dutch national control scenario of the built
environment [156] (hereafter named as national control scenario), which aims to
ensure the transition towards a self-sufficient renewable energy supply, especially
the electrification of the heat supply. The main research questions of the case study
are:

(1) How close can the Netherlands get to the carbon-neutral residential building
stock by 2050 under the national control scenario?

(2) Which are the drivers for GHG emission reductions in the building stock?
3.2 Materials and methods

3.2.1 Model overview

The model builds upon the individual buildings characterized by a series of attributes,
mainly including basic building information, building geometries, envelope thermal
properties, occupant behavior, ventilation systems, heating systems, rooftop
photovoltaic (PV) systems, annual energy demand (space heating, domestic hot
water, electricity for appliances and lighting), and materials. This study involves five
types of residential buildings from TABULA [68] (single-family house, mid-terraced
house, end-terraced house, apartment building, and multi-family house), which are
differentiated into six construction periods (before 1964, 1965-1974, 1975-1991,
1992-2005, 2006-2014, and after 2015). The individual buildings are characterized
by the method of Yang et al. [27], which assigns the attributes of archetypes to
individual buildings in GIS datasets based on construction periods and building types.
More details can be found in section 7.2.1.

New construction is driven by population and lifestyle (stock-driven [26]). Mass-
balance principles [108] are applied to determine the annual construction activity by
considering both demolition and floor area demand. Renovation is driven by activity
(renovation rate) that reflects the aggressiveness of energy transition strategies. The
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energy transition measures mainly include saving energy (i.e. insulation and
ventilation improvement) and installing efficient heating systems that use sustainable
energy sources.

In the process of building stock evolution, individual buildings can be dropped
(demolition) from the building stock, added (new construction) to the stock, or
updated (renovation). The relevant attributes (e.g. U-values, materials, and energy
demand) of all buildings in the building stock are considered over time.

The structure of the model is shown in Figure 3.1. The building stock (BS) is a
dynamic object, and at time t it comprises 1) new buildings that will be constructed
(BShew,), 2) existing buildings that will not be renovated (BSno_interventiont), 3) €Xisting
buildings that will be renovated (BS:enovation,t), and 4) existing buildings that will be
demolished (BSdemolition,t)-
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Figure 3.1 Schematic overview of the dynamic building stock model. FAPC: floor area per
capita, BS: building stock, t: year, BSnew:: newly constructed buildings, BSno intervention,t:
buildings that will not be technically intervened, BS;enovation,: buildings that will be renovated,
BSemotition,i: buildings that will be demolished.

3.2.2 Construction activities
3.2.2.1 Demolition

Building lifetimes are modeled with Weibull distributions [206]. The mean historical
building lifetime (130 years) of buildings in the Dutch building stock and shape
parameter (k=2.95) are from Deetman et al. [37]. The scale parameter (A) is derived
based on the mean value equation of Weibull distribution:

A = lifetimemeqn + I'(1 + %) ()
where lifetimeeqyn is the mean lifetime of Dutch buildings.

There are many historical and monumental buildings in Western Europe [37]. Their
ages vary significantly, so it is hard to find a reliable average lifetime for them. As
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their share in the whole building stock is very small (see Figure S7.2.2 in Appendix),
we assume that buildings constructed before 1900 will not be demolished but
renovated in the considered time frame. An array containing random lifetime values
following the Weibull distribution is generated with Python, and the bound (mean
+1.5 standard deviations [108], i.e. lower bound 58 and upper bound 202) is applied
to avoid unrealistic lifetime values. The buildings are grouped by construction year,
and for each group of buildings, their lifetimes are sampled from the lifetime array
that filters the random values smaller than or equal to their current ages (current year
minus construction year). The demolition year of each building is calculated as
follows:

tdem = tcon + llfetlme (2)
where tgem 1S the demolition year, and €., is the construction year.

3.2.2.2 Construction

The annual construction floor area is calculated based on population, floor area per
capita, and the demolished floor area in year t:

N, em,
Anews = FAPC, X P =Sy + 3,5 Ay (3)

Where Ajew,: is the new construction area in year t. FAPC, is the floor area per
capita. P; is the population. S;_; is the floor area stock of the previous year.
Ngem, 1s the number of demolished buildings. A;; is the floor area of the
demolished building j in year t.

The number for each type of building is calculated as:
Ntype,t = Tound(Anew,t X PPtype,t - Atype) 4)

Where Niype,: 1s the number of a building type of new buildings. PPy, is the
floor area proportion of a building type. Atype is the floor area of a TABULA
archetype.

3.2.2.3 Renovation

According to the Dutch National Climate Agreement, municipalities will apply the
neighborhood-oriented approach [207] to organize residents, building owners, and
energy companies to collectively determine the best solution [208]. The residential
buildings of the same neighborhood will be tackled together, and are likely to use
the same heat source. Therefore, the existing building stock (excluding the buildings
that will be demolished during the considered time frame) is grouped by
neighborhood. The weighted average U-value of buildings in the same neighborhood
is calculated as follows:

Nneighborhood
21 UbuildingweightedXAbuilding (5)

Nneighborhood
Z,

Uneighborhood,weighted =
Apuilding

Where  Uneighborhooaweightea 1S the weighted average U-value of a
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neighborhood, Apyjiaing 18 the floor area of a building, and Nyeignpornooa 1 the
number of buildings in a neighborhood. Upyiigingweightea 18 the weighted average
U-value of a building, which is determined as follows:

Nelement
X Ueclement*Aelement

Nelement
21 Aelement

Ubuilding,weighted = (6)

Where Upyiidgingweightea 18 the weighted average U-value of a building, Ueiement
is the U-value of an element, Agjement 1 the area of an element, and Nejement 18
the number of elements. In this study, the elements involve roof, external wall,
window, door, and ground floor.

The neighborhoods are sorted by Upeignborhoodweightea (descending), and then
the top neighborhoods that contain N..,. buildings are selected for renovation.
These buildings are randomly divided into two parts. One part will be renovated with
the conventional standard while the other part will be renovated with the nearly zero
energy buildings (nZEB) standard. The numbers of buildings with different
renovation standards are calculated as follows:

Nren_i,t = Ny X Rren_i,t (N

Where N is the total number of existing buildings to be renovated. Ny.op ;¢ is the
number of renovated buildings for energy standard i in year t. Rye, ;¢ is the
annual renovation rate for energy standard i in the year t.

3.2.3 Materials, energy, and environmental impact
3.2.3.1 Building materials

The material amounts for a building are calculated as follows:
Winat = Abuilding X Mg (¥

Where Wipq; is the weight of a material for a building. Apyiiging 18 the floor area

of the building. MI,,,; is the intensity of material for each building type (see Table
S$7.2.7 and Table S7.2.8 in Appendix).

Glazing is renovated by replacing the existing glass with HR++ (double glazed with
a coating and an insulating gas between the plates) for conventional standard and
HR+++ glass (three glass plates with a coating and insulating gas) for nZEB standard
[209]. The opaque elements (roof, external wall, door, and ground floor) are
renovated by adding an insulation layer on top of the corresponding envelope
element. The physical parameters of different renovation options for each element
can be found in TABULA [210]. The details on different insulation materials can be
found in Table S7.2.9 in Appendix. The amount of insulation material for renovating
an opaque element is calculated based on insulation standards and the thermal
conductivity of used insulation materials [211]:

1
Wmat,ins = (

) X kmat,ins X Aele X Dmat,ins (9)

Uren,ele Uexiele
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Where Wip,4tins 18 the weight of insulation material for a building. Ugy; ¢ 1S the
existing U-value of an opaque element, and Up¢p ¢ 1S the U-value after renovation.
kmat ins 1s the thermal conductivity of insulation material.

3.2.3.2 Operational energy

The energy consumption of Dutch residential buildings is comprised mainly of space
heating, domestic hot water (DHW), and electricity for appliances and lighting [183].
The space heating demand of the initial and renovated building is simulated based
on Yang et al. [27]. The energy demand for DHW of existing buildings is estimated
by the TABULA method [176]. For new buildings, the energy for space heating and
hot water is calculated based on the energy intensities of corresponding TABULA
archetypes [68]. The heat demand for space heating and DHW is converted into the
final heat demand supplied by heating systems based on the TABULA method [176].

The annual electricity consumption for appliances and lighting is estimated by
multiplying floor area with the sampled electricity intensities derived based on
measured annual electricity consumption (CBS) and BAG (see Figure S7.2.6 in
Appendix). Due to the lack of enough energy consumption data on buildings
constructed after 2015, the electricity consumption of buildings after 2015 is
estimated based on the electricity consumption of buildings built in the 2006-2014
period.

The potential annual electricity generation from rooftop PV (Epy ) is calculated based
on the following equation [212]:

EPV =G X n X Rperformence X Aroof X Rreduction (10)

Where G is the annual cumulative solar irradiation, which is calculated by summing
up hourly values from KNMI (Royal Dutch Meteorological Institute) [173]. n is the
efficiency of rooftop PV. In this study, the modern crystalline Silicon panels are
applied and its efficiency is 17% [212]. Rperformence 18 @ reduction factor that
considers, e.g., sub-optimal angels and inverter losses, to better reflect the efficiency
in real life, and its value is 87% in this study [212]. A, is the roof area for solar
panel installation. Considering the space left for maintenance and obstacles, Ayqqr
is adjusted by an additional reduction coefficient (R, ¢qyction) and its value is 60%
[213] (i.e. only 60% of the roof surface of a building can be used for rooftop PV).

3.2.3.3 Environmental impact

The GHG emissions related to materials and energy in year t (G, ) are calculated
by multiplying GHG emission factors in year t (Fpe.) with the quantity of
materials or energy in year t (Qpe ), as follows:

Gme,t = Fme,t X Qme,t (11)

In this study, onsite construction processes are not included and only building
materials are considered for the environmental impact assessment of construction
activities. All materials and energies described in the previous sections are modeled
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using the ecoinvent database 3.6 (cut-off system model) [138] except for hybrid heat
pumps and heat networks that use different energy sources. The hybrid heat pump
consists of a green gas boiler and an electric heat pump. 35% of its heat is supplied
by a green gas boiler (only used in cold weather) and 65% is from an electric heat
pump [214]. According to the national control scenario [156], the heat in the heat
network is from geothermal (70%), biogas (15%), wood chips (10%), and residual
heat from waste treatment plants (5%). The GHG emission factors of hybrid heat
pumps and heat networks are the weighted average GHG factors of their sub-energy
technologies by proportion (see section 7.2.5). This study selects climate change as
the impact category, and then reports the results in GHG emissions measured as kg
COs-eq (IPCC 2013 [215]).

With electric heat pumps replacing many natural gas boilers in the future, the
electricity demand will increase [214], which means that the future electricity mix
will highly influence the carbon emissions of the residential building stock.
Therefore, the method by Beltran et al. [216] is applied to combine the ecoinvent
and IMAGE 3.0 databases [217] to create future scenario databases. The IMAGE
scenarios applied in this study are SSP2 (Shared Socioeconomic Pathway, Middle of
the Road) [218] as the baseline scenario, and SSP2 450 representing the greener
electricity mix (e.g. increasing shares of solar PV or wind offshore). We use these
databases in the Activity Browser [131] LCA software to calculate the LCA results
of future material production and energy consumption (for further details, please
refer to Steubing and Koning [142]).

3.2.4 Case study

In the Netherlands, the majority of current residential buildings are not well insulated
compared to modern building standards [157], and about 86% of houses are heated
by natural gas [174]. The Dutch government wants to phase out natural gas and
realize energy-neutral [219] and carbon-neutral [157] building stock by 2050. In the
national control scenario [156], the target average insulation level is energy label A
by 2050. 55% of existing buildings will be insulated to be suitable for electric heat
pumps. 25% of buildings will be connected to heat networks (e.g. geothermal, green
gas, or biomass), 20% installed with hybrid heat pumps (green gas boiler and heat
pump), and 50% roof surfaces installed with solar PV. Along with this transition are
large amounts of building material consumption (e.g. insulation materials) and CDW,
which can significantly affect the realization of circularity of the built environment
[220].

The time frame considered in this study is from 2015 to 2050. The population
forecast (16.9 million in 2015 and 18.5 million in 2050) of the Netherlands [221]
(see Figure S7.2.5 in Appendix) is from the Central Bureau of Statistics (CBS), and
the conditioned floor area per capita is assumed constant (83 m?, see details in section

7.2.1). The building materials consist of 23 most common building materials (see
Table 3.1) in the Netherlands.

New construction is differentiated by conventional new (CNEW) buildings and
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nZEBs from TABULA archetypes [68], including single-family houses, mid-
terraced houses, end-terrace houses, apartment buildings, and multi-family houses.
According to Dutch policy [222], all the new buildings constructed after 2020 must
be nZEBs. Therefore, we assume that in 2016-2020 all new buildings are CNEW,
while from 2021 all new buildings are nZEBs. Both of them are installed with
balanced ventilation systems. Natural gas boilers are installed on CNEW buildings
to supply the heat for space heating and DHW, while nZEBs are installed with
electric heat pumps for space heating, and solar water heaters for hot water. Rooftop
PV is installed on all new nZEBs. The floor area proportion of each building type is
assumed the same as in 2015 (see Figure S7.2.3 in Appendix).

Table 3.1 Building material labels [211].

Label Material name Label Material name
AC Aerated concrete PG Primary glass
Al Aluminum PI Plywood
Ar Argon PUR Polyurethane foam
Bi Bitumen PVC Polyvinylchloride
Br Brick, clay RC | Reinforced concrete (including steel [211])
Ce Ceramics Sa Sand
EPS | Expanded polystyrene | SC Sand cement
Gr Gravel SW Softwood
GY Gypsum plaster WF Wood fiber
HW Hardwood XPS Extruded polystyrene
MW Mineral wool Zn Zinc
PC Precast concrete - -

It is hard to determine the shares of different insulation levels for renovation based
on the average label A in 2050 in the national control scenario [156], and the heating
system choice is also related to the insulation level. For example, electric heat pumps
are only applicable for very well insulated buildings as they cannot provide high
enough temperature for poorly insulated houses [223]. For simplification, this study
derives the shares of insulation levels based on the heating system proportions in the
national control scenario [156], and defines two combinations of insulation and
space heating system based on TABULA [68], which provides the renovation options
(e.g. insulation levels, ventilation systems, space heating systems, and hot water
systems) for buildings differentiated by types and periods:

(1) Conventional renovation. Buildings are insulated to conventional standard and
heated with heat networks (district heating) or hybrid heat pumps.

(2) Advanced renovation. Buildings are insulated to nZEB standard and heated with
electric heat pumps.

According to the step-by-step plan to cease residential natural gas use by Milieu
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Centraal [60], we summarize the energy transition measures into 4 layers: insulation,
ventilation, heating systems, and rooftop PV. All the ventilation systems of
renovation and construction are balanced ventilation systems. Table 3.2 shows the
technical combinations and distributions.

Following Vasquez et al. [204], it is assumed that there will not be renovation for
nZEBs in the considered time frame. CNEW buildings in 2016-2020 will not
experience technical intervention in the considered time frame. The buildings that
will be demolished in 2016-2050 will not be renovated while all the other existing
buildings will be renovated to certain energy efficiency levels. The renovation task
is evenly allocated to each year.

Table 3.2 Technical scenario parameters. In the brackets are periods or shares of technical
options.

. Insulation o Energy
Activity standard Ventilation Heat supply production
CNEW (2016- Balanced Natural gas boiler (100%) Rooftop PV
. 2020) o (0%)
Construction ventilation -
nZEB (2021- (100%) Electric heat pump + solar Rooftop PV
2050) water heater (100%) (100%0)
. 1) heat networks (25%)
Conventional Balanced 2) hybrid heat pump + solar
. insulation (45%) o y pump Rooftop PV
Renovation ventilation | water heater (20%) (50%)
nZEB insulation (100%) Electric heat pump + solar 0
(55%) water heater (55%)
3.3 Results

3.3.1 Building stock evolution

Figure 3.2a and Figure 3.2b show that with slower population growth in 2016-2050,
the size of building stock only experiences a slight increase. For the current building
stock, more than 1/3 of building stock is constructed before 1964, and even in 2050,
the buildings before 1964 still have the largest share, which is followed by the
buildings built in the 1975-1991 period. In 2050, most existing buildings will remain,
and new buildings only occupy a small share (about 19%). The annual demolished
floor area will increase and the annual constructed floor area will decrease (see
Figure 3.2¢ and Figure 3.2d), while new construction outweighs the latter. It is also
found that the demolished buildings are mainly built before 1964, and the latest
period of buildings that will be demolished is 1975-1991. Figure 3.2e and Figure
3.2f show that over time the renovation share of recently built buildings is increasing
(recent buildings have better insulation and will be renovated later than old
buildings). There are differences (e.g. peaks) in annual renovated floor areas while
the numbers of renovated buildings every year are the same, which is due to the
different sizes of individual buildings. The floor area of advanced renovation is
significantly larger than that of conventional renovation due to past renovation (some
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existing buildings have already reached the conventional insulation standard),
although the difference is not large (55% advanced renovation vs. 45% conventional
renovation).
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Figure 3.2 The evolution of building stock composition. “FAPC” is short for floor area per
capita. The floor area here refers to the conditioned floor area. “CNEW” is short for
conventional new, and “nZEB” is short for nearly Zero Energy Building.

3.3.2 Material and energy

Figure 3.3a shows that the material stock will continue to grow until 2050, albeit
not to a great extent and at a slowing pace. Concrete (including prefabricated and
reinforced concrete) accounts for the largest share in both material stock and flows
(Figure 3.3b and Figure 3.3¢), which is followed by sand. In 2050, the total material
outflow is almost equal to the material inflow, which shows the potential for closing
the building material loop.

From Figure 3.3d, we can see that due to extensive insulation and installation of
balanced ventilation systems, the energy for space heating drops by nearly 2/3.
Natural gas boilers are almost phased out by 2050 and the heat supply for space
heating is dominated by heat networks and electric heat pumps. In contrast, the
energy for hot water (Figure 3.3e) and the electricity for appliances and light (Figure
3.3f) show an opposite trend. Both their absolute amount and relative share increase.
In 2050, the heat demand for hot water is almost equal to the heat demand for space
heating. Solar water heater occupies the main supply for domestic hot water, which
is followed by heat networks. In Figure 3.3f, the electricity generated by rooftop PV
reaches more than 80% of the residential electricity demand in 2050, showing the
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great potential of rooftop PV to realize self-sufficient building stock in terms of
electricity.
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Figure 3.3 The material stock and flows, and operational energy. Steel is included in
reinforced concrete [211]. The electricity consumption by heat pumps is not included in the
electricity for appliances and lighting. In f), the electricity is consumed by appliances and
lighting, and the electricity production is from rooftop PV.

3.3.3 GHG emissions

From Figure 3.4a and Figure 3.4b, we can find that GHG emissions are mainly from
the production of mineral wool and concrete (precast and reinforced). Mineral wool
dominates the total GHG emissions of materials, while its share of weight (Figure
3.3¢) is pretty small (low density). This shows the necessity of applying more low-
carbon insulation materials. In contrast, sand contributes a relatively smaller share
of GHG emissions although their shares of weight are very large. The electricity
under SSP2 450 is considerably less GHG intensive than SSP2, but the GHG
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emissions of material production only decrease slightly, showing that electricity is
less important in the supply chain of most building materials.
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Figure 3.4 The GHG emissions of material and energy supply.

Figure 3.4¢ shows that the GHG emissions of operational energy supply are reduced
by 57% under the SSP2 scenario. GHG emissions from heat supply (space heating
and hot water) decrease by 79%. The heat supply emits about 57% of total GHG in
2015, while in 2050 the electricity for appliances and lighting contributes the most
GHG emissions under the SSP2 scenario (72%). In Figure 3.4d, the GHG emissions
of operational energy supply significantly decline (93%) under SSP2 450 scenario,
and the carbon-neutral target by 2050 is almost realized in the residential building

sector in terms of operational energy.

Figure 3.4e and Figure 3.4f show that both material production GHG and
operational GHG emissions decline. The GHG emissions of material production are
much smaller than operational emissions, while the share of emissions of material
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production increase with time, especially under the SSP2 450 scenario, meaning that
GHG emissions associated with building materials will gain in relative importance
in the future. The GHG emissions of renovation are much smaller than that of
construction.

3.3.4 Effects of different measures
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Figure 3.5 Changes in space heating and GHG emissions. Figure 3.5a shows the change
effect of different construction activities on annual space demand. Figure 3.5b shows the
cumulative energy reduction or increase of construction activities from 2015 to 2050. In
Figure 3.5¢, “BAU” (business as usual) means that neither energy-saving measures nor space
heating system (SHS) replacement is implemented on existing buildings, and new buildings
are heated with natural gas boilers. “saving” means that only energy-saving measures are
implemented on existing buildings, while the SHSs for existing buildings remain unchanged
and new buildings are heated with natural gas boilers. “saving+SHS (SSP2)” means that both
energy-saving measures and SHS replacement are implemented, and the GHG emissions are
calculated with the ecoinvent database SSP2. In contrast, “saving+SHS (SSP2_450)” means
that the ecoinvent database SSP2 450, representing a quicker energy transition, is used for
GHG emission calculation. The area in blue represents the carbon reduction by energy-saving
measures “saving”. The yellow area represents the carbon reduction by SHS replacement
under SSP2 scenario “saving+SHS (SSP2)”. The green area represents the carbon reduction
by SHS replacement under SSP2 450 scenario “saving+SHS (SSP2_450)”. Figure 3.5d
shows the cumulative GHG savings compared to BAU. The dash lines show the cumulative
GHG emissions from building material production.
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Figure 3.5a shows the change in space heating demand by different construction
activities. We can find that from 2021 the annual increase of heat demand drops more
than 50% due to the introduction of nZEBs. The heat demand decrease by demolition
and renovation is more than the increase by new construction, which makes the
overall space heating demand decrease (Figure 3.3d). Advanced renovation reduces
much more space heating demand than conventional renovation while the marginal
energy-saving effect gradually declines for both conventional and advanced
renovation. The space heating demand reduction effect of demolition increases with
time (more buildings are demolished). From Figure 3.5b we can find that in 2050,
the reduction of annual space heat demand is mainly due to advanced renovation and
demolition.

In the “BAU” scenario of Figure 3.5c, the GHG emissions increase at first but
gradually decline after 2020 due to the introduction of nZEBs, despite the increasing
size of building stock due to population growth. In the “saving” scenario, energy-
saving measures reduce GHG emissions by about 66%. Replacing natural gas boilers
with other space heating systems reduces roughly another 12% of GHG emissions
by 2050 for “saving+SHS (SSP2)” scenario and 22% for “saving+SHS (SSP2_450)”
scenario, respectively. Energy-saving measures contribute the most to total GHG
reduction among different measures. In Figure 3.5d, we can see that the cumulative
GHG reduction increases and this trend becomes faster with time. In about 2032, the
cumulative GHG emissions of building material production begin to be paid off by
cumulative operational GHG reduction. By 2050, the cumulative GHG reduction
reaches 1.04 (saving), 1.23 (saving+SHS (SSP2)), and 1.38 (saving+SHS
(SSP2_450)) times the total GHG emissions of the Netherlands in 2015 (202 Mt
[224]), respectively.

3.4 Discussion

3.4.1 Target realization potential

The national control scenario evaluation shows that the annual operational GHG
emissions of residential buildings are reduced by more than 90% (about 19% of
Dutch total GHG emissions in 2015 [224]), which is very close to realizing climate-
neutral residential building stock. However, it requires extensive insulation, heating
system replacement, and sustainable energy source application. Apart from the
technical aspects, the feasibility of implementing these measures in the real world is
not analyzed, especially the willingness of homeowners to adopt energy efficiency
measures, e.g. financial [225] and legal aspects [226]. For example, the energy
efficiency of existing buildings can differ substantially, and thus implementing
energy-saving measures can lead to diverse savings of energy bills. Scaling up the
energy transition measures (e.g. insulation and renewable energy sources) may lead
to an economy of scale, i.e. lowering the average cost and potentially also direct
environmental impacts related to energy-efficiency measures and energy
infrastructure [157]. The tax on fossil fuels will also increase the competence of
renewable energy sources. These factors would affect the choices of house owners,
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which also stresses the need for flexible and innovative business modes that can
accelerate the implementation of policy strategies.

3.4.2 Drivers for GHG reduction

Figure 3.5d shows that energy-saving measures contribute more GHG reduction
(especially insulation) than sustainable energy supply for the national control
scenario. However, both energy-saving measures and renewable energy supply
technologies are important for reducing the GHG emission of the building stock, and
neither of them can achieve a near carbon-neutral building stock alone. One reason
is that insulation levels can seriously affect the efficiency of heat supply systems.
For example, before installing electric heat pumps, buildings have to be well
insulated, because heat pumps cannot provide enough heat or will be very energy
inefficient in very cold weather for badly insulated buildings [227]. Buildings heated
by low-temperature heat networks (50 to 55 °C) have to be well insulated although
the insulation does not have to reach nZEB level [228]. Another reason is that
generating enough sustainable energy to heat badly insulated buildings can be a great
challenge [228]. For example, green gas from biomass cannot be a large-scale
solution for the Netherlands [229]. Following the steps into natural gas-free
buildings by Milieu Centraal [227], saving energy demand (through good insulation
and balanced ventilation) is the first step, after which is the installation of more
efficient heating systems based on renewable energy sources. However, the marginal
effect of energy-saving measures decreases with time (Figure 3.5a). The
combination of insulation standards and heating systems is also influenced by the
available energy sources (e.g. heat networks). Therefore, energy-saving measures
and energy supply technologies are required in conjunction. Moreover, with the
increase of electricity consumed by electric heat pumps, a greener electricity mix is
important for reducing residential GHG emissions.

3.4.3 Limitations and future research

Compared with previous models, the presented model builds upon individual
buildings, and includes potential future developments such as the energy transition
as part of the underlying LCA model, providing the possibility for comprehensively
assessing the material flows and energy demand and the related environmental
impact of detailed technical measures. It can be applied to assess the performance of
different energy efficiency strategies at a large scale (e.g. city or country). Our
research comes with several limitations that could provide future research
opportunities:

(1) In this study, the energy transition solutions for neighborhoods are randomly
assigned due to lacking data on energy source availability for a specific building or
neighborhood. This can lead to a mismatch between energy demand and supply. For
example, the heat networks can only be available for certain areas, depending on the
availability of industries or geothermal. Solar water heaters and solar PV panels are
limited by the amount of sunshine [230]. High-rise buildings in dense urban areas
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are likely to be connected with heat networks while rural areas are suitable for
electric heat pumps [157]. Municipal authorities can collect such data at the
neighborhood scale to make an alternative energy source map with temporal
dimension (in which year what kind of energy sources would be available for each
neighborhood).

(2) Some factors will probably change in the future while they are not accounted for
in the case study. The lifestyle of people [231], such as the floor area per capita [232],
rebound effect (higher room setpoint temperature and longer heating time after
renovation) [233], and the technologies of appliances, lighting, and energy
generation, will be probably different from now. Besides, the climate will change
[30] (e.g. temperature) but we use the constant climate data. Although the presented
model has the availability to simulate the energy demand change due to these
mentioned dynamic factors, they are not considered in this study.

(3) The developed model can, in theory, track the material flows in space and time,
but we lack spatially and temporally differentiated building material inventory data.
Wood construction is currently high on the political agenda in the Netherlands and
the share of wood construction has recently increased [234]. Therefore, it would be
interesting to explore the material composition change of future buildings and their
effect on GHG emission reduction. Also, the secondary materials from CDW
recycling will reduce the future raw material demand, while our model does not
address this, meaning that this study might overestimate the future raw material
demand. Future research can focus on sensitivity or uncertainty analysis to account
for how much materials are overestimated.

(4) The presented model combines a building energy model with MFA and LCA and
builds upon a series of data sources to characterize individual buildings and the
future development pattern of building stock. The uncertainties of sub-models can
accumulate and thus result in considerable uncertainties for the results presented in
this paper. Within the context of this paper, it was not possible to quantify these
uncertainties and to validate the results. However, some of the underlying models,
e.g. the building energy model [27] that we built upon, have been validated with
measured energy consumption data. Future research could attempt further validation
[235] and should aim at further reducing model uncertainties, e.g. by collaborating
with government agencies and companies to collect additional local data [236] and
by developing more specific scenarios for the development of the building stock.

3.5 Conclusion

This study presents a bottom-up dynamic building stock model that can simulate the
development of the building stock as well as the associated materials flows, and
operational energy transition due to insulation, renewable energy sources, and
rooftop PV panels. Compared with previous models, it builds upon the individual
buildings characterized by GIS data, and includes potential future developments such
as the energy transition as part of the underlying LCA model, providing the
possibility for comprehensively assessing the energy demand and material flows and
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the related environmental impact of detailed technical measures at a large scale. The
national control scenario evaluation shows that energy-saving measures together
with greener heat sources can reduce about 2/3 of the energy and 60-90% GHG
emissions for space heating, depending on the electricity mix. However, with the
decrease of space heating demand, the share of energy for hot water, appliance, and
lighting will increase significantly. About 80% of residential electricity for
appliances and lighting can be potentially met by rooftop PVs if they are installed on
the roof surfaces of about half of the building stock. The material outflows will be
almost equal to the inflows in 2050, showing the potential of reducing building raw
materials by recycling the material outflows. The GHG emissions of material
production will be leveled off by cumulative GHG emission reduction from
operational energy in 2030-2035. The model can be applied in other countries or
regions if the required data is available.
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Chapter 4 Urban mining potential to reduce primary
material use and carbon emissions in the Dutch
residential building sector®

Abstract

Urban mining is regarded as an important strategy to replace primary raw materials
in the building sector. This study presents a bottom-up dynamic building stock model
to explore the potential of urban mining to reduce primary material consumption and
greenhouse gas (GHG) emissions in the residential building sector of the Netherlands.
The model builds upon geo-referenced individual buildings, making it possible to
analyze the spatiotemporal pattern of material supply from demolition and material
demand for construction and renovation. The main results can be summarized as
three points. 1) Urban mining cannot meet future material demand due to the new
construction caused by population increase and its limited ability to supply the
required kinds and amounts of materials. Therefore, large amounts of primary
materials still have to be consumed in the future. 2) The generation of demolition
wastes and the requirement for materials will be mainly concentrated in the big cities
(e.g. Amsterdam, Rotterdam, and The Hague). 3) The GHG emission reduction
potential of urban mining is very small and is not as large as the transition to a greener
electricity mix. Recycling together with a greener electricity mix would reduce
annual GHG emissions by about 40% in 2050 compared to 2020. This study provides
a tool to link future material inflows and outflows in space and time. It further helps
to assess the performance of strategies aimed at closing the material loops and
reducing GHG emissions in the building sector.

Keywords: dynamic building stock model, material flow analysis (MFA), life cycle
assessment (LCA), construction and demolition waste (CDW), urban mining,
geographical information system (GIS)

4.1 Introduction

The built environment contributes to the generation of large amounts of material
consumption, construction and demolition waste (CDW), and greenhouse gas (GHG)
emissions [5]. In the European Union (EU), CDW makes up 25-30% of its total waste,
and much of that could be recycled [8]. Urbanization and population growth are
predicted to continue in the coming decades [237], intensifying material
consumption and environmental challenges [238,239]. This trend is intertwined with
the transition towards energy-efficient building stock (e.g. reconstruction and
renovation) [ 112,148], which will also cause considerable material consumption and

3 Published as: Yang, X., Hu, M., Zhang, C., Steubing, B. Urban mining potential to reduce
primary material use and carbon emissions in the Dutch residential building sector.
Resources, Conservation & Recycling. 180, 106215 (2022).
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CDW generation, and a shift in attention towards embodied GHG emissions [32,240].
In current practices, CDW is typically used for road construction or backfilling
[43,241], which are low-value applications that make further reuse impossible [44].
The transition from downcycling to high-quality CDW recycling is essential to close
the building material cycles and reduce primary resource consumption and GHG
emissions [242].

Urban mining is an important strategy that exploits the anthropogenic material stock
in the built environment [243]. In recent years, geographical information system
(GIS) datasets have been widely used to extract the information of individual
buildings (e.g. geometry, year of construction, and function) [27,98]. GIS data and
material intensities (kg/m? or kg/m?®) of buildings and infrastructures are usually
applied together to determine the material stock at a high spatial resolution (map of
material deposit) [244]. [245] and [246] analyzed the spatial distribution of material
stock in buildings based on GIS data and material intensities of buildings
differentiated by the construction period and utilization at the city scale. In addition
to buildings, [247] further included the spatial distribution of materials stocked in
roads and pipe networks. [80] integrated the urban mining model with life cycle
assessment (LCA) to assess the environmental impact of different end-of-life
scenarios.

Material flow analysis (MFA) depicts material flows and stock [108], and its
principle has been applied, amongst others, in dynamic building stock models [129].
Some review articles on MFA [24,114-118] show that recent MFA studies
particularly focused on bottom-up models that are more data-intensive (e.g. more
detailed building archetypes) [84], often in combination with other tools, such as GIS
[248], LCA [249], and system dynamic models [121,123]. The MFA model of [112]
employed GIS data, building inventory data, and lifetimes of buildings and
components to characterize the Swiss residential building stock, which has the
potential to geographically aggregate future materials flows to different regional
levels.

The linkages between material demand and secondary material supply from urban
mining have not been well studied [112]. Hu and colleagues [111] have identified
the building lifetime as a key variable influencing CDW generation, whereas the
lifetimes of buildings are very long and vary significantly [24,238]. The amount and
structure of CDW streams might not align with the material demand for new
construction and renovation [247,250]. For example, modern buildings usually use
some materials that do not exist in the old buildings to be demolished, such as
insulation materials. Given that building materials are mostly large-volume but low-
unit-value, transportation distance is an economic barrier, and supply and demand
have to be close to each other, especially for the nonmetallic mineral materials (about
50-70 kilometers) [251,252]. Therefore, linking the material outflows and inflows in
space and time is critical for making feasible plans in advance to realize a circular
economy in the construction industry [253,254].

While the prevailing application of GIS data in recent years can provide spatial
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dimensions, current models mostly focus on quantifying retrospective material flows
and stock in building stock [244,255]. In contrast, prospective MFA models rarely
consider the spatial dimension. [251] and [44] analyzed the mismatch between
material demand and supply from recycling in time while the mismatch in space was
not fully considered. Besides, existing studies mainly focus on the material demand
for constructing new buildings while the materials consumed during renovation
processes are rarely accounted for [3]. Moreover, previous studies hypothetically
conclude the urban mining potential to close material loops simply by comparing
material outflows with inflows during building stock development, which omits the
limitations of CDW collection practices and secondary material production
technologies [44].

In the Netherlands, the construction sector accounts for 50% of raw material
consumption, 40% of wastes, and approximately 35% of GHG emissions [155]. The
government aims to reduce primary material consumption by 50% in 2030, realize a
circular economy, and eliminate GHG emissions in the construction industry by 2050
[44,155,234]. The research questions of this study are:

(1) How will building material demand and the potential supply from CDW develop
in space and time until 2050 in the Netherlands?

(2) How much primary material demand can be met by urban mining?
(3) What is the GHG emission reduction potential of urban mining?

This paper applies a bottom-up dynamic building stock model to track future
material flows and stock of the Netherlands. The building stock is composed of
georeferenced individual buildings, which makes it possible to analyze the
spatiotemporal pattern between material demand and secondary materials recycled
from demolition waste. The GHG emission reduction potential of urban mining is
analyzed.

4.2 Materials and methods

4.2.1 Model overview

The conceptual outline of the model is presented in Figure 4.1. BS is the building
stock at the time t, and BS; , is the building stock at time t,,;. The
development of material flows and stock is associated with the building stock
dynamics, such as construction, demolition, and renovation. These are driven to a
large extent by factors such as population, building age, floor area per capita, and
policies, e.g. for the energy transition and circular economy [29,108]. The material
outflows considered in this study are from demolition and renovation, and material
inflows are due to new construction and renovation. Outflows are partly going to be
recycled or used for other purposes and partly landfilled because some materials will
be mixed or destroyed during demolition, making their recycling very expensive or
impossible [44]. The outflows without collection will become wastes and need to be
processed (e.g. landfill). The material inflows contain secondary materials and
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primary materials. The time frame of this study is from 2020 to 2050 as the
government of the Netherlands aims to be completely circular by 2050 [220].

Population
Building ages and floor area
per capita

*  Demolition
Construction
+ Renovation

Outflows Primary materials

Other sectors

Figure 4.1 Schematic overview of the model. BS; is short for the building stock at the time
tn and BSg ., is for the building stock at time t,,;. The dot-and-dash line in light blue
represents the system boundary. The purple color represents the factors that influence the
building stock development. The red color represents the energy-inefficient buildings, waste,
and the consumption of primary materials. The green color represents the energy-efficient
buildings or reused materials. The efficiency of buildings in light green and orange colors is
between energy-inefficient and energy-efficient buildings.

4.2.2 Material flow and stock
4.2.2.1 Building stock dynamics

The building stock dynamics are modeled based on [248], which is built upon
individual buildings characterized by several attributes, mainly including building
ID, construction year, building type, floor area, geometries, locations (city codes),
U-values (thermal transmittances) of envelope elements (e.g. wall, roofs, and
windows), and material composition. The existing buildings are characterized with
basic information (e.g. footprint area and construction year) from GIS data [172] and
classified based on the strategy of [27], including single-family houses, mid-terraced
houses, end-terraced houses, multi-family houses, and apartment buildings. The
geometries (e.g. window-to-facade ratio) and U-values of envelope elements are
derived by allocating the archetype information [68] to individual buildings based
on construction year and building type. As the GIS data only includes buildings built
before 2015, the data gap of buildings in 2016-2020 is filled up with the stock-driven
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building stock model [248].

A building will be demolished after reaching its demolition year, which is determined
by construction year and lifetime:

taem = teon T Liifetime D

Where tgen is the demolition year, tgo, is the construction year, and tj;fetime 18
sampled based on Weibull distribution [206]. Buildings’ lifetimes can vary
significantly in the real world, depending on their function, ownership, and locations.
In this study, lifetime differences between different building types are not considered
due to a lack of data. The average lifetime is assumed as 130 years [37] and the shape
parameter (k) is 2.95 [248]. Buildings constructed before 1900 are regarded as

cultural heritage or protected buildings and will not be demolished in the considered
time frame.

Construction activity is driven by total floor area demand as well as the demolished
area at that year:

Acont = FAPC, X Py — Se_1 + Agemyt 2

Where Acon: 1s the new construction area. FAPC, is the floor area per capita in
year t and P; isthe population [221] in year t. S;_ is the floor area stock of the
previous year, and Agen ¢ 18 the demolished floor area in year t. According to the
policy of the Netherlands [222], all the buildings constructed since 2021 must be
nearly Zero Energy Buildings (nZEBs). The proportions of new building types are
assumed the same as in 2015 [248]. The Netherlands is still under urbanization [256],
so the locations (city codes) of newly constructed buildings are determined by the
weight of the population per city [30]. The population map can be found in Figure
S$7.3.1 in Appendix.

Renovation activity is determined by annual renovation rates derived from the
national control scenario of the Netherlands [156], which is aimed at realizing a
climate-neutral energy supply in the built environment. Instead of sampling
individual buildings from the building stock, a neighborhood-oriented approach [157]
is used to sample building groups at the neighborhood scale. The neighborhoods with
high weighted average U-values will be renovated first. Insulation materials are
differentiated between conventional and nZEB standards. More details can be found
in [248].

4.2.2.2 Building material composition

This study involves 25 kinds of common building materials in the Netherlands
(Table 4.1). The material composition of an individual building is determined by
matching its building type with the material intensities of the corresponding
archetype. The material intensities of archetypes for existing buildings are
empirically sourced from demolition companies [147], and the material intensities
of new buildings are from [211]. The material intensities of archetype buildings can
be found in Table S7.3.1 and Table S7.3.2 in Appendix. The material composition
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of individual buildings are estimated by multiplying floor area with material
intensities:

Mi,j = MItype,i X Aj (3)

Where M;; is the mass of material i in building j. Mly,,; is the material
intensity of the corresponding building type. A; is the floor area of building ;.

Table 4.1 Material labels and names.

Label | Material name Label | Material name

Al Aluminum MW | Mineral wool

Ar Argon Pl Plastic

Bi Bitumen PUR | Polyurethane foam
CB Clay brick Pw Plywood

Ce Ceramic RC reinforced concrete
Co Copper Sa Sand

Cl Cast iron SC Sand cement

Cr Concrete St Steel

EPS | Expanded polystyrene | SW Softwood

€] Glass WF Wood fiber

Gr Gravel XPS | Extruded polystyrene
Gy Gypsum Zn Zinc

HW | Hardwood - -

In this study, existing glasses will be replaced by HR++ or HR+++ glass. For the
roof, external wall, floor, and door, renovation is considered by adding a new
insulation layer on top of the surface of each envelope element. The details on
insulation materials for envelope elements can be found in Table S7.3.3 in Appendix.
The amounts of insulation materials consumed during renovation (excluding
windows) are determined as follows [211]:

Mijoe=(G—————) Xk XA, xD; (4

ije . S o
J Umsulatwn,j,e Uexl,],e

Where M; ;. is the mass of insulation material i required for insulating a surface
element e. Aj. is the area of the element of building j. Uey; j. is the existing U-
value of the element and Ujpsyiation,je 1S the U-value post insulation. k; is the
thermal conductivity and D; is the density.

4.2.2.3 Collection and recycling

The steps of processing material outflows from demolition and renovation are based
on [44]. The first step is to quantify the annual material outflows and inflows, which
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can be calculated by grouping individual buildings by city codes and then
aggregating the annual outflows and inflows of each material of individual buildings
for each city. The second step is to estimate the amounts of material outflows suitable
for recycling. The third step is to determine the amounts of recycled materials that
can replace primary raw materials required for new construction or renovation.

The supply of collected outflows suitable for recycling is determined as follows:
Msupply,i,t = Moutflow,i,t X REOLcollection'i (%)

Where Mgy ppiy,ic 18 the collected material i from outflows (Myytfiow,it) in year
t. REOL.oyectiond 1S the end-of-life (EOL) collection rate of material i (see Table
S7.3.4 in Appendix), meaning the share of material outflows collected for recycling.

The amount of waste material i in year t is calculated as follows:
Myasteic = Moutflow,i,t x(1- REOLcollectionni) (6)

The limited amount of recycled material used in annual construction activities is
determined as follows:

Miimitit = Minfiow,it X Rlimiti (7

Where Mipfiow,ic 18 the inflow of material i inyear t. Mjjpi;; 1S the maximum
limited amount of primary material { that can be substituted by the recycled
material in year t, and Rjjni; 1S the corresponding recycled content potential. The
recycled content potential, defined as “the potential maximum fraction of secondary
materials in the total input of material production”, is used to estimate the maximum
amounts of recycled material application in new construction and renovation

[44,257]. The recycled content potential of different materials is from the literature
[44] and details can be found in Table S7.3.4 in Appendix.

To determine how many primary materials are replaced by recycled materials, the
annual surplus of recycled materials (Mgyrplus,i ) 18 used. It is calculated as follows:

Msurplus,i,t = Msupply,i,t - Mlimit,i,t (8)

If Mgyrplus,ic 1S less than zero, it means that the supply of the collected material
from outflows is not enough to reach the maximum recycled content potential. If
Mgyrplus,i 1 greater than zero, it means that there is residual collected material

supply, which can be used for other sectors. The formula below shows the calculation
of recycled materials used ( Mpecycled,it ) in the annual residential building

construction and renovation:

Msupply,i,t: Msurplus,i,t <0

)

recycled,i,t Mlimit,i,t: Msurplus,i,t =0

The annual primary material demand (Mprimary,i¢) is calculated as follows:

Mprimary,i,t = Minflow,i,t - Mrecycled,i,t (10)

The EOL recycling rate (Ryecyciing,i,t) 18 used to measure the proportion of the
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collected material that is used in construction and renovation in year t [44]. It is
calculated as follows:

_ Mrecycled,i,t (1 1)

R L
EOL_recycling,i,t Msupply,it

The substitution rate (Rgypstitution,it) 15 used to measure the proportion of the
primary material that is substituted with recycled materials in year t [44]. It is
calculated as follows:

Mrecycled,i,t (12)

Rsubstitution,i,t = M; .
inflow,it

4.2.2.4 Life cycle assessment

In this study, environmental impact is represented by GHG emissions measured as
kg COz-eq [215]. All the GHG emissions of primary and recycled materials,
treatment of wastes, and transportation are modeled with ecoinvent database 3.6 (cut-
off system model) [138]. Electricity mix change will significantly influence the GHG
emissions of material production [258], so the method by [216] is applied to create
future background databases that represent future scenarios for electricity generation
by combining ecoinvent and IMAGE database 3.0 [217]. We select two scenarios:
the scenario (SSP2) based on the middle of the road following a representative
concentration pathway (RCP) of 6 W/m? and the scenario (SSP2 450) based on a
more ambitious middle of the road following RCP 4.5 (SSP2 450, greener electricity
supply) [218]. The LCA software Activity Browser [131] is used to combine these
datasets using the superstructure approach [142] to retrieve the GHG emission
factors (see section 7.3.4) of relevant processes.

The material-related GHG emissions are calculated as follows:

GHGi,t = Mi,t X (Fi,t + Struck X Lmaterial,truck X Ftruck,t + Sship X Lmaterial,ship X Fship,t)
(13)

Where GHG;, is the GHG emissions of material i in year t. M;, is the mass of
material i. F;; is the GHG emission factor of material i production or recycling.
In the Netherlands, building materials are mainly transported by truck and ship.
Struck 18 the share of materials transported with trucks (72%) and Sgp;, is the share
of materials transported with ships (28%) [211]. The average transportation distances
are 96 km (Lmaterial,truck) and 123 km (Lmaterial,ship)a respectively [211]. Ftruck,t
is the GHG emission factor of truck and Fgpp ¢ is the factor for ship.

In this study, wastes are landfilled and the GHG emissions are calculated by
summing up for all the waste materials as follows:

GHGlandfill,t = Z Mwaste,i,t X (Flandfill,t + Ftruck,t X Llandfill,truck) (14)

Where GHGignarin,: 1s the GHG emissions of waste treatment at year t. Fignarin:

is the GHG emission factor of landfills. The average transportation distance for
landfilled waste (Ljangfil truck) 15 50 km [259].
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4.3 Results

4.3.1 Building and material stock
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Figure 4.2 The existing building and material stock and its projected future development.

Figure 4.2a and Figure 4.2b show that both buildings and materials are concentrated
in big cities, such as Amsterdam, Rotterdam, and The Hague. In Figure 4.2¢ and
Figure 4.2d, both building and material stock will increase, while the increase of
material stock is more obvious than that of building stock. Most existing buildings
will still exist by 2050, and the buildings constructed after 2015 only occupy about
19% of the total building stock in 2050. The buildings constructed before 1964 are
demolished most, but still have the largest share in 2050 (24%). Concrete (above
50%) and clay bricks (approximately 20%) dominate the material stock during the
studied period.
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4.3.2 Spatiotemporal material flows

Figure 4.3a shows that most of the material outflows are from Amsterdam,
Rotterdam, and The Hague. From Figure 4.3b we can see that material outflows
increase with time. Concrete (about 60%) and clay bricks (approximately 24%)
occupy the largest share of material outflows. It can be found in Figure 4.3d that the
material inflows are mainly distributed in big cities, especially in Amsterdam. Figure
4.3e shows that annual material inflows will decrease. The material inflows are
dominated by concrete, sand, and reinforced concrete. Comparing Figure 4.3b with
Figure 4.3e, we can find that the material inflows are much more than the outflows.
The structure of material inflows is not in line with the structure of material outflows.
For example, the share of clay bricks is very large in outflows but can almost be
omitted in material inflows. Figure 4.3c and Figure 4.3f show that the spatial
distribution of increased floor area is in line with the material deficit, meaning that
big cities will construct more buildings and required more materials in the future.
However, The Hague will not require as many new buildings and materials as
Amsterdam and Rotterdam.

a) Total material outflows b) Material outflows ¢) Increased floor area
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= Ceramic
Clay brick
Bitumen
= Argon
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d) Total material inflows e) Material inflows f) Material deficit
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® Extruded polystyrene
= Wood fibre

Figure 4.3 The material flows and increased floor area in space and time.
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4.3.3 Substitution potential

Figure 4.4a shows that the supply of collected materials from outflows is mainly
concrete and clay brick, and their amounts increase with time. In Figure 4.4b, the
recycled material streams used in new construction and renovation mainly include
concrete, wood, and glass. In 2035, the consumption of recycled materials begins to
fall while the material supply from collections continues to increase, meaning that
some of the recycled materials (e.g. concrete) have reached their maximum recycling
potential and the residual collected materials (supply surplus) can be used in other
sectors. This is also shown in Figure 4.4¢ that large amounts of the concrete surplus
are generated in the 2035-2050 period. The clay brick is noteworthy as its surplus is
much more than other materials. The reason is that clay brick is not intensively used
in new buildings anymore. Comparing Figure 4.3e and Figure 4.4d, we can find
that large amounts of primary materials (e.g. concrete and sand) will still be
consumed although some material inflows are met by recycled materials.
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Figure 4.4 Figure 4.4a-d show the fate of demolition waste and the demand for virgin
materials after considering the substitution effect of recycling. Figure 4.4e-f show the EOL
recycling rates of collected material outflows and the substitution rates of secondary materials.

Figure 4.4e shows that the EOL recycling rates gradually decline for most materials.
The EOL recycling rate of glass is always 100%, as the amount of recycled glass is
much less than its maximum recycling content potential, and all the collected glass
is consumed in new construction and renovation. This is followed by concrete, which
is not enough to reach its maximum recycling content potential before 2035, while
after about 2035, it begins to reach the maximum recycling content potential and the
concrete surplus begins to exist. The maximum recycling content potential points of
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aluminum (2021), ceramic (2025), and softwood (2021) are much earlier than
concrete (2035). The EOL recycle rates of other materials (e.g. clay bricks) are very
low. From Figure 4.4f we can see that the substitution rates of many materials reach
their maximum recycling potentials before 2035. The substitution rate of glass is
about 59%, much lower than its maximum recycling content potential (91%), as the
collected amount cannot meet the demand.
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Figure 4.5 Material-related GHG emissions. In figure a-b, the substitution of recycled
materials is not considered and all the materials required for construction and renovation are
met by virgin materials. In figure c-d, virgin materials are partly replaced by recycled
materials.

From Figure 4.5a-d we can find that the GHG emissions declines with time in all
scenarios. Mineral wool, concrete, and reinforced concrete account for the most
GHG emissions. Comparing Figure 4.5a with Figure 4.5¢ and Figure 4.5b with
Figure 4.5d, we can find that the GHG emissions of concrete decrease due to the
substitution effect of recycling. The GHG emissions of mineral wool decline
significantly due to the greener electricity mix. In Figure 4.5e, the GHG reduction
effect of a greener electricity mix is greater than substituting primary materials with
recycled materials.

4.4 Discussion
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This study presents a bottom-up dynamic building stock model to link future material
demand and secondary material supply from urban mining. The potential of urban
mining to reduce primary material use and GHG emissions in the Dutch residential
building sector is investigated with the consideration of spatiotemporal dimensions.
The mismatch between supply and demand is analyzed to find out what kind of
materials have the biggest surplus or deficit. Compared with previous studies, the
presented model focuses on future material composition evolvement of the building
stock and builds upon individual buildings with georeferenced information, which
enables the spatialization of material stock and flows. In addition, the material
inflows and outflows during energy-efficiency renovation processes are accounted
for at the building component level. Moreover, instead of directly comparing
material outflows with inflows [112,248], our model not only considers the amounts
of collected materials during demolition but also accounts for the amounts of
recycled material used in annual construction activities. It can help local
governments better manage CDW and understand the potential contribution of urban
mining to realize circular economy and climate change targets.

4.4.1 Potential for substituting primary materials

The results above demonstrate that the material demand for new construction and
renovation outweighs the supply of secondary materials because the increased
population leads to more material demand for constructing new buildings. It might
be challenging to achieve the Dutch target of reducing primary material consumption
by 50% (2030) and 100% (2050) in the residential building sector through urban
mining [234]. In previous studies [112,248], the material outflows are projected to
nearly reach the amounts of annual material inflow by about 2050, indicating the big
potential of recycling CDW to meet material demand for construction and renovation
activities. Differently, the present study shows that the potential of urban mining to
meet material demand is very limited as our model considers the recycling practices
(i.e. CDW collection rates and recycled content potential).

This study uses fixed EOL collection rates and recycled content potential that is
limited by current practice and legislation [44], while the technically recycling rates
of some mineral materials can be very high and even reach 100%, such as concrete
[5]. The recycled content potential might increase due to future technology and
legislation change [260], so the substitution potential of urban mining might be
underestimated in this study. Besides, intersectoral strategies could be made to reuse
the residential material outflow surplus in another sector where it is in shortage, or
vice versa [251], which also influences the substitution potential of urban mining in
the residential building sector.

The economic perspective of building material recycling should also be paid enough
attention to. In our research, materials are individually collected from CDW, which
is a time-consuming and labor-intensive process [44], and might be economically
challenging for developed countries where the labor cost for deconstruction is very
high [240,261]. It is essential to change the legislation that currently limits the
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proportion of secondary materials in material inflows and promote the innovation of
the circular business model for better managing the building material supply chain
[1,44,262-264].

4.4.2 Potential for GHG emission reduction

The GHG emission reduction effect of urban mining is not as important as that of
greening the electricity for material production. When a greener electricity mix is
combined with a decrease of material inflows, and an increase of material outflows,
the annual GHG emissions will decrease fastest, albeit only by about 40% in 2050
compared with 2020 (Figure 4.5¢). Large amounts of concrete are still required in
the future, and they contribute to a great share of GHG emissions. Thus, increasing
the recycled content potential of concrete is critical for GHG emission reduction (see
Figure S7.3.2 in Appendix). Mineral wool is a widely used insulation material while
reducing its application and finding alternative materials with low GHG emissions
(e.g. bio-based materials) are essential [5]. In this study, the fixed recycled content
potential is used but might increase in the future, so the GHG emission reduction
potential of urban mining might be underestimated.

4.4.3 The mismatch between demand and supply

There is a structural contradiction between material supply and demand. On the one
hand, the collected materials from waste streams do not contain some of the materials
required for new construction and renovation, such as insulation materials. On the
other hand, some of the collected materials from CDW will not be required too much
anymore for new construction, such as clay bricks. Therefore, the choice of building
materials in new construction can affect the EOL recycling rate of some materials.

The spatial mismatch between demand and supply is not obvious in this study
because material deficit exists for most cities. The population will probably
concentrate in metropolitan areas due to urbanization and the shrinkage of some
small cities. Thus, different cities might be confronted with different situations in
terms of secondary material surplus and deficit. Several neighboring municipalities
can jointly plan demolition and new construction to reduce or avoid the mismatch in
space and time.

The temporal mismatch between demand and supply could be resolved by better
planning demolition and construction in advance to increase the overall EOL
recycling rates. At the early stage, most of the recycled materials can enter the
material inflows for new construction and renovation (material deficit). Nevertheless,
as with the increase of demolition and the decrease of new construction, some
materials gradually reach their maximum recycle content potential (material surplus).

4.4.4 Limitations and research opportunities

Some important limitations are associated with our study and can be further
improved by future studies:
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(1) Future demolition and construction activities could be better investigated. This
study determines the future building demolition based on sampled lifetimes, and
estimates new building construction based on population and floor area per capita,
while it can be very far from reality, especially for mid-term prediction (from 2020
to 2050 in this study). The household size and living space per person [232] also vary
significantly between different cities (see Figure S7.3.1 in Appendix) and may
change over time due to many factors (e.g. gross domestic product and immigration)
[30]. Our model weights the new construction area based on the population of each
city, but the population increase and migration between cities may significantly
influence the spatial distribution of new construction [20,265]. Future researchers
can collaborate with the governments to gain knowledge on future urban planning
and socioeconomic development forecast.

(2) The future building types and technologies should be explored. The material
structure of outflows and inflows are highly related to the types of buildings to
demolish or construct [5,266]. As with the population increase in big cities and the
scarcity of land, more high-rise apartment buildings with intensive reinforced
concrete use would be built than single-family houses and terraced houses. Despite
the limited GHG emission reduction potential of recycling, bio-based materials (e.g.
wood) can be an alternative construction product to concrete and steel, because some
bio-materials can sequester carbon emissions and act as carbon storage [5,35].

(3) The onsite material collection of demolition waste and the production of
secondary materials need to be studied. The recycling of mineral materials is
particularly complex [41]. Concrete, for example, is a mix of many primary materials,
such as cement, sand, aggregates, and water. However, our model just assumed that
the concrete from CDW is directly to substitute the primary concrete (actually similar
to reuse) has not fully considered the details of production processes (e.g. crushing
collected concrete into reusable aggregates). In this study, steel is collected from the
outflows but its use in reinforced concrete production is not reflected. Therefore, an
intermediate material classification system is required to link the material outflows
and new material production [267]. Besides, future researchers can focus on the LCA
of secondary material production to investigate the more accurate GHG emission
reduction potential of urban mining [262].

4.5 Conclusion

This study presents a bottom-up dynamic building stock model that tracks the
building stock development as well as the material stock and flows. The primary
material substitution and GHG emission reduction potential of urban mining are
explored by linking material demand and the material supply recycled from
demolition waste.

The results demonstrate that urban mining can only replace a small share of primary
material consumption mainly because the increasing population will require more
new buildings. A great structural mismatch exists between recycled materials and the
materials required for new buildings since some collected materials from CDW will
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not be used too much in new construction and renovation. In contrast, there will be
large amounts of concrete outflow and inflow, showing the great recycling potential
of concrete. The GHG emission reduction potential of urban mining is very limited
and not as large as the transition to a greener electricity mix. Mineral wool only
accounts for a very small share in terms of weight but will contribute to a great
proportion of GHG emissions. Therefore, low-carbon insulation materials are
required to replace it, such as bio-based insulation materials.

The model can depict the mismatch between material inflows and outflows in space
and time, which provides the opportunity to better plan demolition and construction
for high-quality CDW management. Future studies could focus on cross-region
materials flows. For example, the recycled material outflows of shrinking cities
might be used in emerging cities next to them. Neighboring cities can make recycling
strategies together to improve CDW management. In addition, future research can
combine residential buildings, utility buildings, and infrastructures that consume
similar materials. This would better depict the overall material flows between
different sectors, and thus make more systematical policy strategies for CDW
management, especially for saving the cost of voluminous mineral material storage
and logistics. Moreover, given that new construction requires large amounts of
materials, extending the lifetime of existing buildings by extensive renovation rather
than demolition and reconstruction can greatly reduce both CDW generation and
primary material consumption.
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Chapter 5 Key strategies for decarbonizing the residential
building stock: Results from a spatiotemporal
model for the Netherlands*

Abstract

Decarbonizing the building stock plays an important role in realizing climate change
mitigation targets. To compare the decarbonization potential of different strategies,
this study presents a spatiotemporal bottom-up dynamic building stock model that
integrates material flow analysis, building energy modeling, and life cycle
assessment. It can simulate future building stock evolution at the component level
and track the associated material flows, energy demand and generation, and GHG
emissions with the consideration of both endogenous factors (e.g. building energy
efficiency upgrade) and exogenous factors (e.g. policies, occupant behavior, and
climate scenarios). The model is applied in the residential building stock of Leiden,
a municipality in the Netherlands. Results show that annual GHG emissions are
reduced by about 40% under the reference scenario while annual GHG emissions
can be reduced by about 90% under the ambitious scenario where all the
decarbonization strategies are simultaneously implemented. Natural-gas-free heat
transition and renewable electricity supply are the most effective strategies,
respectively reducing the annual GHG emissions in 2050 by an additional 21% and
19% more than the reference scenario. Rooftop PV, green lifestyle, and wood
construction have similar decarbonization potential (about 10%). Surplus electricity
can be generated if rooftop PV systems are installed as much as possible. The
decarbonization potential of demolition waste recycling is much smaller than other
strategies. The model can support policymakers in assessing the decarbonization
potential of different policy scenarios and prioritizing decarbonization strategies in
advance.

Keywords: climate change, energy transition, circular economy, building stock
model, material flow analysis, life cycle assessment

5.1 Introduction

The building sector accounts for 30% of global final energy consumption [268] and
nearly 50% of all resource extraction [5]. It also generates large amounts of
construction and demolition waste (CDW), equivalent to nearly 40% of annual
extracted building materials [5]. The construction and operation phases contribute to
37% of greenhouse gas (GHG) emissions around the world [268], mainly from fossil
fuel combustion for heat and carbon-intensive electricity consumption for appliances,

4 Published as: Yang, X., Hu, M., Zhang, C., Steubing, B. Key strategies for decarbonizing
the residential building stock: Results from a spatiotemporal model for Leiden, the
Netherlands. Resources, Conservation & Recycling. 184, 106388 (2022).
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lighting, and material production [5,269]. Ongoing urbanization and population
growth [270] further emphasize the urgency of drastically decarbonizing the building
sector to achieve the Paris Agreement goals [271].

GHG emission sources highlight the main decarbonization strategies in the built
environment [5]. Demand-side strategies mainly include increasing material
sufficiency (avoiding material demand and delivering human wellbeing within the
biophysical limits of the planet) [272,273] and operational energy efficiency [11].
Supply-side strategies involve the transition towards renewable energy supply and
low-carbon material production (e.g. bio-based materials) [1]. These strategies are
coupled with each other during the development of the building stock [28]. For
example, the reconstruction and renovation wave [274] would trigger considerable
material flows and the deployment of high-quality CDW recycling [28]. Besides
technical strategies, lifestyle change (e.g. floor area per capita and room temperature)
[27,28] influences the demand for materials and energy, and thus affects climate
change target realization [73].

Diverse models have been developed for evaluating the decarbonization strategies
of building stock [29,129], mainly including building energy modeling (BEM)
[27,107], material flow analysis (MFA) [24,114], and life cycle assessment (LCA)
[20,134]. Dynamic building stock models further integrate these three tools to
consider the overall material flows, energy demand, and environmental impact
[95,248]. Despite advances in modeling techniques, existing researches have the
following limitations:

(1) There is a lack of comprehensive consideration of deploying different
decarbonization strategies together. For example, circular economy and energy
transition are usually considered separately although they are both essential
strategies deployed simultaneously in construction practices [275]. Besides,
exogenous factors (e.g. technologies, policies, occupant, and climate) are usually
assumed constant [5,28,276] and the interaction between them is typically neglected
[3].

(2) Previous dynamic building stock models are mostly top-down models that depict
the long-term trend of large-scale building stock (e.g. national or global) [29] and
estimate material and energy quantities with intensities and floor area [28], limiting
the evaluation of transformation strategies due to overlooking building heterogeneity
[10]. To support governments in tackling local climate change issues, they have to
shift towards the spatiotemporal bottom-up models that include more buildings and
building technology details [248].

(3) The decarbonization opportunity of materials (e.g. CDW recycling, low-carbon
production, and bio-based materials) is usually ignored [34], particularly for the
materials consumed during renovation [5,28], while embodied emissions gain more
importance as a result of building energy efficiency upgrade [24,277].

(4) Existing studies typically consider renovation with exogenously defined annual
renovation rates based on recent trends or policy targets [26,125]. Nevertheless, the
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payback time of renovation is very long due to high investment and relatively low
energy bill savings [59], making it usually occur during the “natural” aging process
for component replacement, maintenance, or upgrading [199,278].

This study presents a spatiotemporal bottom-up dynamic building stock model that
can track material flows, energy demand and generation, and environmental impact
with the consideration of different decarbonization strategies. The building stock is
composed of individual buildings characterized by a series of attributes that are
updated every year due to the replacement of building components and the change
in exogenous factors. The model is applied in the residential building stock of the
Dutch city of Leiden to answer the following research question:

To what extent can primary materials, energy, and GHG emissions be reduced under
different decarbonization strategies, namely a material transition, an energy
transition, and a greener lifestyle?

5.2 Materials and methods

5.2.1 Model overview

Step 1: <
decarbonization strategies
and scenario definition

Renovation

I
Building stock |

1
1
1
1
1
1
1
1
1
dynamic building stock 4 ! Demolition
1
1
1
1
1
1
1
1

Step 2:
model ——
Recycled
Demolished | rnaterlals ...............
buildings
L S
Step 3:

assessment of material and
energy consumption and
environmental impacts

.

Figure 5.1 The model overview.

The modeling approach is shown in Figure 5.1. It encompasses three parts with
temporal dimensions: decarbonization strategies and scenario definition, dynamic
building stock model, and assessment of material and energy consumption and
environmental impacts. Decarbonization strategies mainly consist of material
transition (e.g. circular economy and bio-based construction), energy transition (e.g.
energy efficiency improvement and renewable energy supply), and green lifestyle
(e.g. less floor area per capita). Scenarios are differentiated by the combination of
decarbonization strategies. We analyze the potential building stock development
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under different decarbonization strategies or scenarios that affect building stock size
and composition, material flows, energy demand and generation, and the related
environmental impact. The recycled materials from CDW are reused in annual
construction activities. The environmental impact of material flows and energy
consumption and generation during building stock development are further
calculated by LCA.

The building stock is composed of individual buildings from geographic information
system (GIS) data [172]. The building typologies from TABULA [68] are employed
to classify buildings (see Table S7.4.1 in Appendix) and derive building information
(e.g. geometries, and physical properties) based on [27]. Buildings are characterized
with several kinds of attributes, mainly including basic building information (e.g.
construction year and floor area), location, components, material composition,
annual energy demand and generation, and environmental impact (see more in Table
S7.4.2 in Appendix).

5.2.2 Decarbonization strategies and scenario definition

The Dutch government wants to reach carbon-neutrality [157] and full circularity
[155] by 2050, including the building sector. Most existing residential buildings in
the Netherlands have relatively low thermal insulation standards [208] and almost
90% of them rely on natural gas for space heating and hot water [214], suggesting
its untapped decarbonization potential. Leiden, a medium-sized city in the
Netherlands, has various types of residential buildings (29,030 in total), including
both historical buildings and new buildings [44]. The municipality of Leiden hopes
to realize a natural-gas-free heat supply [229] and a circular economy [279] in the
building sector. Here we use the residential building stock of Leiden as a
representative case study. The timeframe of this study is from 2015 to 2050.

Based on literature [1,28-31] and relevant Dutch policies [11,74,157,220], this study
involves several main decarbonization strategies and defines two scenarios, i.e.
reference scenario and ambitious scenario (see Table 5.1). The reference scenario
follows a conservative development pattern. In the ambitious scenario, all the
strategies are simultaneously adopted to investigate the maximum decarbonization
potential of the residential building stock. Given the importance of prioritizing
optional strategies for policymakers and other stakeholders [1], the decarbonization
potential of each strategy is investigated by independently deploying them in
addition to the reference scenario.

5.2.3 Dynamic building stock model
5.2.3.1 Demolition

The buildings constructed before 1920 are regarded as historical buildings [229],
which will not be demolished in our model. The demolition year of individual
buildings is estimated as follows:

tdem = tcon + tlifetime,building (1)
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Where tgem

tlifetime,building

is the demolition year,

distribution [125] based on [248].

Table 5.1 Description of strategies and scenarios.

tCOTl
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is the construction year, and
is the randomly assigned lifetime following the Weibull

Decarbonization strategies

Reference scenario

Ambitious scenario

Materials recycled from
CDW are applied to

Current recycling

CDW is completely

construction

use of bio-based materials
in new construction [3,5].

D1. Material - - Co recycled for
- substitute the primary raw practices in the -

recycling - - construction and

materials for construction Netherlands [44]. -
L renovation [155,234].
activities [280].
The share of wood

Wood buildings [281] are The share of wood buildings in annual

D2. Wood introduced to represent the | buildings in annual construction will

construction is 20%
[282].

linearly increase from
20% to 80% by 2050
[282].

Natural gas boilers are
replaced by electric heat
pumps or heat networks

Current heat sources

The share of
neighborhoods
implementing a natural-

awareness and the
reduction of vacancy rates
[28,34].

D3. Heat and envelope elements are - -
transition additionally insulated to (see Taple S748in g_as-free _plan will
- Appendix). linearly increase to
improve energy 100% by 2050
performance standards [156,229]
[229,248]. ' '
The share of renewable .
D4. S - Conservative :
electricity in the public . Greener public
Renewable lectrici idisi d development of public lectrici id
electricity electricity grid is increase electricity grid electricity grid.
[216,248]. '
Solar PV systems are
installed on roofs to The share of roofs with | The share of roofs with
D5. Roofto substitute the public grid solar panels linearly solar panels linearly
PVI P electricity consumption increases from 4.4% increases from 4.4%
(towards positive energy [70] to 30% [156] by [70] to 100% [156] by
buildings or 2050. 2050.
neighborhoods) [1,156].
. Floor area per capita
The floor area per capita linearly degreases by
and room temperature Floor area per capita 15% in 2050
gradually decrease due to remains unchanged (62 compared with 2015
D6. Green the increase of m? per person in 2015) 28] pThe share of
lifestyle environmental protection [172,283]. The room :

temperature is set as
20 °C [27].

buildings heated at

18 °C in conditioned
areas linearly increases
to 100% by 2050 [28].

5.2.3.2 Construction

Annual constructed floor area is driven by future population (see Table S7.4.7 in
Appendix), floor area per capita, and demolition [108]. New buildings are
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represented by TABULA archetypes [68]. According to Dutch policy [222], all the
new buildings built from 1 January 2021 have to meet the nZEB (nearly Zero Energy
Building) standard. The annual constructed floor area of a type of building
(Acon,type,t) 18 estimated as follows:

Acon,type,t = (FAPCt X Pt - St—l + Adem,t) X PPbuilding_type (2)

Where FAPC, is the floor area per capita in year t. P, is the population in year t.
S¢—1 1s the floor area stock of the previous year. Agem ¢ is the total demolished
floor area in year t. PPpyjjging type 18 the proportion of a type of building. This
study uses the building type proportions in 2015 [27] to segment the annual
constructed floor area.

5.2.3.3 Renovation

This study models renovation at the building component level, mainly including
envelope elements (roof, window, external wall, door, and ground floor), ventilation
systems, space heating systems, domestic hot water systems, and rooftop PV systems.
The renovation will occur after a component retires. As the ages of existing
components are usually unknown, we estimate the retirement time of existing
components as follows:

tstart—tcon

t‘retirement,existing = tcon X tlifetime,component + tlifetime,component

A3)

Where tretirement,existing 1S the retirement year of an existing building component.
tstare 18 the start year of the considered timeframe (i.e. 2015). tjifetime,component
is the lifetime of the component (see section 7.4.4).

tlifetime,component

The retirement year of a newly installed component is calculated as follows:

tretirement,new = tcurrent + tlifetime,component (4)

Where tretirementnew 15 the retirement year of a new building component.
teurrent 1S the current year.

Buildings in the same neighborhood tend to have similar characteristics (e.g.
construction years, building technologies, and heat sources) and can be upgraded
with similar solutions [229]. In the Netherlands, municipalities are required to make
a heat transition plan based on the neighborhood-oriented approach [207,248,284],
which determines when and which neighborhoods will be tackled with what kinds
of solutions, i.e. the dynamic heat transition map (see Figure S7.4.1 in Appendix).

The heating system choice sets of individual buildings are linked to the
corresponding neighborhood and updated every year. The alternative space heating
systems in each neighborhood are from the heat vision of Leiden [229]. Insulation
levels can greatly affect the efficiency of space heating systems [227,248]. For
example, buildings installed with electric heat pumps and low-temperature heat
networks have to be well insulated. This study considers two renovation
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combinations: conventional renovation and nZEB renovation [68]. The details of
insulation standards and technical systems can be found in section 7.4.4.

5.2.4 Analysis of material and energy flows and related environmental impacts
5.2.4.1 Material flows

This study involves 25 kinds of common building materials in the Netherlands (see
Table S7.4.4 in Appendix). The initial material stock of individual buildings is
determined by multiplying material intensities (see Table S7.4.5 and Table S7.4.6
in Appendix) with the floor area. The material flows during renovation are accounted
for based on [248]. The material composition of individual buildings is recorded
every year (see Table S7.4.3 in Appendix) and will be updated during envelope
renovation. Individual buildings’ material stock and flows are aggregated to the
building stock level. The supply of secondary materials from CDW is calculated
based on [280].

5.2.4.2 Energy demand and generation

The energy consumption of Dutch residential buildings mainly includes space
heating, domestic hot water, and electricity for appliances and lighting [183,248].
The annual energy demand for space heating and domestic hot water is calculated
based on [27]. The annual electricity demand for appliances and lighting is calculated
by multiplying floor area with measured electricity consumption intensities [248].
For buildings installed with rooftop PV, the annual generated electricity is calculated
based on [248]. Considering the effect of future weather change on space heating
demand and electricity generation from rooftop PV [12,285,286], the climate
scenario from KNMI [287] is used to represent the future weather change in the
Netherlands. The temperature will linearly increase by 0.035 °C every year and the
solar radiation will increase by 0.04% every year, from 2015 to 2050. Individual
buildings’ annual energy demand and generation are accordingly updated every year.

5.2.4.3 Life cycle assessment

Climate change is selected as the environmental impact category and measured as
kg CO2-eq [215]. The current and future environmental impact for all materials and
energy services is modeled based on future scenario background life cycle inventory
databases as described by [216]. These databases are constructed from a combination
of data from the IMAGE model [218] and the ecoinvent database (cut-off system
model) [138]. Here, we have updated these databases to version 3.6 of ecoinvent and
calculated climate change impacts using the superstructure approach [142] as
implemented in the LCA software Activity Browser [131]. This data represents two
scenarios: the SSP2-base (Shared Socio-economic Pathway) scenario, which
represents the middle of the road following a representative concentration pathway
(RCP) of 6 W/m?, and the SSP2-2.6 scenario, which represents a more ambitious
middle of the road scenario, characterized by a greener energy mix and limiting
global warming to just below 2 degrees by 2100 [288]. SSP2-base corresponds to
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the reference scenario and SSP2-2.6 corresponds to the ambitious scenario (Table
5.1). Annual GHG emissions are calculated by multiplying the amounts of materials
and energy with the related GHG emission factors (see section 7.4.5). Details on
quantifying the GHG emissions related to material transportation and end-of-life
treatment can be found in [280].

5.3 Results

5.3.1 Building stock

a) Average construction year (2015) b) Floor area ratio (2015)
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Figure 5.2 Current building stock and its future development. In Figure 5.2a, the average
construction year is weighted by floor area to represent the age of building stock in each
neighborhood. In Figure 5.2b, the floor area ratio[289] is calculated by dividing the total floor
area per neighborhood by the neighborhood’s land area. Figure 5.2¢c-d show the evolvement
of building stock composition (total floor area of each construction period).

Figure 5.2a shows that the building stock of Leiden is very old, with nearly 50% of
neighborhoods older than 1964, while there is only one neighborhood where the
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buildings’ average construction year is after 1992. The city center (inside the moat)
is the oldest and densest area (Figure 5.2b). In Figure 5.2¢ and d, the buildings
constructed before 1964 occupy a large share (above 30%), suggesting the necessity
and potential of decarbonizing the existing building stock. In the reference scenario,
the building stock sees a continuous increase of 24% by 2050, making new buildings
account for 30% of the total building stock. In the ambitious scenario, the building
stock size increases at the start and reaches its peak at 8.1 km? in 2035 but begins to
drop until 2050, with only 6% more than in 2015. In 2050, the proportion of new
buildings is only 18%, much smaller than the reference scenario.

5.3.2 Material demand and supply
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b) Cumulative material flows under ambitious scenario
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c) Total material flows under different strategies
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Figure 5.3 Cumulative material demand and supply. The material demand is supplied by
primary and secondary materials. The amounts of materials in Figure 5.3c are the sums of
material flows in the 2016-2050 period.

In Figure 5.3, the material demand is mainly composed of concrete and sand,

75



Key strategies for decarbonizing the residential building stock: Results from a
spatiotemporal model for the Netherlands

regardless of scenarios and strategies. Compared with the reference scenario (Figure
5.3a), the total material demand (2016-2050) declines by about 55% in 2050 for the
ambitious scenario (Figure 5.3b) and 51% for the green lifestyle (Figure 5.3¢). The
wood construction strategy reduces material demand by 15% due to the use of low-
density wood materials and less concrete. Heat transition strategy slightly increases
material demand as a result of more insulation material use.

Considerable primary materials are still required because the secondary materials
supplied from CDW can only provide very limited amounts and kinds of materials
(mainly concrete). Even though the recycling strategy is fully implemented, only
about 13% of material demand can be met by secondary materials. The green
lifestyle strategy reduces the new construction and thus consumes much fewer
materials, around 17% of which can be supplied from secondary materials. In the
ambitious scenario, around 27% of material demand is met by recycling and more
than half of consumed concrete is secondary.

5.3.3 Energy demand and generation

Figure 5.4a shows that in 2015, the energy intensities of about half of the
neighborhoods are more than 120 kWh/m?a and the energy intensities of three
neighborhoods are even higher than 160 kWh/m?a. In the reference scenario, the
energy intensities of most neighborhoods (77%) are below 80 kWh/m?a in 2050. In
the ambitious scenario, the energy intensities decrease dramatically in 2050 when
the energy intensities of all the neighborhoods are lower than 80 kWh/m?a.

The annual energy demand decreases by 27% in the reference scenario (Figure 5.4b)
and 53% in the ambitious scenarios (Figure 5.4¢), particularly for space heating
demand, which is reduced by 49% in the reference scenario and 80% in the ambitious
scenario. This leads to a lower proportion of space heating energy in annual energy
demand, dropping from 72% in 2015 to 50% (reference scenario) and 30%
(ambitious scenario) in 2050. In contrast, the shares of electricity and hot water
energy experience a great increase. The proportion of electricity grows from 15% to
28% (reference scenario) and 39% (ambitious scenario). The share of hot water
energy rises from 14% to 23% (reference scenario) and 31% (ambitious scenario).

Comparing different strategies (Figure 5.4d), we can find that heat transition has a
greater effect on reducing annual space heating demand than green lifestyle, but the
effect of a green lifestyle is bigger than heat transition at the early stage. In Figure
5.4e, rooftop PV systems can only meet about 46% of annual electricity demand in
2050 in the reference scenario. When rooftop PV systems are installed as much as
possible, the building stock not only becomes self-sufficient in electricity but also
has an electricity surplus (36% with 62 GWh in the ambitious scenario).

5.3.4 GHG emissions

Figure 5.5a shows that in 2015, the GHG intensities of most neighborhoods are
above 30 kg CO»-eq/m*a and in some neighborhoods, the intensities are even more
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than 40 kg CO,-eq/m?a. Only three neighborhoods’ intensities are below 20 kg CO»-
eq/m?a. The city center is a carbon-intensive area where the GHG intensities are
mostly above 40 kg COr-eq/m?a. In 2050 of the reference scenario, the GHG
intensities of most neighborhoods are below 20 kg CO»-eq/m?a while the intensities
of 36% of neighborhoods are still between 20-30 kg CO»-eq/m?a. In the ambitious
scenario, the GHG intensities are significantly reduced in 2050 when the GHG
intensities of most neighborhoods are below 10 kg COx-eq/m?a except for one
neighborhood with intensities between 10-20 kg CO»-eq/m?a.
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Figure 5.4 Energy demand and the electricity generated from rooftop PV.

Comparing Figure 5.5b with ¢, we can find that annual GHG emissions decrease by
40% (reference scenario) and 88% (ambitious scenario) by 2050, meaning that the
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carbon-neutral building stock target is nearly reached if all decarbonization strategies
are deployed together. The GHG emissions of space heating occupy the largest share
in all scenarios and periods, ranging from 47-75%. The share of GHG emissions
from electricity generation is stable in the reference scenario (25-30%) but in the
ambitious scenario, it ranges from 12% to 29%. In the ambitious scenario, the GHG
emissions of hot water decline to nearly zero due to the extensive adoption of solar
water heaters. Material-related emissions only account for a small share of annual
GHG emissions (below 20%).
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Figure 5.5 GHG emissions. Figure 5.5a and b show the annual operational GHG intensities.
The percentages in Figure 5.5¢ are the ratios of cumulative operational GHG reduction
potential in comparison with the reference scenario to cumulative material-related GHG.
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Figure 5.5d shows that the heat transition strategy has the largest impact on annual
GHG reduction (21% more than the reference scenario), which is closely followed
by the renewable electricity strategy (19%). Rooftop PV strategy, green lifestyle
strategy, and wood construction have similar decarbonization potential (about 10%).
The effect of fully implementing the recycling strategy is almost negligible. Figure
5.5e suggests that the ambitious scenario realizes the most cumulative operational
GHG reduction with the least material-related GHG emissions, which is followed by
heat transition, renewable electricity, and rooftop PV.

5.4 Discussion

This study presents a spatiotemporal bottom-up building stock model to evaluate the
GHG emission reduction potential of the building stock. The model builds upon
individual buildings from GIS data characterized by a series of parameters (including
technical details) and tracks the development of individual buildings at the
component level. Future material flows, energy demand and generation, and GHG
emissions are accounted for every year building by building with the consideration
of both endogenous factors (e.g. building component replacement or upgrade) and
exogenous factors (e.g. material and energy policies, population and occupant
lifestyle, and climate change scenarios). The model can prioritize decarbonization
strategies by comparing the effects of different policy strategies on the overall
decarbonization potential of building stock. The employment of local and high-
resolution data further strengthens its reliability and capability to support decision-
makers in making neighborhood or city-specific strategies for climate change
mitigation.

5.4.1 Overall decarbonization potential

Our study shows that the carbon-neutral building stock goal cannot be achieved in
the reference scenario (conservative development pattern) where only around 40%
of the annual GHG emissions are reduced in comparison with 2015. This
demonstrates that simply upgrading building energy efficiency by envelope
insulation is not enough for realizing the carbon-neutral target and replacing natural
gas with renewable heat sources is also necessary. When all the decarbonization
strategies are simultaneously deployed to their furthest potential, annual GHG
emissions can be reduced by nearly 90%, meaning that there is still some distance to
the carbon-neutral building stock. It is worth noting that these strategies involve
greening the energy system and thus a wider effort than just within the building
sector is required. Although the introduction of wood construction and renewable
electricity generation can have positive climate effects, e.g. from temporary carbon
storage [290], their absolute values are small in our study compared to other
emissions.

5.4.2 The key role of energy transition

Heat transition contributes the most to reducing energy demand and GHG emissions.
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Even in the reference scenario where the energy efficiency of buildings follows a
natural improvement pattern, the annual energy demand and GHG emissions of
space heating both decline by about 50%. A sensitivity analysis is conducted to
evaluate how faster heat transition [291] influences future GHG emissions (see
Figure S7.4.2 in Appendix). It shows that early deployment of the natural-gas-free
plan can gain more GHG reduction, which is in line with the finding of [291]. This
highlights the need for taking action earlier to realize “no regrets” renovation
[157,292-294]. The heat transition is followed by the strategy of greening the public
electricity grid, which reduces annual emissions by 59%. Its distinctive feature is
that it can reduce both embodied and operational GHG emissions [34,258], so it
plays a key role in decarbonizing the building stock, which is also confirmed by
some other studies [31,248,295,296]. Large-scale installation of rooftop PV systems
has great potential for mitigating the dependence on public grid electricity and
decarbonizing the building stock, which is also confirmed by some previous studies
[66,70,248,297]. The green lifestyle strategy has a similar decarbonization effect to
the wide installation of rooftop PV systems. Its role lies in reducing future demand
for materials and energy while great uncertainties exist.

5.4.3 Limited effect of material-related strategies

The material recycling strategy has a very limited potential for reducing and
decarbonizing materials. Wood construction has the potential for reducing annual
GHG emissions, yet a sustainable supply of sufficient quantities may be the
bottleneck [282]. In this study, material-related strategies have a much smaller effect
on decarbonization than energy-related strategies during the considered time frame.
The reason is that embodied GHG emissions make up only a small proportion of
annual GHG emissions (Figure 5.5), which is also demonstrated by [248,296]. It is
commonly believed that the relative share of embodied GHG emissions will increase
in the future [32,248], which is also shown in Figure 5.5¢. However, this share is
also determined by what kinds of strategies are implemented to what extent. For
example, greening the energy systems (e.g. renewable public electricity grid and
rooftop PV installation) can significantly reduce operational emissions while the
decarbonization potential of building materials is relatively smaller [248]. Wood
construction can greatly reduce material-related emissions and thus makes the share
of embodied emissions remain very small (Figure 5.5d). Some other studies [34,35]
find that the lifetime extension of buildings and components is very effective in
reducing GHG emissions. We plan to explore this by including the lifetime extension
strategy in our model in future research.

5.4.4 Relationships between decarbonization strategies

It is worth noting that the decarbonization strategies may sometimes have co-benefits
and adverse side effects on each other [34,298]. For example, implementing heat
transition and wood construction strategies will require some new materials (e.g.
insulation materials and wood) that CDW recycling cannot supply, which lowers the
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recycling rate and decarbonization potential. On the contrary, a renewable electricity
mix can further enhance the effect of heat transition by decarbonizing the electricity
consumed by widely installed heat pumps. In the ambitious scenario, the electricity
generated from rooftop PV in 2050 can provide about 46% of the total electricity
consumption of Leiden in 2015 (1821 TJ [299]). It has an electricity surplus (31%)
for appliances, lighting, and electric heat pumps under the assumption that the heat
pump’s coefficient of performance (COP) is 3.5 [74]. However, there will also be a
trade-off between the GHG emission factors of rooftop PV electricity and public grid
electricity for the SSP2-2.6 scenario in about 2040 (see Table S7.4.23 in Appendix).
Therefore, the aggregated GHG reductions of each strategy are not equivalent to the
reduced GHG emissions in the ambitious scenario where all strategies are
simultaneously implemented. Besides, this study compares the decarbonization
potentials of different strategies but it doesn’t mean that the strategies with limited
decarbonization potentials are unimportant. Instead, different policies are made to
resolve different issues. The material recycling strategy, for example, can to some
extent reduce the extraction of primary materials from nature and the generation of
CDW and related environmental effects, yet its overall GHG reduction potential is
rather small.

5.4.5 Model applicability and implications

The spatiotemporal model integrates MFA, BEM, and LCA, enabling it to
comprehensively simulate the impacts of multiple aspects (e.g. policies, technologies,
occupants, and nature) on the future development of floor area stock, technology
distribution, material flows and stock, energy demand and generation, and GHG
emissions. It can help policymakers prioritize the strategies for decarbonizing
building stock by evaluating their performance in advance with the consideration of
detailed technical practices. In theory, the model can be applied on larger scales (e.g.
countries or regions) and in other countries as long as the required data is available.
However, the space cooling demand model could also be included in future research
as in some regions air conditioning systems are widely installed. The comparison
between different strategies shows the descending order of their priority in terms of
decarbonization potential for residential building stock in Leiden: heat transition,
greener electricity mix, rooftop PV, green lifestyle, wood construction, and material
recycling. The results might apply to some other Dutch cities because most
residential buildings in the Netherlands are heated by natural gas boilers. However,
the effects or order of decarbonization strategies might be very different considering
the area-specific climate, building stock composition, energy supply systems, and
socio-economic circumstances, as a recent study [296] shows.

5.4.6 Limitations and future research

Some potential limitations are associated with our study:

(1) The study mainly considers the effect of policy strategies from a technical
perspective (e.g. lifetime-driven building component renovation) while in reality,
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socioeconomic factors can greatly affect the implementation of strategies. For
example, the residents might be reluctant to renovate the building to a higher
efficiency level and transit to low-temperature heating systems, because investments
may not pay off quickly enough [248,300-302]. The financial initiatives from the
government and the legislation for building technologies can also affect the pace of
implementing strategies. Future research should investigate transformation patterns
that are affordable and beneficial for everyone with the consideration of potential
governments actions [157].

(2) Our model only considers the energy-efficiency renovation while in practice, it
often happens in combination with non-energy renovations [303]. Thus, it is
important to consider them together as non-energy renovation requires large amounts
of building materials.

(3) This study has not considered the increasing efficiency of appliances and lighting
[156] as well as the rapid growth in the use of appliances in buildings, so the future
electricity demand from appliances, combining projected use and efficiency, is
subject to high uncertainty. It would be interesting to investigate future electricity
demand as well as its decarbonization potential.

(4) Dynamic carbon accounting and the effect of carbon storage, as well as the wood
availability and potential supply, are not included in this study, which could be
explored in the future.

5.5 Conclusion

In this study, we present a bottom-up dynamic building stock model that builds upon
individual buildings from GIS datasets and integrates MFA, BEM, and LCA. It is
capable of tracking the building stock development and the associated material flows,
energy demand and generation, and the corresponding environmental impact in
space and time. Both building energy upgrade and exogenous factors (e.g. policies
and occupant behavior) are considered to assess the potential effects of different
policy strategies on the realization of future building stock decarbonization goals.
The model is applied in a Dutch city to explore the overall decarbonization potential
of the residential building stock and compare the decarbonization effects of different
policy strategies.

Results show that the annual GHG emissions can be reduced by above 90% if all
strategies are effectively deployed together. Energy transition plays the most critical
role. Heat transition and greening the public electricity grid have similar
decarbonization potential, while this is beyond the building sector itself. Wide
installation of rooftop PV systems can generate surplus electricity for residential
electricity consumption. Material-related strategies contribute less to GHG emission
reduction than energy-related strategies due to the small share of embodied
emissions in annual total GHG emissions. The decarbonization potential of CDW
recycling is almost negligible as it can only provide limited amounts and kinds of
materials to substitute the primary materials. Increasing the construction of wood
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buildings can reduce much more GHG emissions than CDW recycling.

The study demonstrates that the residential building stock has great decarbonization
potential whereas different kinds of strategies need to be effectively implemented
simultaneously. Reducing energy demand through wide renovations cannot lead to
climate-neutral building stock. It should be accompanied by increasing the share of
renewable energy in the energy mix. Future research should focus more on the
socioeconomic aspects to promote the early and effective implementation of
decarbonization strategies because faster energy transition can reduce more GHG
emissions.
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Chapter 6 General discussion

The thesis aims to help policymakers understand how building stock in the
Netherlands can be decarbonized and supports them in formulating relevant climate
change mitigation strategies also for the residential building sector in the Netherlands.
The research gaps, research questions, and corresponding answers covered by this
study are shown in Table 6.1. To answer the research questions, I develop a series of
bottom-up building stock models to characterize the current building stock, track
building stock evolution, analyze materials flows, simulate energy demand, and
account for environmental impacts. The models can be applied to support
policymakers in making policies related to developing a circular economy, reducing
energy demand, phasing out fossil fuels, and mitigating climate change. In the
remainder of this chapter, I will summarize and discuss my main findings and
provide some implications for policymakers. Finally, this chapter analyzes the
uncertainties and limitations of my models and provides some suggestions for further
improving bottom-up building stock modeling.

Table 6.1 Research gaps, research questions, and corresponding answers of this thesis.

Research gaps

Research questions

Answers

The potential
development of the
Dutch residential
building stock in
space and time

How will the residential
building stock develop in
the Netherlands? (Chapter
3,4, and5)

Improved insight into building stock
composition

Insight into material flows related to
demolition and new construction

Insight into the spatial distribution of
stocks and flows over time

Energy-saving
potential and

energy supply

How much can energy
demand be reduced and
what is the potential of
rooftop PV to meet local
electricity demand?
(Chapter 2, 3, and 5)

Developing an engineering-based
building stock energy model for
assessing energy-saving potential
Insight into future energy demand
Analyzing energy-saving effects of
different measures

Exploring the electricity generation
potential of rooftop PV

Linking material
outflows with
inflows in space

How much primary material
consumption in the Dutch
residential building sector
can be potentially reduced

Insight into the spatiotemporal
distribution of material flows and stock

Analyzing the mismatch between
material demand and secondary material

and time by urban mining? (Chapter

4 and 5) supply

To what extent can Estimating the overall decarbonization
Overall residential GHG emissions potential
decarbonization be reduced under different Comparison between the decarbonization
potential of decarbonization strategies potential of different strategies

combined strategies

and scenarios? (Chapter 3,
4, and 5)

Discussion on the relationships between
strategies
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6.1 Answers to research questions

Question 1: How will the residential building stock develop in the Netherlands?

Chapter 3 shows that the buildings constructed before 1964 will still form the largest
share of the Dutch building stock during the considered time frame (from 2015 to
2050). The annual demolished floor area will increase as an increasing number of
buildings will reach the end of their lifespan. The demolished buildings are mostly
constructed before 1964. The annual newly constructed floor area will become less
with time as a result of a slower population increase. The floor area of newly
constructed buildings (defined as buildings constructed after 2015) will account for
about 20% in 2050. Most existing buildings will remain in use until 2050 or later,
meaning that improving the existing buildings is the most important task for realizing
energy neutrality and climate change targets.

Chapter 5 conducts a case study for Leiden. The reference scenario uses a fixed floor
area per capita value while the ambitious scenario assumes that the floor area per
capita will linearly decrease by 15% from 2015 to 2050. Results show that with this
ambitious scenario, the total floor area will increase before 2035 and then begin to
shrink, but the total floor area in 2050 is still more than in 2015 (increased by 6%).
This makes the share of new buildings in the ambitious scenario (18%) smaller than
that of the reference scenario (30%) in 2050.

Question 2: How much can energy demand be reduced and what is the potential of
rooftop PV to meet local electricity demand?

To assess the energy-saving potential of energy efficiency measures, Chapter 2
develops an engineering-based space heating demand model based on EN ISO 13790
[180]. The GIS data and building archetypes in the Netherlands are used to derive
individual buildings’ information, such as component geometries and physical
properties. The spatial validation shows that the model can well estimate the space
heating demand of the residential building stock of the Dutch city of Leiden. It can
provide acceptable results at the postcode scale (containing 9 buildings on average).
However, there may be considerable uncertainties regarding individual buildings as
the model builds upon information derived from GIS and archetypes rather than real
detailed information on individual buildings, such as insulation level, heating
systems, and occupant behavior. Validation for individual buildings was not
conducted because the measured energy consumption is reported at the postcode
level. A stepwise approach that increases the sophistication of the space heating
model by gradually including more parameters shows that past renovation and
occupant behavior can greatly affect the model accuracy, and thus contribute most
to the reliability of model results. In contrast, increasing the temporal resolution of
weather data (from seasonal to hourly) leads to a limited accuracy increase. Future
research should thus mainly focus on collecting the data on past renovation records
and occupant characteristics to further improve the model accuracy.

The space heating demand model in Chapter 2 is integrated into the bottom-up

86



Chapter 6

dynamic building stock model in Chapter 3 to estimate the energy-saving potential
under the national control scenario of energy transition in the Netherlands. Results
show that extensively renovating existing buildings, constructing high-energy
performance buildings (nZEBs), and demolishing old energy-inefficient buildings
can reduce annual space heating-related energy demand by more than 60%. In the
assessed scenarios, energy-efficiency renovation contributes more to annual space
heating demand reduction than demolishing old buildings, especially if it is possible
to renovate buildings to the nZEB standard. As buildings with worse thermal
properties are assumed to be renovated first, the marginal reduction of demand for
space heating decreases with time. Constructing nZEBs instead of conventional new
buildings avoids any increase in space heating demand.

The space heating demand model in Chapter 2 is also applied in the spatiotemporal
building stock model in Chapter 5. Unlike the case in the dynamic building stock
model in Chapter 3 where renovation is driven by exogenously defined annual
renovation rates, in Chapter 5, the renovation is assumed to occur when a building
component (e.g. windows) reaches retirement time. The model is used in the case
study for Leiden. Results show that annual energy demand will decline by 50% by
2050 if the heat transition and green lifestyle strategy are deployed together. The
reduction is mainly from lowering space heating demand due to extensive energy-
efficiency renovation and lower room temperature.

Chapter 3 and Chapter 5 both show that in contrast to the development trend of space
heating demand, the energy demand for domestic hot water, appliances, and lighting
will experience a slight increase because these energy consumptions are driven by
occupants, new construction, and installation of technical systems rather than the
thermal properties of building envelopes. However, extensive installation of rooftop
PV systems can greatly mitigate the dependence on public grid electricity and even
generate surplus electricity. Chapter 3 shows that 80% of electricity demand can be
potentially met by 2050 if 50% of building roofs are fitted with rooftop PV systems
in the Netherlands. Chapter 5 shows that installing as many rooftop PV systems as
possible would meet local residential electricity demand and generate 36% of surplus
electricity.

Question 3: How much primary material consumption in the Dutch residential
building sector can be potentially reduced by urban mining?

Chapter 4 shows that both material outflows and inflows of the Dutch building sector
will, as expected, concentrate in big cities (e.g. Amsterdam and Rotterdam). Due to
the expansion of the housing stock, material inflows outweigh material outflows.
Urban mining can only supply limited amounts of specific types of building
materials for annual new construction and renovation activities, meaning that
additional consumption of primary raw materials is still required, such as concrete
and sand. Even so, we show in Chapter 5 that the CDW reuse potential in terms of
closing building material loops is much smaller than is usually suggested [112,248].
The reason is that most current studies simply check whether CDW is recycled. In
the Netherlands the recycling rates of CDW are high, typically over 95% [304].
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However, most of these materials are downcycled as filler or road foundation. Much
more complex collection, sorting, and upgrading techniques are needed to use CDW
again as primary building materials that meet the applicable legal quality standards.

The potential to meet future material demand is also determined by what kinds of
and how many buildings will be built in the future. Chapter 4 shows that bricks will
not be required as much as before because the brick intensities of building archetypes
chosen in the case study for the Netherlands are very low. Extensive renovation will
consume large amounts of insulation materials while such insulation materials are
hardly present in CDW created by the demolition of very old buildings. Increasing
the share of wood buildings will require more wood. Again, since wood was little
used in the past, CDW from the demolition of old buildings cannot meet the specific
supply of wood. Chapter 5 shows that the green lifestyle strategy (e.g. more intensive
occupation of buildings) will reduce the material demand for new construction.

Question 4: To what extent can residential GHG emissions be reduced under
different decarbonization strategies and scenarios?

Chapter 3 shows that GHG emissions in the Dutch residential building stock can be
significantly reduced. Under the “National Control Scenario” of the Plan “Nederland
klimaatneutraal in 2050” (Netherlands climate neutral in 2050) [156], climate
neutrality of the building stock will almost be achieved by 2050. Extensive
renovation, together with ceasing the use of natural gas for space heating and
domestic hot water generation, reduces the annual energy-related GHG emissions by
nearly 60%, but the decarbonization potential can increase to nearly 90% if the share
of renewable electricity supply is significantly increased. Greening the electricity
mix contributes mainly to a reduction of operational energy-related GHG emissions,
but also, to a lesser degree, via the decarbonization of the production of building
materials.

Chapter 5 assesses the decarbonization potential of deploying several main strategies
in the residential building sector of Leiden, including CDW recycling, wood
construction, heat transition, renewable electricity mix, rooftop PV, and green
lifestyle. Results show that the annual GHG emissions of the residential building
stock can be reduced by about 90% if all decarbonization strategies are implemented
simultaneously °. The strategies of heat transition and greening the public electricity
grid have similar decarbonization potentials (about 60%). Rooftop PV, green
lifestyle, and wood construction strategies respectively reduce annual GHG
emissions by about 50%. Chapter 4 shows that implementing a CDW recycling

5> Note that the overall decarbonization potential of deploying strategies together is not
equivalent to the aggregation of decarbonization potential of implementing each strategy
independently. The reason is that the strategies can be mutually exclusive. For example,
buildings are assumed to first use the locally generated electricity from rooftop PV. In that
case, greening grid electricity only partially can give additional reductions, i.e. for the
fraction of electricity that is used from the grid.
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strategy would contribute only to limited GHG emission reductions due to the
limited substitution potential of secondary materials recycled from CDW. Greening
the public electricity mix leads to more material-related GHG emission reduction
than CDW recycling. Implementing these two strategies together can reduce annual
material-related GHG emissions by about 40% in 2050 in comparison with 2020
(Chapter 4).

Chapters 3 and 5 show that only reducing space heating demand through energy-
efficiency renovation is not enough. Replacing natural gas boilers with alternative
heating systems (e.g. electric heat pumps, heat networks, green gas boilers, and solar
water heaters) can additionally lead to annual space heating-related GHG emission
reduction. Along with the increased installation of electric heat pumps, the total
electricity demand will also grow. Therefore, increasing the share of renewable
electricity generation is also critical for reducing space heating-related GHG
emissions.

Chapters 3 and 5 also show that the material-related GHG emissions area is much
smaller than the GHG emissions of the operational energy supply. In the 2015-2050
period, the cumulative material-related GHG emissions from renovation and
construction can be paid off by cumulatively reduced energy-related GHG emissions.
However, the relative share of material-related GHG emissions in annual total GHG
emissions increases over time.

The relationships between different decarbonization strategies are very complex and
they can have co-benefits and mutual adverse side effects [34,298]. For example,
green lifestyles and energy-efficiency renovation can reduce the energy demand, but
increasing the share of renewable energy can further reduce both material and
energy-related GHG emissions due to less carbon-intensive upstream processes. On
the contrary, a large-scale energy-efficiency renovation will consume large amounts
of materials, especially carbon-intensive insulation materials (e.g. mineral wool),
leading to increased material-related GHG emissions. In addition, increasing the
share of wood buildings in annual new construction will require more wood
materials, which might entail difficulties in closing the building material loops.
While CDW recycling can only supply very limited amounts and kinds of secondary
materials and thus contribute very little to GHG emission reduction, it is still an
important option for CDW management and primary material substitution.

Overall research question: What is the potential to reduce energy demand, close
material loops, and decarbonize in the residential building sector of the Netherlands?

The thesis answers this question by developing a series of bottom-up building stock
models to track future building stock development and account for the associated
material flows, energy demand and supply, and the related GHG emissions. Results
show that the energy use of the residential building stock can be significantly reduced,
depending on what kinds of measures are deployed. While gas for space heating is
assumed to be largely replaced by electricity use for heat pumps, electricity
consumption will only slightly increase since well-insulated buildings have a low to
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zero heating demand per square meter. More intensive use of buildings and lower
room temperature settings for space heating can considerably reduce the demand for
both space heating and electricity. Wide installation of rooftop PV is a promising
option to significantly reduce the dependence on public grid electricity and
potentially meet local electricity demand.

Closing material loops in the residential building sector is challenging. Urban mining
can only supply limited amounts of specific primary materials needed for renovation
or new buildings. The main reason is that many new buildings will have to be built
due to the population increase in the Netherlands. The building types and
corresponding material inventory can also influence the potential of urban mining to
meet future materials demands. For example, increasing the construction of wood
buildings will consume more wood-based materials, which CDW recycling cannot
adequately provide. In addition, extensive renovation activities will demand more
building materials, especially insulation materials that recycling CDW from
demolishing old buildings cannot supply. More intensive use of buildings can greatly
reduce the material demand for new construction and, thus, to some extent help close
the material loops.

In sum, the residential building stock can be almost fully decarbonized by deploying
various strategies together. Reducing space heating demand by renovation and
building nZEB besides phasing out natural gas boilers are both key strategies for
realizing the climate-neutral residential building stock in the Netherlands. Greening
the public electricity grid is also very important as it can greatly reduce both
embodied and operational GHG emissions. Due to the relatively small share of
material-related emissions in annual total GHG emissions, material decarbonization
can only make a limited contribution to reducing GHG emissions related to the
residential sector. However, the share of material-related GHG emissions will
increase along with the decreased share of operational emissions, which will increase
the relative importance of decarbonizing building materials. For example, increasing
the proportion of wood buildings can considerably reduce GHG emissions.

6.2 Methodological advances

The building stock models in this thesis build upon real data about buildings from a
Dutch GIS dataset called “Basisregistratic Addressen en Gebouwen (Base
registration of Addresses and Buildings; BAG)” [172]. The GIS data contains the
georeferenced information, geometries, construction year, and functions of
individual buildings. However, it does not contain information on thermal properties
and heating systems. TABULA [68] contains such information on Dutch building
archetypes that are differentiated between building types and construction periods.
To fill in the data gaps of BAG, the residential buildings in BAG are grouped
according to TABULA archetypes and the information of TABULA archetype
buildings is then mapped to the buildings in BAG. The material intensities of Dutch
archetype buildings are further included to estimate the material composition of these
individual buildings. Considering the importance of renovation in residential
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decarbonization, an engineering-based bottom-up space heating demand model is
developed to simulate the space heating demand building by building (Chapter 2).
The model is validated against the measured natural gas consumption data to
guarantee the model accuracy.

To track the future building stock development and account for the associated
material flows, energy demand and generation, and GHG emissions, Chapter 3
develops a bottom-up dynamic building stock model that builds upon the individual
parametric buildings and integrates MFA, space heating model, and LCA.
Renovation is driven by exogenously defined annual renovation rates. Chapter 4
further develops the model by linking material inflows and outflows with the
consideration of recycling practices. Considering that the payback time of renovation
investment is long and renovation likely occurs as a result of the natural aging
process of building components, different from the dynamic model in Chapter 3,
renovation is driven by the building component lifetimes in Chapter 5. Following the
neighborhood-oriented approach, heat system choice sets of individual buildings are
linked to the heat source availability per neighborhood.

Compared with previous building stock models, the models in this thesis build upon
individual buildings with detailed information. They can capture the change in
material composition, technical system parameters, energy performance, and GHG
emissions of individual buildings under different technical combination scenarios
and outside weather conditions. Macro policy strategies can be translated into
specific technical measures for individual buildings. In addition, each building
contains georeferenced information, making my models able to depict the
spatiotemporal material and energy flows along with the construction, renovation,
and demolition of individual buildings. It can comprehensively assess the
decarbonization effects of combined policy strategies, such as material transition,
energy transition, and green lifestyle. However, the models mainly focus on technical
aspects. Future research can include socioeconomic aspects by integrating other
related analyzing methods, such as Life cycle costing (LCC) [305] and agent-based
modeling [125].

6.3 Model applicability and transferability

The models in the present thesis can support policymaking in terms of the circular
economy, energy transition, and carbon reduction in the residential building sector.
The modeling approach can also be applied to analyze the non-residential building
stock and infrastructure stock as long as the required data is available. The GIS data
of non-residential buildings are available in the Netherlands, but the archetypes of
non-residential buildings with detailed attributes are, as far as I know, unavailable.
The main reason is that non-residential buildings are too diverse, depending on their
functions, such as office buildings, hospitals, train stations, airports, and plants. Their
energy consumption patterns and material composition are too complicated and
time-consuming for data collection.

The proposed building stock models can theoretically be applied in other countries
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if the required data is accessible. The GIS data of individual buildings are available
in many countries, such as Switzerland [98], China [306], the United States
[307,308], Portugal [31], Luxembourg [309], Belgium [310], Ireland [311], and
Austria [312], while the amounts of building attributes (e.g. construction year and
function) are different. The building archetypes are available in many countries,
especially for the building material inventory. It is worth mentioning that Heeren and
Fishman constructed a material intensity database of different countries from
published papers [84]. In China, governments of different provinces publish the
building construction inventory for the required materials, energy, and construction
machinery [20]. As for the energy modeling, TABULA is notable as it contains
thermal properties, technical systems, and energy intensities of building archetypes
of many EU countries [313]. The model of this thesis has not yet included the module
for space cooling energy demand calculation, so this module should be added if the
models are applied in the countries where air conditioning systems are widely
installed.

6.4 Policy implications

Most existing buildings will still be in use until 2050 and beyond. Measures for
saving energy are the most direct ways to reduce annual GHG emissions, mainly
through energy-efficiency renovation and conscious energy-saving behaviors of
occupants. Buildings are long-lasting products and the renovation or replacement
cycles of building components ranges from 15 to 40 years [74,278]. To avoid arriving
at a lock-in [292,314] situation where further energy-efficiency renovation and
heating systems replacement are too late and uneconomical, measures related to the
heat transition (energy-efficiency renovation and phasing out natural gas boilers)
should be implemented in each neighborhood before 2030 (Chapter 5). Financial
tools (e.g. low-interest loans, grants, and incentives) and innovative business models
should be developed to encourage the residents or landlords to renovate their houses
(increasing annual renovation rates) because the renovation investment is relatively
high in comparison with the saved energy bills [12,315,316]. For example, the
buildings in the same neighborhoods are likely to have similar technical
characteristics and can be renovated together to reach an economy of scale
(neighborhood-oriented approach [207]).

Extensive renovation for building energy efficiency improvement (renovation wave
[29]) will consume large amounts of carbon-intensive insulation materials (e.g.
mineral and fossil-derived materials [317]) that CDW recycling cannot provide.
Therefore, the use of alternative insulation materials with low embodied carbon
emissions is recommended to reduce annual embodied GHG emissions [1,318].

Rooftop PV can be a good option to substitute public grid electricity as it can
potentially produce enough electricity to meet the electricity demand for appliances
and lighting. However, the electricity generated by rooftop PV is intermittent and
inherently affected by weather conditions, which implies that peak electricity
production (e.g. daytime) is not in line with the peak electricity consumption (e.g.
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evening) [319]. Energy storage technologies (e.g. batteries [13] and hydrogen vector
energy [320]) could be applied to balance the mismatch between local demand and
supply [230,321], but have in themselves implications for the demand for materials
and embodied GHG emissions.

Residents are the users of buildings, so their daily activities can drive future material
consumption and energy consumption. However, the implementation of a green
lifestyle strategy can in reality be challenging because occupant behavior and
preferences are affected by many complicated factors, such as affluence levels, house
prices, and land use planning, and are not susceptible to rapid and direct change.
Increasing the price of energy, particularly increasing the carbon tax on fossil fuels,
could probably reduce energy consumption [74]. Poor families might be more
sensitive to this policy, and such a policy could also widen the living standard gap
between the poor and rich. In addition, the government could also limit the
construction of new buildings to slow the growth of floor area per capita, thus
reducing the consumption of materials and energy. Moreover, helping people to gain
knowledge and awareness of saving energy through education and media,
particularly for children, should be a long-term strategy.

The above policy strategies may not in themselves be sufficient to ensure that the
residential building stock reaches the climate-neutral target. In that case, other
technologies, such as CCS (carbon capture and storage) [88,322] and green hydrogen
(e.g. used for space heating) [196], would be required to reach the climate-neutral
target in the residential building sector.

6.5 Limitations and future perspectives

The research in this thesis has some limitations, such as:

(1) Representativeness of archetype buildings. Although this research has tried to
apply as much data as possible, the current building stock remains a “black box”.
The uncertainties come mainly from the systematic drawbacks of the archetype-
based derivation and aggregation approach. The building footprints and registered
building information (e.g. construction year and function) from BAG/GIS data are
relatively accurate to derive building geometries. However, some of the existing
buildings have already undergone some renovation while this is not recorded in the
BAG database. Future research can focus on neighborhood or city-scale data
collection on building characteristics with the help of local governments, which will
improve the accuracy of modeled results.

(2) Gaps between actual and estimated reduction. Apart from the uncertainties due
to the insufficient understanding of current building stock, the energy performance
and occupant use patterns of post-renovated buildings are still unknown. The
building energy model in this thesis uses standard values (e.g. the operation time of
heating systems [168] and room temperature [323]), which can result in large gaps
between the modeled and real energy and GHG emission reduction. Increased
thermal comfort demand after energy efficiency renovation (“rebound effect”
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[233,324-326]) is thought to be a common phenomenon that requires further
attention. Future research can conduct some experimental case studies to collect
some empirical data and calculate the reduced energy consumption and GHG
emissions, which might provide more plausible support in policymaking.

(3) Insufficient consideration of socioeconomic aspects. The thesis mainly focuses
on the technical aspects to reduce material consumption, energy demand, and GHG
emissions while the socioeconomic aspects are also critical for successfully
implementing the decarbonization strategies. Policymakers have to analyze the
climate-neutral transformation pathways of the building stock from the perspectives
of different stakeholders to overcome socio-economic barriers and to ensure
potential risks are shared, such as fuel poverty and gaps between high and low-
income groups. Future research can focus on developing socio-economic tools to
guarantee the effective implementation of technical measures.

(4) Extending the scope to other buildings and sectors. The thesis focuses on the
residential building stock while non-residential buildings also account for a large
share of GHG emissions. CDW recycling is only considered for the residential
building sector, while non-residential buildings and infrastructures (e.g. roads and
railways) use many similar materials (e.g. concrete and steel) to residential buildings.
Renewable electricity is critical for decarbonizing the building stock, but it will
trigger large-scale construction of relevant infrastructures for generating renewable
electricity. This thesis reveals the great potential of rooftop PV to meet local
electricity demand, while its relationship to public grid electricity in terms of stable
power supply to buildings remains to be studied.

(5) Future electricity demand. The energy efficiency improvement of appliances and
lighting (e.g. increased inventions in LEDs [88]) is not considered in this study, so
the future electricity demand and the overall decarbonization potential may be
underestimated. Future studies can integrate the future residential electricity
consumption estimation in dynamic building stock modeling.
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7.1 Supporting information to Chapter 2

7.1.1 Building classification and identification

Chapter 7

Table S7.1.1 Dutch building classification and naming system used in this article.

Construction | Single-family | Mid-terraced | End-terraced Apartment Multi-family
period house house house building house
<=1964 SFH1 Mid_TH1 End_TH1 AB1 MFH1
1965-1974 SFH2 Mid_TH2 End_TH2 AB2 MFH2
1975-1991 SFH3 Mid_TH3 End_TH3 AB3 MFH3
1992-2005 SFH4 Mid_TH4 End_TH4 AB4 MFH4
2006-2014 SFH5 Mid_TH5 End_TH5 AB5 MFH5
>=2015 SFH6 Mid_TH6 End_TH6 AB6 MFH6
Table S7.1.2 Criteria for identifying the building types.
Building Number of N“”_“ber of Building Gross Number of
registered . .
type shared walls footprint area | floor area Stories
addresses
Single-
family 0 <=2 <250 <400 -
House
Mid-
Terraced 2 <=3 <200 <400 <=4
House
End-
Terraced 1 <=3 <200 <400 <=4
House
Apartment 0 >3 none >1000 -
Building
Multi-family
else
House

These criteria in Table S7.1.2 are based on experience and field visits. The trial-and-
error experience in data processing is also taken into account to determine these
values. For example, some garages are merged with the main buildings in BAG and
this makes the buildings have larger ground floor areas. Therefore, we set larger
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gross floor areas for the criteria of single-family houses and terraced houses.

Table S7.1.3 Distribution of building types and ages (the number of buildings).

Period ?é?r?illi/ tew;ged te‘rzrr;ied %puairl'é?ne;t p:rl:llitlly Total
house house house house
<=1964 347 9417 3185 40 3026 16015
1965-1974 18 1156 394 34 150 1752
1975-1991 54 5576 1886 72 528 8116
1992-2005 17 1050 305 65 94 1531
2006-2014 13 854 264 29 86 1246
>=2015 11 209 94 6 50 370
All periods 460 18262 6128 246 3934 29030
Table S7.1.4 Distribution of building types and ages (the conditioned area of buildings).
Period ?z:lrr]r?illil tel:fellged te{rzrr;ged ABpUElirIBTne;t ?a/llrilitlly Total
house house house house
<=1964 65945 1387770 523841 312404 1303743 3593702
1965-1974 3831 163253 61644 303699 211630 744057
1975-1991 12561 839554 310542 266627 351527 1780812
1992-2005 4623 177264 57180 315307 187989 742362
2006-2014 2534 150358 48808 248657 145331 595688
>=2015 1662 21026 11206 71977 17760 123631
All periods 91155 2739225 1013221 1518671 2217980 7580252

Count
s

0

Figure S7.1.1 Distribution of dwellings per postcode. The left is for the number of dwellings

im

W SFH M Mid TH M End TH

AB EMFH B All types

2500

2000

Conditioned area (m?)
2
8

X

M SFH B Mid TH M End TH

N

per type and the right is the conditioned area of dwellings per postcode.

Not all the buildings that share walls are terraced houses. This is obvious in the city
center of Leiden, where buildings are densely distributed and share walls with
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adjoined buildings. Therefore, in this study, the difference between the apartment
building and the multi-family house is assumed that apartment buildings have larger
sizes and do not share walls with other buildings. Compared with the single-family
house, the multi-family house is smaller, but compared with apartment buildings, it
has shared walls. In this way, all the dwellings that do not belong to the former four
building types are categorized as the multi-family house.

Based on buildings’ postcodes, Google Map is applied to validate the results of
building category identification for some sample buildings. We find that it fitted very
well in most cases.

7.1.2 Geometries of windows and doors

Table S7.1.5 Geometry information of windows and doors in TABULA.

Building type | window-to-fagade ratio | door-to-fagade-ratio | TABULA door area (m?)
SFH1 0.17 - 2.90
Mid_TH1 0.30 - 2.50
End _TH1 0.19 - 2.50
AB1 0.29 0.03 -
MFH1 0.25 0.03 -
SFH2 0.23 - 1.90
Mid_TH2 0.39 - 1.60
End_TH2 0.22 - 1.60
AB2 0.43 0.04 -
MFH2 0.34 0.04 -
SFH3 0.21 - 1.90
Mid_TH3 0.32 - 1.80
End_TH3 0.18 - 1.80
AB3 0.22 0.04 -
MFH3 0.25 0.04 -
SFH4 0.21 - 4.00
Mid_TH4 0.30 - 2.30
End_TH4 0.18 - 2.30
AB4 0.32 0.04 -
MFH4 0.27 0.04 -
SFH5 0.18 - 2.40
Mid_TH5 0.39 - 2.40
End_TH5 0.21 - 2.40
AB5 0.36 0.05 -
MFH5 0.50 0.03 -
SFH6 0.18 - 2.40
Mid_TH6 0.39 - 2.40
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End_TH6 0.21 - 2.40
ABG6 0.35 0.05 -
MFH6 0.50 0.03 -

7.1.3 Relative deviations

Incompleteness
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Figure S7.1.2 The evolution of models and the corresponding included factors.
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Figure S7.1.3 Relative deviations at postcode level and building stock level. The box plots
show the relative deviations at the postcode level while the red line shows the relative
deviations at the building stock level for Leiden.
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7.1.4 Calculation method
7.1.4.1 Space heating

S1 uses the seasonal calculation method, the calculation step of which is a fixed
heating season, and S2-4 use the hourly calculation method, the calculation step of
which is one hour. The building energy demand for space heating (Q,,) at the
building level is calculated by subtracting the heat gains from heat transfer loss. Heat
transfer loss is due to thermal transmission through the building envelope (Q.,.) and
the heat flow by ventilation (Q,.). The heat gains consist of the internal heat gains
(Qine» €.8. occupant metabolism, appliance, and lighting) and the solar radiation
entering through windows (Q,,;). The calculation method is as follows:

Qnd = Zzl(Qtr,t + Qve,t) - ngn(Qint,t + Qsol,t) (1)

where nd denotes need; t denotes the time step (heating season for S1 and hour
for S2-4); m denotes the total number of time steps (1 for S1, 5088 for S2-3 and
2968 for S4). 14y is the dimensionless gain utilization factor for the heat gains (see
section 7.1.4.3).

The heat transfer loss by transmission through the envelope is determined as follows:

n .
_ Zi=1 biAUi(Tinet — Texte) i Tinee > Textr
Qtre = . (2)
0 if Tinee < Text

where A; is the area of element i of the building envelope (roof, window, door,
wall and ground floor); U; is the thermal transmittance (U-value) of element i. Tjy;
is the room temperature and T,,; is the temperature of the external environment.
b; is the adjustment factor, and in this study, its value for the ground floor is 0.5
while its value for other envelope elements is 1.

The heat transfer loss by ventilation is determined as follows:

Q — {pacaAcon * 2.5m * (nve,use + nve,infiltration) X (Tint,t - Text,t) if Tint,t > Text,t (3)
vet 0 if Tinte < Text,

where p,c, is the heat capacity of air per volume and its value is 1200 J/(m? - K).
2.5m is the ventilation reference room height from TABULA. n,, . is the air
change rate by use and 7y infiitration 1S the airflow rate by infiltration.

The internal heat gains are determined as follows:
Qint,e = tqintAcon 4)
where q;,¢ 1s the average thermal output of internal heat sources.

In this study, only the solar gain from windows is considered. As the orientation of
each building is unknown, we attribute all heat gains from the solar radiation to the
east and west. The solar heat gains are determined as follows:

Qsol,t = Isol(Feast + FWESt)AWindOWFSh(l - FF)Fngl (5)

where Ig,; is the global solar radiation falling onto a horizontal surface. F,;4:(0.69)
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and F.5: (0.68) are the factors converting the horizontal solar radiation to the
windows in the east and west orientation of buildings and they are calculated based
on seasonal values from TABULA. Fg, is the shading reduction factor for movable
shading provisions and its value is 0.6. Fy is the frame fraction of the windows and
its value is 0.3. Fy;, is the correction factor for non-scattering glazing and its value
s 0.9. g4, is the total solar energy transmittance.

The annual building energy need for space heating of the four models is converted
to energy consumption for space heating by considering the heating system
efficiency following the TABULA calculation method.[176] The annual energy
consumption for space heating (gj) is formulated in eq 6:

qn = [Qnd/Acon + da.n + QS,h - 7]h,‘gn(qw,h + nve,reche)]eg,hAcon (6)

herein, h denotes space heating, and g denotes heat generator. q4, 1is the
effective heat loss of the space heating distribution system and ¢, ) is the effective
heat loss of the space heating system storage. q,, , 1s the recoverable heat loss of the
DHW system. 7,¢ ¢ is the efficiency of ventilation heat recovery. ey, is the heat
generation expenditure factor of the heat generator. Q,,. is the annual heat transfer
by ventilation calculated based on the seasonal method. 0y, g, is the dimensionless
gain utilization factor (see section 7.1.4.3) of ventilation heat recovery and
recoverable heat loss of the DHW system.

7.1.4.2 Domestic hot water

The energy consumption for DHW (gq,,) is calculated as follows:

qw = (qnd,w + qqw t+ qs,w)eg,wAcon @)

where w denotes water. g4, 1sthe annual energy need per conditioned floor area
for DHW, qg ,, is the heat loss of the DHW distribution system and ¢, is the heat
loss of the DHW storage. ey, is the heat generation expenditure factor of the DHW
heat generator.

7.1.4.3 Gain utilization factor

In this study, the gain utilization factor (1) is used for calculating both the energy
need and delivered energy for space heating. 7 is the function of the heat-balance
ratio (yy). Yy 1is determined as follows:

(Qint,t+0Qsolt)
= Q@) (g
Yu (Qtr,t+Quet) ( )

where for S1 and the calculation of delivered energy, the time step t is one season;
for S2-4 the time step t is one hour.

n is calculated as follows:
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_y%H
(1+’ZI+1 ifyy >0andyy #1

1-yy
— ay . _ 9
n pwel ifyg=1 )
— if yu <0
YH

where ay is a dimensionless numerical parameter depending on the time constant
and it is determined as follows:

aH = aHVO + i (10)

where ay o is a dimensionless reference numerical parameter and 7y ( a reference
time constant. Their values (from EN ISO 13790) are shown as follows:

Table S7.1.6 Values of ay o and 74,.

Calculation method Ayo | THo

Seasonal method of energy demand for space heating (S1) | 0.8 | 30

Hourly method of energy demand for space heating (S2-4) | 1 15

Calculation of delivered energy 08 | 30

T is the time constant of the building and it is calculated as follows:

GmAc ()

" HertHye
where C,, is the internal heat capacity per conditioned floor area and in this study
its value is 45 Wh/(m?K). H,, is the heat transfer coefficient by transmission and
calculated as follows:
Hy = Xiz1 biAU; (12)
H,, is the heat transfer coefficient by ventilation and calculated as follows:

Hve = PaCa (QVe,use + QUe,infiltration) (13)
7.2 Supporting information to Chapter 3
7.2.1 Building stock characterization

Figure S7.2.1 shows the process of characterizing the existing building stock. The
characterization and initialization are based on the method by Yang et al. [27]. The
main data sources used are:

(1) The BAG [172] dataset (GIS data) mainly contains building footprints,
construction years, functions, and registered addresses, which is used to derive
buildings’ geometries (e.g. conditioned floor area and envelope element areas) and
building types (single-family house, end-terraced house, mid-terraced house,
apartment building, and multi-family house). According to BAG, the total number
of residential buildings is 5,092,999 in 2015.
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(2) TABULA [68] (Typology Approach for Building Stock Energy Assessment)
mainly includes the archetypes of the Dutch residential buildings (differentiated by
construction periods and building types), and their envelope geometries, thermal
properties of different insulation standards, ventilation and heating systems. These
parameters are mapped to BAG buildings according to the types and construction
periods of BAG buildings.

* construction year, stories, building type,

ezl i conditioned floor area, weather station

s roof area, roof U-value
* wall area, wall U-value

Envelope elements « floor area, floor U-value

e

A& hﬁ%\
L - * window area, window U-value, G-value
Main input data « door area, door U-value

» room temperature, schedule, air change rate,

Occupant behavior internal heat gains

BAG GIS data
TABULA archetypes » ventilation system type, ventilation heat recovery

Statistical shares of HVAC ratio

Past refurbishment rate
Weather data (KNMI)
Occupant behavior
Statistical electricity
consumption

Space heating

Domestic hot water

Solar panel

* space heating system type

* hot water system type

+ panel efficiency, performance ratio

M |

Parametric building

Energy consumption and
production

* space heating, domestic hot water, electricity for
appliance and light, PV electricity

 aerated concrete, aluminum, argon, bitumen,
brick, ceramics, expanded polystyrene, gravel,
gypsum plaster, hardwood, mineral wool, precast
concrete, primary glass, plywood, polyurethane
foam, polyvinylchloride, reinforced concrete,
sand, sand cement, softwood, wood fiber,
extruded polystyrene, zinc

Building materials

Figure S7.2.1 Building stock characterization and initialization.

(3) KNMI [173] (Royal Dutch Meteorological Institute) holds the weather records
(this study uses the averaged data of 2001-2019) of different stations, which can be
used to describe the outdoor environment of buildings. It also includes the longitude
and latitude of each weather station, which enables the spatialization of weather
records (see Figure S7.2.4). Individual buildings are linked to the nearest weather
stations by the “Spatial Join” tool of ArcGIS 10.6. For new buildings, the weather
data are mapped to new buildings by postcode to estimate the potential PV electricity
generation. The postcodes of new buildings are randomly sampled from the
postcodes of buildings demolished in the same year.

(4) Occupants are assumed to set the room temperature as 20 °C and heat the rooms
from 7:00 pm to 7:00 am (+1 day, 12 h) [27,180].

(5) The statistical past envelope renovation rates for envelope elements (roof,
external wall, window, and ground floor) [174], and the distributions of ventilation
and heating systems [174] are applied to initialize the current building stock.

(6) The material intensities of different building types (see 7.2.4) are from a Dutch
study [205].

(7) CBS[182] (Central Bureau of Statistics) contains the statistical electricity
consumption reported at the postcode level, which is used to derive the residential
electricity consumption intensities (kWh/m?).

The past renovation rates [27] of envelope elements are applied to initialize the
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current physical properties. The data in Table S7.2.2 is adapted from diffusion rates
in literature [174] to initialize the space heating and hot water systems. The heat
supply type “other” is used to represent the space heating and hot water systems of
which we lack the details on types and shares. The diffusion rates of ventilation
systems are shown in Table S7.2.3. The Dutch rooftop PV installation rate [70] is
4.4% in 2017 and it is used as the rate of 2015.

Table S7.2.1 Building classification and naming system.

Construction | Single-family | Mid-terraced | End-terraced Apartment Multi-family
period house house house building house
<=1964 SFH1 Mid_TH1 End_TH1 AB1 MFH1
1965-1974 SFH2 Mid_TH2 End_TH2 AB2 MFH2
1975-1991 SFH3 Mid_TH3 End_TH3 AB3 MFH3
1992-2005 SFH4 Mid_TH4 End_TH4 AB4 MFH4
2006-2014 SFH5 Mid_TH5 End_TH5 AB5 MFH5
(Ezﬁg\ll\?) SFH6 Mid_TH6 | End_TH6 AB6 MFH6
?:Zzgé‘? SFH7 Mid_TH7 End_TH7 AB7 MFH7

Table S7.2.2 The distribution of space heating systems and domestic hot water systems.

Space heating type Domestic hot water Proportion
Natural gas boiler | common boiler for heating and DHW 86%
Heat networks 7%
other
Other 7%

Table S7.2.3 The distribution of ventilation systems.

Ventilation type Percentage

Natural ventilation 67%

Exhaust air ventilation 30%

Balanced ventilation 3%

In this study, the conditioned floor area [176] is used to quantify the floor area stock
and flows. To validate the derived floor area based on BAG data against the statistical
useful floor area, the conversion factors [327] in Table S7.2.4 are applied. The
statistical (CBS) useful floor area of the Netherlands is on average 65 m? per capita
[232]. The derived useful floor area after conversion in this study is 69 m? per capita
(population 16901000 in 2015). The useful floor area per capita is a bit larger than
the statistical value, but they are very similar. Part of the reason for overestimation
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is that some building footprints include the garage or utility rooms. The distribution
of construction year and building type is shown in Figure S7.2.2 and Figure S7.2.3.

Table S7.2.4 Floor area conversion.

Butyg(ieng Conditioned floor area (m?) Copgéet(r)srion Useful floor area (m?)
SFH 164106085.98 0.75 123079564.49
Mid_TH 320859889.16 0.79 253479312.44
End_TH 281788682.41 0.79 222613059.10
AB 211019372.95 0.90 189917435.66
MFH 428275389.30 0.90 385447850.37
Total 1406049419.80 - 1174537222.05
Floor area
per capita 83.19 - 69.49
200000 +
150000 4
)
c
>
o]
© 100000 -
50000 A
0 ; ! L L |l_ L __I
1800 1825 1850 1875 1900 1925 1950 1975 2000

Year

Figure S7.2.2 The distribution of construction year of Dutch residential buildings. Only the
buildings built between 1800 and 2015 are shown.
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Floor area proportion

11.67%
30.46%
22.82%
15.01%
20.04%

= Single-family house = Mid-terraced house = End-terraced house

= Apartment building = Multi-family house

Figure S7.2.3 The proportion of building types by conditioned floor area. It is derived from
BAG (GIS data of buildings) based on the method by Yang et al. [27].

Figure S7.2.4 The map of weather stations. The green points are the weather stations
included in this study.
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7.2.2 Dutch population
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Figure S7.2.5 Population trend of the Netherlands [221].

7.2.3 Electricity intensities

(e /ymy) Aapuyda)g

Building type

Figure S7.2.6 Distribution of electricity intensity (annual electricity consumption per

conditioned floor area), derived based on the method of Yang et al. [27].
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7.2.4 Building materials

Table S7.2.5 Building material densities [211].

Label Material type Density (kg/m?)
AC main material 750
Al main material 2700
Ar | insulation material 1.66
Bi main material 2400
Br main material 1700
Ce main material 2000
EPS | insulation material 275
Gr main material 2240
GY main material 1120
HW main material 750
MW | insulation material 140
PC main material 2200
PG | insulation material 2500
PI main material 540

PUR | insulation material 45

PVC main material 1380
RC main material 2300
Sa main material 2240
SC main material 2200
S main material 560
WF main material 750

XPS | insulation material 375
Zn main material 7000

Table S7.2.6 The matching relationship between building types of this study and literature
building types [211].

Building types of this study Literature building type
SFH1 standard single-family house
Mid_TH1 standard mid-terraced house
End TH1 standard mid-terraced house
AB1 standard apartment
MFH1 standard apartment
SFH2 standard single-family house
Mid_TH2 standard mid-terraced house
End_TH2 standard mid-terraced house
AB2 standard apartment
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MFH2 standard apartment
SFH3 standard single-family house
Mid_TH3 standard mid-terraced house
End_TH3 standard mid-terraced house
AB3 standard apartment
MFH3 standard apartment
SFH4 standard single-family house
Mid_TH4 standard mid-terraced house
End_TH4 standard mid-terraced house
AB4 standard apartment
MFH4 standard apartment
SFH5 standard single-family house
Mid_TH5 standard mid-terraced house
End_TH5 standard mid-terraced house
AB5 standard apartment
MFH5 standard apartment
SFH6 new single-family house
Mid_TH6 new mid-terraced house
End_TH6 new mid-terraced house
AB6 new apartment
MFH6 new apartment
SFH7 advanced new single-family house
Mid_TH7 advanced new mid-terraced house
End_TH7 advanced new mid-terraced house
AB7 advanced new apartment
MFH7 advanced new apartment
Table S7.2.7 Material intensities for existing residential buildings (kg/m?) [211].
Building type | SFH1-5 | Mid_TH1-5 | End_TH1-5 | AB1-5 | MFH1-5
AC 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00
Ar 0.00 0.00 0.00 0.00 0.00
Bi 2.50 2.50 2.50 4.79 4.79
Br 96.42 48.91 48.91 55.65 | 55.65
Ce 5.63 5.66 5.66 4.69 4.69
EPS 0.00 0.00 0.00 0.00 0.00
Gr 6.30 6.34 6.34 12.62 | 12.62
GY 45.27 45.24 45.24 43.89 | 43.89
HW 0.00 0.00 0.00 0.00 0.00
MW 0.00 0.00 0.00 0.00 0.00
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PC 844.82 | 725.37 725.37 550.89 | 550.89
PG 5.34 1.86 1.86 1.76 1.76
PI 13.75 13.97 13.97 5.26 5.26
PUR 0.00 0.00 0.00 0.00 0.00
PVC 0.04 0.04 0.04 0.02 0.02
RC 255.76 | 533.10 533.10 330.88 | 330.88
Sa 57190 | 571.95 571.95 571.68 | 571.68
SC 135.55 | 135.60 135.60 106.36 | 106.36
SW 53.00 52.30 52.30 1.12 1.12
WF 0.00 0.00 0.00 0.00 0.00
XPS 0.00 0.00 0.00 0.00 0.00
Zn 1.09 14.09 14.09 0.00 0.00
Table S7.2.8 Material intensities for new buildings [211].
Material | SFH | Mid_T | End_T MF | SFH | Mid_T | End_T MF
ABG6 AB7
labels 6 H6 H6 H6 7 H7 H7 H7
AC 30.3 | 30.32 30.32 | 245 | 245 | 30.3 | 30.32 30.32 245 | 245
Al 3.58 | 5.15 5.15 6.61 | 6.61 | 2.15 | 2.92 2.92 344 | 3.44
Ar 0.00 | 0.00 0.00 0.00 | 0.00 | 0.01 | 0.00 0.00 0.00 | 0.00
Bi 244 | 2.44 2.44 470 | 470 | 2.44 | 2.44 2.44 470 | 4.70
Br 96.4 | 48.94 48.94 55.4 | 554 | 18.3 | 9.29 9.29 104 | 104
Ce 5.66 | 5.59 5.59 4.70 | 470 | 5.66 | 5.59 5.59 470 | 4.70
EPS 112 | 1.12 1.12 0.12 | 0.12 | 0.62 | 0.62 0.62 0.16 | 0.16
Gr 6.34 | 6.41 6.41 125 | 125 | 6.34 | 6.41 6.41 125 | 125
GY 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00 | 0.00 0.00 0.00 | 0.00
HW 8.50 | 7.87 7.87 786 | 7.86 | 850 | 7.87 7.87 7.86 | 7.86
MW 28.4 | 25.13 25.13 6.39 | 6.39 | 31.3 | 15.92 15.92 18.0 | 18.0
PC 810. | 702.19 | 702.19 | 750. | 750. | 685. | 638.85 | 638.85 | 678. | 678.
PG 5.86 | 2.07 2.07 196 | 1.96 | 5.86 | 2.07 2.07 196 | 1.96
PI 14.6 | 14.96 14.96 6.13 | 6.13 | 146 | 11.84 11.84 6.13 | 6.13
PUR 0.00 | 0.00 0.00 135 | 1.35 | 5.70 | 6.42 6.42 143 | 1.43
PVC 0.04 | 0.04 0.04 0.01 | 0.01 | 0.04 | 0.04 0.04 0.01 | 0.01
RC 255. | 532.97 | 532.97 | 284. | 284. | 255. | 532.97 | 532.97 | 284. | 284.
Sa 571. | 571.74 | 571.74 | 571. | 571. | 571. | 587.11 | 587.11 | 571. | 571.
SC 135. | 135.49 | 135.49 | 105. | 105. | 135. | 135.49 | 135.49 | 105. | 105.
SW 514 | 51.39 51.39 | 0.00 | 0.00 | 51.4 | 51.39 51.39 | 0.00 | 0.00
WF 0.00 | 0.00 0.00 0.00 | 0.00 | 850 | 4.34 4.34 492 | 4.92
XPS 0.00 | 0.00 0.00 0.00 | 0.00 | 2.30 | 2.30 2.30 0.25 | 0.25
Zn 124 | 14.24 14.24 0.69 | 0.69 | 1.24 | 1424 14.24 0.69 | 0.69
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Table S7.2.9 Insulation materials. HR++ glass contains 2 plates (2x0.5cm thick) and 2 cm
argon [211]. HR+++ glass is assumed to contain 3 plates (3x0.5cm thick) and 2cm argon
[209,211]. The typical U-values of glasses are from TABULA and Milieu Centraal [68,209].

Insulatio o G- )
Thermal conductivity (K, U- Density
n Element Material value
W/mK) value (kg/m?3)
standards [210,3
roof mineral 0.037 - - 140
conventi window HR++ - 1.8 0.7 -
wall mineral 0.037 - - 140
onal
door - - - - -
Ground PUR 0.025 - - 45
roof PUR 0.025 - - 45
window HR+++ - 1.0 0.6 -
advanced wall mineral 0.037 - - 140
door PUR 0.025 - - 45
Ground mineral 0.037 - - 140

7.2.5 Environmental impact factors of materials and energies

Table S7.2.10 GHG emissions factors (SSP2 [216]) of building materials from ecoinvent 3.6

(kg COz eq/kg).
201 | 202 | 202 | 203 | 203 | 204 | 204
Material - Locati 5- 1- 6- 1- 6- 1- 6-
s Product | Activity | =0 | 505 | 202 | 203 | 203 | 204 | 204 | 205
0 5 0 5 0 5 0
Autoclav | market for
ed autoclaved
AC aerated aerated CH 0.43 | 0.43 | 0.42 | 0.41 | 0.41 | 0.40 | 0.40
concrete concrete
block block
Alumini | market for
Al um, aluminium GLO 110 | 109 | 109 | 10.8 | 10.7 | 10.7 | 10.7
wrought | , wrought 7 9 3 7 7 2 1
alloy alloy
Argon, market for
Ar liqui argon, RER 218 | 199 | 1.77 | 162 | 1.44 | 1.32 | 1.24
iquid liaui
iquid
Bitumen market for
Bi seal bitumen GLO 111 (110 | 1.10 | 1.09 | 1.09 | 1.09 | 1.09
seal
Clay market for
Br brick clay brick GLO | 030 | 0.30 | 0.30 | 0.30 | 0.30 | 0.30 | 0.30
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. market for
Ce Ce{ﬁ‘g"c ceramic | GLO | 073 | 0.71 | 0.70 | 0.69 | 0.69 | 0.69 | 0.69
tile
olystyren
Polystyr P
ene foam e;(;%m
EPS silg& production CH 394 | 390 | 3.86 | 3.83 | 3.79 | 3.77 | 3.76
, 10%
recycled recycled
market for
Gr eras\r/]ild gravel, CH |001]001]|001|001]001]001]|001
crushed
Gypsum market for
gypsum
GY plaztrzrbo plasterboa GLO | 0.34 | 034|033 | 033|033 0.32]0.33
rd

Sawnwo | market for
od, sawnwood
beam, , beam,
HW hardwoo | hardwood, GLO
d, dried dried
(u=10%) | (u=10%),
, planed planed

214 | 214 | 215 | 215 | 215 | 215 | 2.15

Glass market for
MW wool glass wool GLO 227 | 218 | 2.11 | 2.06 | 2.03 | 2.03 | 2.04
mat mat

Concrete | market for

, sole concrete,
PC plate and | sole plate CH 0.15 | 0.14 | 0.14 | 0.14 | 0.14 | 0.14 | 0.24
foundati and
on foundation
Glazing, markt_at for
double glazing,
PG U<11’ double, GLO 141 | 140 | 1.38 | 1.38 | 1.37 | 1.37 | 1.37
wimzk | YUsii
Wim2K
Plywood | market for
p| , for plywood, RER - - - - - - -
indoor for indoor 3.12 | 315 | 3.19 | 3.22 | 3.24 | 3.26 | 3.27
use use
market for
P?]%L;ret polyuretha
PUR fl S ne, RER 545 | 544 | 543 | 5.42 | 541 | 5.41 | 5.40
exible -
foam flexible
foam
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Polyviny | market for
Ichloride | polyvinylc
, hloride,
PVC suspensi | suspensio GLO | 225|220 | 216 | 213 | 211 | 211 | 2.12
on n
polymeri | polymeris
sed ed
Fibre. | marketfor
reinforce .f|bre-
RC d reinforced BR 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18
concrete,
concrete
steel
Sa Sand ma;';ﬁgfor CH |001]|001]|001]001]001]|001]|001
market for
sC Cnfg;fa”rt cement CH |024]024]023]|023]023]022]|022
mortar
Shavings
softwoo pt')ir;' rrég' ) ) ) ) ) ) )
SW | d,loose, | orvood, | M | 0.87 | 0.88 | 0.88 | 0.88 | 0.89 | 0.89 | 0.89
measure U=10%
dasdry
mass
Fibreboa ]r(nsrkgt fo(;
rd. soft ibreboar
WF I:atex’ , soft, GLO 0.31 | 0.30 | 0.30 | 0.29 | 0.29 | 0.29 | 0.29
bonded latex
bonded
Py | T
XPS ene, e GLO 9.49 | 945 | 941 | 9.39 | 9.37 | 9.37 | 9.37
extruded !
extruded
Zn Zinc ma;'?ﬁtcfor GLO | 319 | 308|293 285|276 | 273|272
Table S7.2.11 GHG emissions factors (SSP2 450 [216]) of building materials from ecoinvent
3.6 (kg CO» eq/kg).
201 | 202 | 202 | 203 | 203 | 204 | 204
Material . Locati 5- 1- 6- 1- 6- 1- 6-
s Product | Activity | =0 ™ | 505 | 202 | 203 | 203 | 204 | 204 | 205
0 5 0 5 0 5 0
Autoclav | market for
AC ed autoclaved CH 043 | 042 | 0.41 | 0.38 | 0.36 | 0.36 | 0.36
aerated aerated
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concrete concrete
block block
Alumini | market for
Al um, aluminium GLO 11.0 | 109 | 108 | 106 | 104 | 10.3 | 10.2
wrought | , wrought 4 1 1 5 5 3 5
alloy alloy
Ardon market for
Ar \rgon, argon, RER 205 | 1.76 | 1.37 | 0.71 | 0.23 | 0.05 | 0.03
liquid I
liquid
Bitumen market for
Bi bitumen GLO 1.10 | 1.08 | 1.07 | 1.04 | 1.01 | 1.00 | 1.00
seal
seal
Clay market for
Br brick clay brick GLO | 030 | 0.30 | 0.29 | 0.28 | 0.27 | 0.27 | 0.27
- market for
Ce Ce{ﬁ?'c ceramic | GLO | 0.70 | 0.67 | 0.63 | 0.57 | 0.51 | 0.49 | 0.48
tile
lystyren
Polystyr PO
ene foam e:ﬁ;)m
EPS slab, ducti CH 3.92 | 387 | 3.79 | 3.66 | 3.56 | 3.53 | 3.52
10% pro l%%;mn
, (]
recycled recycled
market for
Gr CGrLE;‘P’]Z'd gravel, CH |001]001]|001|001]001]001]|001
crushed
Gypsum mark;tJ rfr?r
GY | plasterbo ?yp b GLO | 033|032 |030|028]|025]025] 024
ard plasterboa
rd
Sawnwo | market for
od, sawnwood
beam, , beam, ) ) ) ) ) ) )
HW hardwoo | hardwood, GLO
d, dried dried 214 | 215 | 216 | 218 | 219 | 2.20 | 2.20
(U=10%) | (u=10%),
, planed planed
Glass market for
MW wool glasswool | GLO | 215 | 192 | 1.70 | 1.36 | 1.03 | 0.91 | 0.85
mat mat
Concrete | market for
PC , sole concrete, CH 0.15 | 014 | 0.14 | 0.13 | 0.13 | 0.13 | 0.13
plate and | sole plate
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foundati and
on foundation
Glazing market for
double ’ glazing,
PG U<11’ double, GLO |140 | 136 | 133|128 123 | 121|121
; U<l.1
W/m2K WIMm2K
Plywood | market for
P| , for plywood, RER - - - - - - -
indoor for indoor 3.14 | 320 | 3.26 | 3.38 | 3.46 | 3.49 | 3.50
use use
market for
P?]L)get polyuretha
PUR flexibie ne, RER 5.44 | 542 | 540 | 5.37 | 5.34 | 5.33 | 5.33
flexible
foam foam
Polyviny | market for
Ichloride | polyvinylc
. hloride,
PVC suspensi | suspensio GLO | 219 | 206 | 194 | 1.75 | 1.56 | 1.49 | 1.46
on n
polymeri | polymeris
sed ed
Fibre- mar.ket for
reinforce fibre-
RC q reinforced BR 0.18 | 0.17 | 0.17 | 0.17 | 0.17 | 0.17 | 0.17
concrete concrete,
steel
Sa Sand ma;';ﬁfjfm CH |001]001]|001|001]|000] 000|000
market for
sc ifg’r‘fa”rt cement CH |024]023]023]021|020]| 020|020
mortar
Shavings
soﬁWoo ptl)anirég,
oard, - - - - - - -
SW ?nelggjree softwood, | M | 0.88 | 0.88 | 0.89 | 0.90 | 0.90 | 0.91 | 0.91
dasdry u=10%
mass
. market for
Fr!jbr;e;)f(:a fibreboard
WF Iétex’ , soft, GLO | 030 | 0.28 | 0.26 | 0.24 | 0.21 | 0.20 | 0.19
latex
bonded bonded
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market for
Polystyr polystyren
XPS ene, . GLO | 9.44 | 933|923 | 906|890 | 884|882
extruded !
extruded
Zn Zinc marz'?ﬁf:f‘” GLO | 301|274 |237|175| 125 1.09 | 1.04

Table S7.2.12 GHG emissions factors (SSP2 [216]) of energy supply from ecoinvent 3.6 (kg
CO; eq/kWh). The GHG emission factors of heat networks and hybrid heat pumps are
weighted average factors of sub-energy sources [156]. Green gas is produced by drying and
purifying biogas to the same quality as natural gas [329,330]. In the Netherlands, biogas will
be mainly produced from animal manure (e.g. cattle and chicken) and the treatment of
biowaste (e.g. fruit and vegetables) [331]. And their shares are similar (assumed as 50% for
each) [331].

Energ 201 | 202 | 202 | 203 | 203 | 204 | 204

y - Locati 5- 1- 6- 1- 6- 1- 6-

suppl | FProduct | Activity on | 202 | 202 | 203 | 203 | 204 | 204 | 205
y o |5 | o0o| 5|05 ]o0

Heat, Heat . Europ
central production,

Natur | ool natural gas, at wit%ou

al gas scale boiler t 0.25| 025 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25

boiler natural condensing Switze
modulating

gas <100kW rland

70%:
geothermal
(GHG
emission factor NL 0.09 | 0.09 | 0.09 | 0.09 | 0.09 | 0.09 | 0.09
is from
Verhagen et
al.[74])

15%: heat and
power co-
Heat generation,
netwo | Heat biogas, gas

rk engine (biogas
inputs adapted
with shares of
production
methods of the
Netherlands)

NL 023023 |023|0.23]|023]|0.23]0.23

10%: heat and

power co-
generation, NL |0.01 | 001|001 |001]001|001]001

wood chips,
6667 KW,
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state-of-the-art
2014

5%: heat, from
municipal
waste
incineration to
generic market
for heat district
or industrial,
other than
natural gas

NL

Weighted
average factors

0.10

0.10

0.10

0.10

0.10

0.10

0.10

Electr
ic
heat
pump

Heat,
air-water
heat
pump
10kw

Market for
floor heating
from air-water
heat pump

Europ
e
withou
t
Switze
rland

0.26

0.24

0.22

0.20

0.18

0.17

0.16

Hybri
d heat
pump
(heat
pump
+biog

boiler

Heat

65%[214]:
market for
floor heating
from air-water
heat pump

Europ
e
withou
t
Switze
rland

0.26

0.24

0.22

0.20

0.18

0.17

0.16

35%[214]: heat
production
from green gas
boiler (adapted
from  natural
gas boiler by
replacing
natural gas
with green gas;
1 m? of biogas
equals to 0.63
m3 of natural
gas[331])

NL

0.37

0.37

0.37

0.37

0.36

0.36

0.36

Weighted
average factors

0.30

0.29

0.27

0.26

0.25

0.24

0.23

Solar
water
heater

Heat,
central
or small-
scale,
other
than
natural
gas

Operation,
solar collector
system, Cu flat
plate collector,
multiple
dwelling, for
hot water

CH

0.01

0.01

0.01

0.01

0.01

0.01

0.01
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Grid | Electricit | Market for
electr | y, low electricity, low NL 0.66 | 0.59 | 0.52 | 0.47 | 0.42 | 0.38 | 0.37
icity | voltage voltage

Electricity
production,
photovoltaic,
3kWp slanted-
roof
installation,
multi-Si, panel,
mounted

PV | Electricit
electr | y, low
icity | voltage

NL 0.08 | 0.08 | 0.08 | 0.07 | 0.07 | 0.07 | 0.07

Table S7.2.13 GHG emissions factors (SSP2 450 [216]) of energy supply from ecoinvent 3.6
(kg CO; eq/kWh). The GHG emission factors of heat networks and hybrid heat pumps are
weighted average factors of sub-energy sources [156]. Green gas is produced by drying and
purifying biogas to the same quality as natural gas [329,330]. In the Netherlands, biogas will
be mainly produced from animal manure (e.g. cattle and chicken) and the treatment of

biowaste (e.g. fruit and vegetables) [331]. And their shares are similar (assumed as 50% for
each) [331].

Energ 201 | 202 | 202 | 203 | 203 | 204 | 204

y L Locati 5- 1- 6- 1- 6- 1- 6-

suppl | Product Activity on | 202 | 202 | 203 | 203 | 204 | 204 | 205
y o | 5| 0|5 ]| 0] 5]o0

Heat
Heat, _
central production, '
Natur | ~Cca- | naturalgas,at | oo
algas | (oo boiler t 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25
boiler , condensing -
o modulating Switze

gas <100kW rland

Europ

70%:
geothermal
(GHG
emission factor NL 0.09 | 0.09 | 0.09 | 0.09 | 0.09 | 0.09 | 0.09
is from
Verhagen et
al.[74])

Heat o
netwo | Heat 15%: heat and

K power co-
generation,
biogas, gas
engine (biogas
inputs adapted
with shares of
production
methods of the
Netherlands)

NL 023023 |023|023 (022|022 0.22
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10%: heat and
power co-
generation,
wood chips,
6667 KW,
state-of-the-art
2014

NL

0.01

0.01

0.01

0.01

0.01

0.01

0.01

5%: heat, from
municipal
waste
incineration to
generic market
for heat district
or industrial,
other than
natural gas

NL

Weighted
average factors

0.10

0.10

0.10

0.10

0.10

0.10

0.10

Electr
ic
heat

pump

Heat,
air-water
heat
pump
10kw

Market for
floor heating
from air-water
heat pump

Europ
e
withou
t
Switze
rland

0.25

0.22

0.18

0.11

0.05

0.03

0.03

Hybri
d heat
pump
(heat
pump
+biog
as
boiler

)

Heat

65%][214]:
market for
floor heating
from air-water
heat pump

Europ
e
withou
t
Switze
rland

0.25

0.22

0.18

0.11

0.05

0.03

0.03

359%[214]: heat
production
from green gas
boiler (adapted
from natural
gas boiler by
replacing
natural gas
with green gas;
1 m?3 of biogas
equals to 0.63
m3 of natural
gas[331])

NL

0.37

0.37

0.36

0.36

0.36

0.35

0.35

Weighted
average factors

0.29

0.27

0.24

0.19

0.16

0.15

0.14

Solar
water
heater

Heat,
central
or small-

Operation,
solar collector
system, Cu flat

CH

0.01

0.01

0.01

0.01

0.01

0.01

0.01

118




Chapter 7

scale, plate collector,
other multiple

than dwelling, for
natural hot water

gas

Grid | Electricit | Market for
electr | y, low electricity, low NL 0.63 | 0.54 | 0.44 | 0.22 | 0.06 | 0.00

icity | voltage | voltage 0.01

Electricity
production,
photovoltaic,
3kWp slanted-
roof
installation,
multi-Si, panel,
mounted

PV | Electricit
electr | vy, low
icity | voltage

NL 0.08 | 0.07 | 0.06 | 0.05 | 0.04 | 0.04 | 0.04

7.3 Supporting information to Chapter 4
7.3.1 Map of population per city

a) Population per city b) Floor area per capita in each city

941 - 32006
32007 - 67619
67620 - 1255

B > :

I 313039 - 81491

80 of meer (m2,

Figure S7.3.1 Population and floor area per city [232,332].
7.3.2 Material composition

Table S7.3.1 Material intensities [147] of existing buildings (kg/m?). Apartment buildings
are divided into low and high (more than 5 floors) apartment buildings [44]. SFH: single-
family house. TH: terraced house. AB: apartment building.

Building type | SFH TH AB low | AB high
Al 6.05 6.05 6.05 6.05
Ar 0.00 0.00 0.00 0.00
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Bi 0.00 0.00 0.00 0.00
CB 635.29 | 124.10 | 310.28 245.78
Ce 5.17 2129 | 5.17 5.17
Co 0.00 0.00 0.00 0.00
CI 4.90 4.90 4.90 4.90
Cr 974.12 | 353.20 | 883.09 699.53
EPS 0.00 0.00 0.00 0.00
Gl 0.00 0.00 0.00 0.00
Gr 0.00 0.00 0.00 0.00
Gy 0.00 10.26 | 10.96 6.70
HW 0.00 0.00 0.00 0.00
MW 0.00 0.00 0.00 0.00
Pl 0.00 7.65 0.00 5.11
PUR 0.00 0.00 0.00 0.00
Pw 0.00 0.00 0.00 0.00
RC 0.00 0.00 0.00 0.00
Sa 0.00 0.00 0.00 0.00
SC 0.00 0.00 0.00 0.00
St 36.52 | 14.80 | 33.34 26.92
SW 246.70 | 69.27 | 49.10 61.09
WF 0.00 0.00 0.00 0.00
XPS 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00

Table S7.3.2 Material intensities [211] of new buildings (kg/m?). SFH: single-family house.
TH: terraced house. AB: apartment building. MFH: multi-family house.

Building | SFH | Mid T | End T | ,po | MF | SFH | Mid T | End T | , o [ MF
type 6 H6 H6 H6 | 7 H7 H7 H7
Al 358 | 515 | 515 | 661 |661 |215 |292 |292 |344 |344
Ar 0.00 | 0.00 | 0.00 |0.00 |[0.00 |00l |000 |0.00 |000 |0.00

Bi 244 244 | 244 | 470 | 470 | 244 | 244 | 244 | 470 | 470
CB 26'4 48.94 | 48.94 25 4 25 4 é8'3 929 |9.29 50.4 (1)0'4

Ce 5.66 | 5.59 5.59 470 | 470 | 5.66 | 5.59 5.59 4.70 | 4.70
Co 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00 | 0.00 0.00 0.00 | 0.00
CI 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00 | 0.00 0.00 0.00 | 0.00

810. 750. | 750. | 685. 678. | 678.
Cr 69 702.19 | 702.19 20 20 89 638.85 | 638.85 46 46

EPS 1.12 | 1.12 1.12 0.12 | 0.12 | 0.62 | 0.62 0.62 0.16 | 0.16
Gl 5.86 | 2.07 2.07 1.96 | 1.96 | 5.86 | 2.07 2.07 1.96 | 1.96
Gr 6.34 | 6.41 6.41 125 | 125 | 634 | 6.41 6.41 12.5 | 12.5
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0 Jo 0 Jo0
Gy 000|000 |000 |000 000 |000]|000 |000 |000 000
HW | 850 | 7.87 | 787 | 786 | 7.86 | 850 | 787 | 7.87 | 7.86 | 7.86
MW %8'4 2513 | 2513 | 639 | 639 31'3 1592 | 1592 ;8'0 ;8'0
Pl 004 | 004 | 004 |001 |001 | 004 | 004 |o004 |o001 o001
PUR | 000 | 000 |000 | 135 |135 | 570 | 642 | 642 | 143 | 143
Pw (1)4'6 1496 | 1496 | 6.13 | 6.13 (1)4'6 1184 | 1184 | 613 | 6.13
255. 284, | 284. | 255, 284, | 284,

RC | 22> | 53207 | 53297 | Job | 234 1235 D307 | s3n07 | 23| 28
571, 571, | 571, | 571. 571. | 71,

sa | a0l | 577 | s7uga | 0L STE ST sgran | sszn | 071 | 0]
135, 105. | 105. | 135. 105. | 105,

SC [ g 13549 | 135.49 | 105 | 105 | 135113549 | 1359 | 105 | 1O
St 000 | 000 | 000 |000 |000 000|000 |000 |000]000
SW 31'4 5139 | 5139 | 000 | 0.00 ;1'4 5139 | 5139 | 000 | 0.00
WE | 000 | 000 | 000 | 000 | 000 | 850 | 434 | 434 |49 |49
XPS | 000 | 000 | 000 | 000|000 |230 | 230 |230 | o025 |025
Zn | 124 | 1424 | 1424 | 0.69 | 0.69 | 124 | 1424 | 1424 | 0.69 | 0.69

Table S7.3.3 Insulation materials. HR++ glass contains 2 plates (2x0.5cm thick) and 2cm
argon [211]. HR+++ glass is assumed to contain 3 plates (3x0.5cm thick) and 2cm argon
[209,211]. The typical U-values of glasses are from TABULA and Milieu Centraal [68,209].

Insulation . Thermal conductivity (k, U- Density
standards Element Material W/mK) value (kg/m?)
Roof mineral 0.037 - 140
wool
. HR++
Window glass - 1.8 -
convention mineral
al Wall 0.037 - 140
wool
Door - - - -
Ground PUR 0.025 ; 45
Roof PUR 0.025 - 45
Glass HR+-++ - 1.0 -
glass
advanced Wall mineral 0.037 - 140
wool
Door PUR 0.025 - 45
Ground mineral
floor wool 0.037 - 140
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7.3.3 Outflow collection and recycling

Table S7.3.4 EOL collection rate and recycled content potential of material outflows [44].
Considering that [44] only includes the EOL processing of 11 kinds of main materials
(italicized), the EOL collection rates and recycled content potential of other materials are
assumed as zero.

Material label Material name EOL collection rate (%) | Recycled content potential (%)
Al Aluminum 95 50
Ar Argon 0 0
Bi Bitumen 50 50
CB Clay brick 95 50
Ce Ceramic 95 80
Co Copper 0 0
CI Cast iron 95 96
Cr Concrete 85 50

s | Eomded o 0
Gl Glass 95 91
Gr Gravel 0 0
Gy Gypsum 95 40

HW Hardwood 95 90

MW Mineral wool 0 0
P1 Plastic 0 0

PUR Polyurethane foam 0 0
Pw Plywood 0 0
RC reinforced concrete 0 0
Sa Sand 0 0
SC Sand cement 0 0
St Steel 95 85
/4 Softwood 95 90

WF Wood fiber 0 0

s | S : ;
Zn Zinc 0 0

7.3.4 Environmental impact factors of materials, transportation, and landfill

Table S7.3.5 GHG emissions factors (SSP2) [142,216] of building material production from
ecoinvent 3.6 (kg CO, eq/kg) [138].

é\:lle;tl produ | Activi | Locat | 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 |
s ct ty Ion | 5019 | 2024 | 2029 | 2034 | 2039 | 2044 | 2049 | ©
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marke
alumi t for
nium alumi 10.
' - 111 11.0 10.9 10.9 10.8 10.7 10.7
Al | wroug | nium, | GLO | 705" | 756 | 905 | 209 | 688 | 739 | 226 | /%
ht wroug 2
alloy ht
alloy
marke
Ar | argon, t for RoW 211 | 201 | 189 | 1.78 | 1.72 | 1.68 | 1.67 | 1.6
liquid | argon, 36 57 03 81 90 30 88 938
liquid
marke
bitum t for
en bitum
Bi ad\*/‘:S' adehr‘]asi GLo | 051 | 051 | 0.50 | 050 | 050 | 0.50 | 0.50 | 05
compo ve 25 14 90 69 56 45 43 045
und, compo
hot und,
hot
marke
CB clay t for GLO 0.30 | 0.30 | 030 | 0.30 | 0.29 | 0.29 | 0.29 | 0.2
brick clay 54 41 19 00 88 79 76 978
brick
marke
Ce cerami t for GLO 0.73 0.72 0.71 0.69 0.69 0.68 0.68 | 0.6
ctile | cerami 72 52 00 81 11 57 57 882
ctile
marke
419 | 4.10 4.00 3.93 3.89 3.85 3.86 | 3.8
Co | copper | tfor | GLO | 25" | 57 | 54 | 32 | o7 | 75 | o1 | 794
copper
marke
cl cast t for GLO 1.72 1.71 1.68 1.67 1.66 1.65 1.65 1.6
iron cast 68 04 88 10 06 26 19 547
iron
marke
concre t for
cr te, concre CH 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.06 | 0.0
norma te, 37 43 33 20 11 02 96 693
| norma
|
marke
polyst | tfor
EPS yrene, | polyst GLO 3.64 3.64 3.64 3.64 3.64 3.64 3.64 | 3.6
expan | yrene, 22 18 12 06 03 00 00 401
dable | expan
dable
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marke

flat t for
115 | 114 | 113 | 112 | 112 | 112 | 112 | 11
Gl | glass, | flat | ROW | “92" | "53" | "35" | 69 | 34 | 13 | 23 | 244

coated | glass,

coated

marke

gravel | tfor
Gr , gravel CH 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
crushe , 88 90 87 83 80 78 76 075

d crushe

d

Su

aypsu | PP
G m, uarr CH 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
Yo miner | uarmy 26 | 27 | 26 | 25 | 25 | 24 | 24 | o024

al operat

ion

SAWI - cawin
wood, - - - - - - - -
HW | hardw ha?élw CH 210 | 210 | 210 | 210 | 210 | 211 | 211 | 21
ood, 0od 50 40 57 78 92 07 16 122

raw

marke
glass |t for 233 | 226 | 217 | 210 | 206 | 203 | 2.02 | 2.0
MW | wool glass | GLO . . i i . i ; .
mat wool 60 67 58 53 30 02 86 | 413

mat

marke

extrusi | tfor
Pl on, extrusi GLO 034 | 033 | 031 | 0.30 | 0.28 | 0.27 | 0.27 | 0.2
plastic on, 88 90 89 09 99 97 61 | 761

pipes | plastic

pipes

marke

polyur | tfor

ethane | polyur
PU , ethane RER 5.44 | 5.44 5.43 | 5.42 5.42 5.41 540 | 54
R | flexibl , 63 95 94 82 06 18 61 | 028

e flexibl

foam e

foam

marke
plywo | tfor ) ) ) ) ) ) ) )
PW ?:c’ic]:g: gc'jy‘;‘gor RER | 313 | 312 | 315 | 318 | 3.21 | 3.24 | 3.26 | 3.2
Use indoor 33 04 31 99 51 42 31 | 743

use
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marke
fiibre- ftlgfg
RC re(':zgor reinfor | o | 0.47 | 017 | 047 | 047 | 047 | 0.47 | 017 | 0.1
concre ced 38 36 36 35 32 31 33 734
concre
te
te,
steel
gravel
and
Sa sand sand CH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
quarry 37 39 37 35 33 31 31 030
operat
ion
marke
sc CeTe” C;rfr?gn o | 024|024 | 023 | 023 | 023 | 0.22 | 022 | 02
mortar t 01 24 84 36 04 68 48 235
mortar
marke
wire t for
st drawi wire GLO 031 | 0.30 | 029 | 0.29 | 0.29 | 0.29 | 0.29 | 0.2
ng, drawi 17 49 92 52 32 22 33 950
steel ng,
steel
Sawn sawin
wood, - - - - - - - -
SW | softwo sofgt\’/vo CH 1.47 1.47 1.47 1.47 1.47 1.47 1.47 1.4
od, od 15 05 21 41 54 68 76 781
raw
fibreb
oard Euro
produ pe
fibreb | oM | witho | - : - - - . - |-
WF | oard, fron% ut 0.08 | 0.08 | 0.08 | 0.09 | 0.09 | 0.10 | 0.10 | 0.1
soft Switz 21 07 67 35 83 45 87 113
wet &
dr erlan
y d
proces
ses
marke
polyst | tfor
XPS yrene, | polyst GLO 9.52 9.49 9.45 9.41 9.38 9.37 9.36 9.3
extrud | yrene, 44 50 01 21 97 08 68 701
ed extrud
ed
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marke
. 316 | 319 | 3.08 | 293 | 2.84 | 275 | 272 | 2.7
Zn | zinc | tfor | GLO | "7 | e | 7 | 41 | 72 | es | 67 | 197
ZInc
Table S7.3.6 GHG emissions factors (SSP2 450) [142,216] of building material production
from ecoinvent 3.6 (kg CO» eq/kg) [138].
201 | 202 | 202 | 203 | 203 | 204 | 204
Materia L Locati 5- 0- 5- 0- 5- 0- 5- 205
Is Product | Activity | 0" | 501 | 202 | 202 | 203 | 203 | 204 | 204 | 0
9 | 4| 9| 4| 9| 4] o9
market
a'ﬂm'”' alu‘;ﬁirniu 11. | 11. | 10. | 10. | 10. | 10. | 20. | 10.
Al ' GLO | 166 | 040 | 913 | 807 | 645 | 454 | 329 | 247
wrought | m, 7 13| 7|47 ]0]3]2
alloy wrought
alloy
market
argon, 20| 18| 15| 12]07 03|01/ 00
Ar liquid fO{ig[ﬁgn' ROW | 20 | 549 | 417 | 476 | 770 | 092 | 337 | 731
bitumen m?rket
. or
adhesiv .
Bi 5 bitumen | - o | 05 | 05 | 0.5 | 04 | 04 | 0.4 | 0.4 | 04
comooy | adhesive 119 | 084 | 029 | 973 | 885 | 802 | 769 | 754
nd EOt compoun
' d, hot
market
clay 0303 02]02]02|02|02]02
cB brick fcl):)rricclliy GLO | 049 | 014 | 961 | 909 | 826 | 747 | 717 | 706
market
Ce ceramic for GLO 0.7 07 | 06 | 06 | 05| 05| 04| 04
tile ceramic 333 | 047 | 652 | 269 | 679 | 106 | 893 | 794
tile
market
4113937 |34 |31]27]25] 25
Co COpper for GLO | 750 | 733 | 175 | 744 | 055 | 341 | 898 | 228
copper
market
cast 17| 16|16 | 15|14 | 14| 13 13
cl iron foirrgf]“ GLO | 212 | 818 | 266 | 741 | 909 | 091 | 786 | 668
market
or Cor;cret for cy | 00 | 00|00 | 00|00/ 00]|00|00
commay | concrete, 734 | 737 | 723 | 702 | 666 | 638 | 628 | 627
normal
market
olvstyr 36 | 36| 36|36 | 36|36 36| 36
EPS | POMEYTLfor | GLO | 450 | 409 | 392 | 376 | 350 | 325 | 316 | 311
' polystyre
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expanda ne,
ble expandab
le
flat market
Gl lass for flat RoW 1111|1110 | 10| 10| 20| 09
cgoatea glass, 494 | 296 | 055 | 838 | 498 | 143 | 009 | 956
coated
market
Gr gravel, for CH 00| 00| 00| 00| 00| 00]o00]O00
crushed gravel, 087 | 088 | 084 | 077 | 066 | 058 | 055 | 055
crushed
Gy gypsum gg’up;#g‘ oy |00 00|00 00|00 00| 00|00
mineral | operation 026 | 026 | 026 | 024 | 022 | 021 | 020 | 020
savc\llgwo sawing, - - - - - - - -
HW hard\lNo hardwoo CH 21121 (2121|2121 ]| 21| 21
d 054 | 050 | 074 | 108 | 167 | 213 | 230 | 232
od, raw
glass | market 23|21 )19 |17]13|10|09] 08
MW wool forglass | GLO
mat wool mat 139 | 527 | 243 | 032 | 646 | 343 | 115 | 547
. market
extrusio for
n, . 03 (03|02 |02(01]|00)|00]|O00
PUo | ptastic | ©rusion | GLO 137 | 161 | 702 | 246 | 503 | 809 | 549 | 469
pipes Pl
pipes
market
polyuret for
PUR hane, polyureth RER 54 | 54 | 54 | 54 | 53| 53| 53|53
flexible ane, 438 | 419 | 249 | 042 | 687 | 417 | 316 | 299
foam flexible
foam
market
plywoo for ) ) ) ) ) ) ) )
PW iﬂagoorr p'y‘f’g?Od' RER | 31 |31 |31 |32 |33]|34]34]| 34
Use indoor 413 | 435 | 962 | 625 | 766 | 624 | 944 | 989
use
. market
RC ed reinforce BR 0101010101201 |01]01
d 736 | 723 | 710 | 698 | 678 | 660 | 657 | 655
concret
e concrete,
steel
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gravel
and sand 00| 00|00/ 00]00]00]|00]00
Sa sand | “oiarry | CH | 037 | 038 | 035 | 032 | 025 | 021 | 019 | 019
operation
market
sc cement for oy |02 )02 |02 02|02 020101
mortar cement 392 | 401 | 345 | 266 | 127 | 021 | 981 | 977
mortar
Wire market
st | draning | forwire | o 0| 03|02 02]02]02]|02]|02]02
o elg drawing, 103 | 963 | 802 | 660 | 439 | 202 | 113 | 077
' steel
Sawnwo _ _ _ _ _ _ _ _
SW sofots\;oo SZ?Q’A'/Z%H CH |14 | 14|14 |14 |14]| 14| 14| 14
a 719 | 715 | 737 | 769 | 824 | 866 | 883 | 884
, raw
flbr%boar Europ
- e
. productio . - - - - - - - .
WF fr'grzt(’)‘;f n, soft, W:Jttho 00|00 |00/|01|01]01]01]01
' from wet | oo | 837 | 859 | 968 | 096 | 319 | 485 | 544 | 556
& dry
processes erland
market
PO for 95 | 94| 93| 92| 90|88 | 88| 88
ene,
XPS | extrude po'%’ztyre GLO | 131 | 398 | 316 | 277 | 604 | 983 | 375 | 170
d extruded
1 Jinc market | o o |31 |30 |27 23|17 | 12| 10| 10
for zinc 193 | 114 | 432 | 736 | 496 | 504 | 924 | 431

Table S7.3.7 GHG emissions factors (SSP2) [142,216] of recycled building materials. The
materials are from ecoinvent 3.6 (kg CO, eq/kg) [138]. The factors of the other recycled
materials are assumed as zero.

201 | 202 | 202 | 203 | 203 | 204 | 204
Materia . Locati | 5- 0- 5- 0- 5- 0- 5- | 205
|s | Product | Activity | o0 o009 | 202 | 202 | 203 | 203 | 204 | 204 | 0
9 | 4 | 9| 4| 9| a0
alumini | ajuminiu
um m scrap,
SCI’ap, post_
Al Cgr?;tjm consumer | . 1 00 | 0.0 | 0.0 [ 00 | 00 | 0.0 | 0.0 | 00
) 000 | 000 | 000 | OO0 | OOO | OOO | 000 | 000
er, prepared
prepare for
d for melting,
melting | Recycled
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Content
cut-off
Ar i ) ) 00 | 00| 00| 00| 00| 00| 00]O00
000 | 000 | 000 | 00O | 00O | 00O | 00O | 00O
| wase | RS o IS IO N IV I BT I
Bi bitumen bitumen CH 2323|123 |23 | 23|23 ]| 23| 23
sheet 591 | 587 | 580 | 573 | 569 | 565 | 563 | 563
sheet
treatment i ) i ) i i i i
CB ‘()"ﬁsctf Of)ys’:;te CH [00]00|00]|00]|00]00]00]|00
N 033 | 033 | 033 | 033 | 033 | 033 | 033 | 033
recycling
Ce i ) ) 00 | 00| 00| 00| 00| 00| 00]O00
000 | 000 | 000 | 00O | 000 | 00O | 00O | 000
Co i ) ) 00 | 00| 00| 00| 00| 00| 00]O00
000 | 000 | 000 | 00O | 000 | 00O | 00O | 000
iron
iron scrap,
scrap sorted, 00| 00/|00]00]00]00]|00]00
Cl ' pressed, GLO
sorted, Recycled 000 | 000 | 000 | 00O | 00O | 00O | 00O | 000
pressed Content
cut-off
treatment
waste of waste Eugop
concret | concrete, witho - - - - - - - -
Cr e, not not ut 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
reinforc | reinforce Switz 040 | 040 | 040 | 040 | 040 | 040 | 040 | 040
ed d,
. erland
recycling
EPS i ) ) 00 | 00| 00| 00| 00| 00| 00]O00
000 | 000 | 000 | 00O | 000 | 00O | 00O | 000
glass
cullet,
Gl Cgu'ﬁi sorted, | < o | 0.0 | 00 | 00 (00|00 |00 |00 00
sorte d Recycled 000 | 000 | 000 | OO0 | OOO | OOO | 000 | 000
Content
cut-off
Gr ) i i 00 | 00| 00| 00]00|00]|00]O00
000 | 000 | 000 | OO0 | OOO | OOO | 000 | 000
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treatment
waste of waste ) ) ) ) ) ) ) )
Gy | gypsum o gypsum -\ oyl 00 | 00| 00 | 00 | 00 | 0.0 | 00 | 0.0
plasterb | plasterbo 033 | 033 | 033 | 033 | 033 | 033 | 033 | 033
oard ard,
recycling
waste
waste wood,
wood post-
HW ost. | consumer |~ 0| 0.0 | 0.0 [ 00| 00|00 |00 |00 |00
P , 000 | 000 | 000 | 000 | 00O | 000 | 000 | 00O
consum
or Recycled
Content
cut-off
MW ) ) ) 00|00 |00]|00|00]00]00]|00
000 | 000 | 000 | 000 | 00O | 000 | 000 | 000
ol ) ) ) 00|00 |00]|00|00]00]00]|00
000 | 000 | 000 | 000 | 00O | 000 | 000 | 000
SUR ) ] ] 00|00 |00]|00|00]00]00]|00
000 | 000 | 000 | 000 | 00O | 000 | 000 | 00O
- ) ] ] 00|00 | 00|00 00]00]00]|00
000 | 000 | 000 | 000 | 00O | 000 | 000 | 00O
RC ] ) ) 00|00 |00]|00|00]00]00]|00
000 | 000 | 000 | 000 | 000 | 000 | 000 | 000
sa ] ) ) 00|00 |00/ 00| 00]00]00]|00
000 | 000 | 000 | 000 | 000 | 000 | 000 | 000
sc ] ) ) 00|00 |00/ 00| 00]00]00]|00
000 | 000 | 000 | 000 | 00O | 000 | 000 | 000
treatment
waste of waste ) ) ) ) ) ) ) )
St rgm‘;%rf re:?]z?]rtce CH [00]00|00]|00]|00]00]00]|o00
too] aly 574 | 573 | 572 | 571 | 571 | 570 | 570 | 570
recycling
waste waste
wood, wood,
sw. | post || post | GLO | 60 | 000 | 00o | 0oo | 000 | 000 | 000 | 000
consum | consumer
er ’
Recycled
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Content
cut-off

00 | 00| 00| 00| 00)|O00]|O00]O00

WF ) ) " | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000
<PS ) ) | 00|00|00[00]|00]|00]|00]O00
000 | 000 | 000 | 000 | 000 | 000 | 000 | 000

7n ) ) | 00|00|00[00]|00]|00]|00]O00

000 | 000 | 00O | 00O | 00O | 00O | OO0 | 00O

Table S7.3.8 GHG emissions factors (SSP2 450) [142,216] of recycled building materials.
The materials are from ecoinvent 3.6 (kg CO, eq/kg) [138]. The factors of the other recycled
materials are assumed as zero.

201 | 202 | 202 | 203 | 203 | 204 | 204
Materia . Locati 5- 0- 5- 0- 5- 0- 5- 205
|s | Product | Activity | o0 o509 | 202 | 202 | 203 | 203 | 204 | 204 | 0
9 | 4| 9| 4] 9| 4|9
aluminiu
alumini | m scrap,
um post-
scrap, consumer
post- ’ 00|00 ]00]00|00|00]00] 00
Al Cort‘jum pre%""rred GLO | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000
prepare melting,
d for Recycled
melting | Content
cut-off
Ar ] ) ) 00|00 ]00]|00|00|00]00]00
000 | 000 | 000 | 000 | 000 | 000 | 00O | 000
waste | (ML o I IO IO IO IO O
Bi bitumen | % M98 | CH | 23 | 23 | 23 | 23 | 23 | 23 | 23 | 23
sheet 589 | 579 | 562 | 544 | 516 | 490 | 480 | 477
sheet
treatment i i i i i i i i
cB ‘{)"f}iﬁf OE;’;’flfte CH | 00| 00| 00]|00]|00]00]00]|o00
< 033 | 033 | 033 | 033 | 032 | 032 | 032 | 032
recycling
e ) ) ) 00|00 ] 00| 00| 00|00]00] 00
000 | 000 | 000 | 000 | 000 | 000 | 00O | 000
o ) ) ) 00|00 ]00]|00|00|00]00]00
000 | 000 | 000 | 000 | 000 | 000 | 00O | 000
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iron
iron scrap,
sorted,
cl scrap, pressed GLO 00| 00| 00| 00| 00| 00]o00]O00
sorted, Recycl ea 000 | 000 | 00O | OO0 | 00O | 00O | 00O | 000
pressed Content
cut-off
treatment
waste of waste Eugop
concret | concrete, witho - - - - - - - -
Cr e, not not ut 00| 00| 00| 00| 00| 00]o00]O00
reinforc | reinforce Switz 040 | 040 | 040 | 040 | 039 | 039 | 039 | 039
ed d,
recycling erland
EPS i ) ) 00 | 00| 00| 00| 00| 00| 00]O00
000 | 000 | 000 | 00O | 000 | 00O | 00O | 000
glass
glass cullet, ) ) ) ) ) ) ) )
Gl cullet, Rse?:r;f:?éd GLO | 23 | 23| 23| 23| 23| 23| 23] 23
sorted Content 589 | 579 | 562 | 544 | 516 | 490 | 480 | 477
cut-off
Gr ) i i 00 [ 00| 00| 00|00|00]O00]O00
000 | 000 | 000 | OOO | OO0 | 00O | 00O | 000
treatment
waste of waste ) ) ) ) ) ) ) )
Gy gfapsigm Fﬂgsti‘i[)“o CH [00]00|00]|00|00]00]00]|o00
oard ard, 033 | 033 | 033 | 033 | 032 | 032 | 032 | 032
recycling
waste
waste wood,
wood post-
HW ost-’ consumer GLO 00| 00| 00| 00| 00| 00]o00]O00
C(F)]nsum , 000 | 000 | 000 | OO0 | 00O | 00O | 00O | 000
er Recycled
Content
cut-off
MW ) i i 00 [ 00| 00| 00|00|00]O00]O00
000 | 000 | 000 | OO0 | OO0 | 00O | 00O | 000
p| ) ) ) 00| 00| 00| 00| 00| 00]o00]O00
000 | 000 | 000 | OO0 | OO0 | OO0 | 00O | 000
PUR i ) ) 00 | 00| 00| 00| 00| 00| 00]O00
000 | 000 | 000 | 00O | 00O | 00O | 00O | 000
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P ) ) |00 |o00|00]|00|00]|00]O00]|O00
000 | 000 | 000 | 000 | 00O | 00O | 00O | 00O
RC ) ) |00 |00|00|00|00|00|O00]|O00
000 | 000 | 000 | OO0 | OO0 | 00O | 00O | 00O
sa ) ) |00 |00|00|00|00|00|O00]|O00
000 | 000 | 000 | OO0 | 00O | 00O | 00O | 00O
sc ) ) |00 |o00|00]|00|00]|00]O00]|O00
000 | 000 | 000 | OO0 | 00O | OOO | 00O | 00O
treatment
waste of waste ) } ) } ) ) ) )
st | fenfore | reinforee | ey | 0.0 | 0.0 | 00 | 0.0 | 00| 00 | 00| 00
steel steel, 573 | 572 | 569 | 567 | 563 | 560 | 558 | 558
recycling
waste
waste Vgggg '
SW Wg;’g' consumer |~ o | 0.0 | 0.0 | 0.0 [ 00 | 0.0 | 0.0 | 0.0 | 00
ansum , 000 | 000 | 000 | OO0 | OO0 | 00O | 00O | 000
er Recycled
Content
cut-off
WE ) ) |00 |o00|00]|00|00]|00]O00]|O00
000 | 000 | 000 | OO0 | 00O | OOO | 00O | 00O
XPS ) ) |00 |o00|00]|00|00]|00]O00]|O00
000 | 000 | 000 | 00O | 00O | OO0 | 00O | 00O
- ) ) ~ |oo0|00|00]|00|00]00]|O00]|O00
000 | 000 | 000 | OO0 | OO0 | 00O | 00O | 00O
Table S7.3.9 GHG emissions factors (SSP2) [142,216] of transportation from ecoinvent 3.6
(kg CO; eq/(kg'km)) [138].
201 | 202 | 202 | 203 | 203 | 204 | 204
Materia Product | Activit Locati | 5- 0- 5- 0- 5- 0- 5- | 205
Is Y on 201 | 202 | 202 | 203 | 203 | 204 | 204 0
9 4 9 4 9 4 9
transpor | transport,
Truck t freight, | pgr | 00 | 0.0 | 0.0 [ 00 | 0.0 | 0.0 | 0.0 | 00
transpor frelght’ |0rry 16_ 002 002 002 002 002 002 002 002
lorry 32 metric
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tation 16-32 ton,
(SSP2) metric EUROG6
ton,
EURO6
market
transpor
. for
Ship L transport
transpor | freight, freipht‘ GLO 00 | 00| 00| 00| 00| 00| 00]O00
tation sea, se%’ 000 | 000 | 000 | OO0 | 00O | OOO | 000 | 00O
(SSP2) | contain N
er ship container
ship
transpor
t, transport,
t;:]lfl;r freight, freight,
tatic?n lorry lorry 16- RER 00 | 00| 00| 00| 00| 00| O00]O00
(SSP2 16-32 32 metric 002 | 002 | 002 | 002 | 002 | 002 | 002 | 002
450) metric ton,
ton, EUROG6
EURO6
transpor market
Ship tp for
”;Tisc‘)’r?r freight, t;arZiSpﬁt”’ clo | 00| 00 [ 00| 00 |00 [ 00|00 |00
sea, gnt, 000 | 000 | 000 | OO0 | 00O | OOO | 00O | 00O
(SSP2 . sea,
contain .
450) - container
er ship .
ship
Table S7.3.10 GHG emissions factors of landfill from ecoinvent 3.6 (kg CO, eq/kg) [138,142].
201 | 202 | 202 | 203 | 203 | 204 | 204
Materia Product | Activit Locati 5- 0- 5- 0- 5- 0- 5- 205
Is Y on 201 | 202 | 202 | 203 | 203 | 204 | 204 0
9 4 9 4 9 4 9
treatment | CUroP
. . of inert _e - - - - - - - -
'Eggclfz';' vlvr;irtte waste, W:}PO 00| 00|00 00]|00]00]00]00
sanitary . 103 | 102 | 101 | 100 | 100 | 100 | 099 | 100
. Switz
landfill
erland
treatment E“(;Op
Landfill inert of inert witho - - - - - - - -
(SSP2 waste waste, ut 00| 00| 00| 00| 00¢|O00]|O00]|O00
450) sanitary . 103 | 101 | 098 | 096 | 092 | 088 | 087 | 086
. Switz
landfill
erland
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7.3.5 Sensitivity analysis for concrete

a) GHG emissions (SSP2) b) GHG emissions (SSP2 450)

20% 20%

40% 40%

- =50% - =50%

60%

o
o
=]

60% ~
=

80% 80%

—100% —100%

0 0
2021 2025 2030 2035 2040 2045 2050 2021 2025 2030 2035 2040 2045 2050

Figure S7.3.2 Sensitivity analysis for the recycled content potential of concrete. The recycled
content potential for the red dash line is 50%, which is used in this study.

7.4 Supporting information to Chapter 5

7.4.1 Individual building characterization

Table S7.4.1 Building classification based on TABULA[68].

. Single- Mid- End- Multi- Apartment
Consetrrili) %tlon family terraced terraced Abpuai:tdr?nent family building
P house house house 9 house (wood)
<=1964 SFH1 Mid_TH1 | End_TH1 AB1 MFH1 -
1965-1974 SFH2 Mid_TH2 | End_TH2 AB2 MFH2 -
1975-1991 SFH3 Mid_TH3 End_TH3 AB3 MFH3 -
1992-2005 SFH4 Mid_TH4 End_TH4 AB4 MFH4 -
2006-2014 SFH5 Mid_TH5 End_TH5 AB5 MFH5 -
>=2015 AB6_wo0
(conventional SFH6 Mid_TH6 | End_TH6 AB6 MFH6 q
new)
>=2015 . AB7_wo0
(nZEB new) SFH7 Mid_TH7 End_TH7 AB7 MFH7 d
Table S7.4.2 Attributes of individual buildings.
Information type Parameters
Basic information ID number
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construction yeat

expected demolition year

stories
building type
conditioned floor area
postcode
. neighborhood code
Location -
weather station code
available heat sources
surface area
U-value
roof -
construction year
retirement year
surface area
U-value
external wall -
construction year
retirement year
surface area
U-value
ground floor -
Envelope construction year

retirement year

surface area

U-value

glazing G-value

construction year

retirement year

surface area

U-value

door -
construction year

retirement year

type

recoverable heat loss of the heat distribution
system per m?

recoverable heat loss of the storage per m?

space heating annual effective heat loss of the space heating

Technical system system distribution system per m?

annual effective heat loss of the heating system
storage per m?

installation year

retirement year
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m2

annual energy need for domestic hot water per

domestic hot

2
water system system per m

annual heat loss of the DHW distribution

annual heat loss of the DHW storage per m?

installation year

retirement year

type
ventilation the efficiency of ventilation heat recovery
system installation year

retirement year

type

efficiency

solar panel - -
installation year

retirement year

Occupant behavior

room temperature

time of presence

Material composition (see

material stock every year

material outflow every year

Table S7.4.3)
material inflow every year
space heating
hot water
Energy

electricity for appliances and lighting

electricity generation

Environmental impact

material-related emissions

space heating

hot water

electricity for appliances and lighting

electricity generation

Table S7.4.3 The example table for recording material stock and flows.

Yea
r

Material_
1 stock

Material_ | -- | Material_ | Material_ | -- | Material_

2 stock

1 outflow | 2 outflow . 1 inflow

Material_
2 inflow

201
5

201
6

201
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204
9

205
0

Table S7.4.4 Building materials [280].

Label | Name Label | Name

Al Aluminum MW | Mineral wool

Ar Argon Pl Plastic

Bi Bitumen PUR | Polyurethane foam
CB Clay brick Pw Plywood

Ce Ceramic RC reinforced concrete
Co Copper Sa Sand

Cl Cast iron SC Sand cement

Cr Concrete St Steel

EPS | Expanded polystyrene | SW Softwood

Gl Glass WF Wood fiber
Gr Gravel XPS | Extruded polystyrene
Gy Gypsum Zn Zinc

HW Hardwood - -

Table S7.4.5 Material intensities of new buildings (kg/m?). The material intensities of wood
apartment buildings are from [211,281].

Buildin | sFH | M9 | BN | ag | mp | AB | gy | Mid | ENd g | e | AB
oAl IR I T 0 T SR I IR (R 0 T e L R B I
gbyp 6 6 ood 7 7 ood

Al 358 | 515 | 515 | 6.61 | 6.61 | 0.10 | 215 | 292 | 292 | 3.44 | 3.44 | 0.10
Ar 0.00 | 0.00 { 0.00 | 0.00 | 0.00 | 0.00 |0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Bi 244 | 244 | 244 | 470 | 470 | 0.00 | 2.44 | 244 | 2.44 | 470 | 4.70 | 0.00

96.4 | 489 | 489 | 554 | 554 18.3 104 | 10.4
CB 3 4 4 4 4 0.00 5 9.29 | 9.29 9 9 0.00

Ce 5.66 | 5.59 | 559 | 470 | 470 | 0.00 | 5.66 | 559 | 559 | 4.70 | 4.70 | 0.00
Co 0.00 | 0.00 { 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Cl 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
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810. | 702. | 702. | 750. | 750. | 454. | 685. | 638. | 638. | 678. | 678. | 454.
69 19 19 20 20 20 89 85 85 46 46 20
EPS 112 | 112 | 112 | 0.12 | 0.12 | 0.00 | 0.62 | 0.62 | 0.62 | 0.16 | 0.16 | 0.20

Gl 5.86 | 207 | 2.07 | 1.96 | 1.96 | 3.80 | 5.86 | 2.07 | 2.07 | 1.96 | 1.96 | 3.80

Cr

125 | 125 | 92.7 125 | 125 | 92.7

Gr 6.34 | 6.41 | 6.41 0 0 0 6.34 | 6.41 | 6.41 0 0 0
Gy 0.00 | 0.00 | 0.00 | 0.00 | 0.00 21'4 0.00 | 0.00 | 0.00 | 0.00 | 0.00 (5)1'4
HW 850 | 7.87 | 7.87 | 7.86 | 7.86 35'7 850 | 7.87 | 7.87 | 7.86 | 7.86 35'7
284 | 25.1 | 251 11.3 | 31.3 | 159 | 159 | 18.0 | 18.0 | 18.0

MW 7 3 3 6.39 | 6.39 0 8 5 5 3 3 0

Pl 0.04 | 0.04 | 0.04 | 0.01 | 0.01 | 1.10 | 0.04 | 0.04 | 0.04 | 0.01 | 0.01 | 1.10
PUR | 0.00 | 0.00 | 0.00 | 1.35 | 1.35 | 0.00 | 5.70 | 6.42 | 6.42 | 1.43 | 1.43 | 1.40

146 | 149 | 149 798 | 146 | 118 | 11.8 798

AU o Il Dl R B CE LR G Il Il Il o< B R
255 | 532. | 532. | 284. | 284. 255. | 532. | 532. | 284. | 284.

RC 175 |97 |07 |48 |48 [%C)75 |97 |97 |48 |48 |O%
571. | 571, | 571, | 571, | 571. 571. | 587. | 587. | 571, | 571.

S8 g9 |74 |74 |80 |8 |9 g |11 |11 |8 |so |O%

o | 135|135 | 135 [ 105 | 105 | 948 | 135 | 135 | 135 | 105. | 105 | 948
60 |49 |49 |79 |79 |0 |60 |49 |a9 |79 |79 |o

st | 000 | 000|000 000|000 33'9 0.00 | 0.00 | 0.00 | 0.00 | 0.00 33'9
514 | 513 | 51.3 731 | 514 | 513 | 513 731

sw | -2 0 oo oo | SRR 2R oo | oo |

WF 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 8.50 | 4.34 | 434 | 492 | 4.92 | 0.00
XPS | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 2.30 | 2.30 | 2.30 | 0.25 | 0.25 | 0.20

Zn 1.24 4114'2 4114'2 0.69 | 0.69 | 0.00 | 1.24 24'2 24'2 0.69 | 0.69 | 0.00

Table S7.4.6 Material intensities[211] of existing buildings (kg/m?). Apartment buildings are
further divided into low and high (more than 5 floors) apartment buildings [44].

Building type | SFH1-5 | Mid_TH1-5 | End_TH1-5 | MFH1-5 | AB1-5 (low) | AB1-5 (high)
Al 6.10 6.10 6.10 6.10 6.10 6.10
Ar 0.00 0.00 0.00 0.00 0.00 0.00
Bi 0.00 0.00 0.00 0.00 0.00 0.00
CB 635.30 124.10 12410 | 310.30 310.30 245.80
Ce 5.20 21.30 21.30 5.20 5.20 5.20
Co 0.00 0.00 0.00 0.00 0.00 0.00
cl 4.90 4.90 4.90 4.90 4.90 4.90
cr 974.10 353.20 353.20 | 883.10 883.10 699.50
EPS 0.00 0.00 0.00 0.00 0.00 0.00
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Gl 0.00 0.00 0.00 0.00 0.00 0.00
Gr 0.00 0.00 0.00 0.00 0.00 0.00
Gy 0.00 10.30 10.30 11.00 11.00 6.70
HW 0.00 0.00 0.00 0.00 0.00 0.00
MW 0.00 0.00 0.00 0.00 0.00 0.00
Pl 0.00 7.70 7.70 0.00 0.00 5.10
PUR 0.00 0.00 0.00 0.00 0.00 0.00
Pw 0.00 0.00 0.00 0.00 0.00 0.00
RC 0.00 0.00 0.00 0.00 0.00 0.00
Sa 0.00 0.00 0.00 0.00 0.00 0.00
SC 0.00 0.00 0.00 0.00 0.00 0.00
St 36.50 14.80 14.80 33.30 33.30 26.90
SW 246.70 69.30 69.30 49.10 49.10 61.10
WF 0.00 0.00 0.00 0.00 0.00 0.00
XPS 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00
7.4.2 Leiden population
Table S7.4.7 The population forecast of Leiden [283].

Year Population Year Population

2015 121562 2033 140500

2016 122561 2034 141200

2017 123661 2035 141900

2018 124306 2036 142500

2019 124899 2037 143100

2020 125900 2038 143800

2021 127000 2039 144500

2022 128200 2040 145200

2023 129600 2041 145700

2024 131000 2042 146300

2025 132600 2043 146900

2026 134100 2044 147600

2027 135100 2045 148200

2028 136100 2046 148700

2029 137000 2047 149200

2030 138000 2048 149900

2031 138900 2049 150400

2032 139700 2050 151000

140




Chapter 7

7.4.3 Neighborhood-oriented heat transition in Leiden

Heat sodrce
is available

Heat/source
is available

—

tn+1

Figure S7.4.1 The schematic diagram for heat source availability per neighborhood in space
and time. The neighborhoods in green are the neighborhoods where the corresponding heat

source is available.

Table S7.4.8 Heat source map of Leiden [185,229]. HT is short for the high temperature.

Neighborhood code | Neighborhood name | Current heat source
BU05460000 Pieterswijk Natural gas
BU05460001 Academiewijk Natural gas
BU05460002 Levendaal-West Natural gas
BU05460003 Levendaal-Oost Natural gas
BU05460100 De Camp Natural gas
BU05460101 Marewijk Natural gas
BU05460102 Pancras-West Natural gas
BU05460103 Pancras-Oost Natural gas
BU05460104 d'Oude Morsch Natural gas
BU05460105 Noordvest Natural gas
BU05460106 Havenwijk-Noord Natural gas
BU05460107 Havenwijk-Zuid Natural gas
BU05460108 Molenbuurt Natural gas
BU05460109 De Waard Natural gas
BU05460200 Stationskwartier Natural gas
BU05460300 Groenoord Natural gas
BU05460301 Noorderkwartier Natural gas
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BU05460302 De Kooi Natural gas
BU05460400 Meerburg Natural gas
BU05460401 Rijndijkbuurt Natural gas
BU05460402 Professorenwijk-Oost Natural gas
BU05460403 Burgemeesterswijk Natural gas
BU05460404 Professorenwijk-West Natural gas
BU05460405 Tuinstadwijk Natural gas
BU05460406 Cronestein Natural gas
BU05460407 Klein Cronestein Natural gas
BU05460408 Roomburg Natural gas
BU05460409 Waardeiland Natural gas
BU05460500 Vreewijk Natural gas
BU05460501 Haagweg-Noord Natural gas
BU05460502 Gasthuiswijk Natural gas
BU05460503 Fortuinwijk-Noord Natural gas
BU05460504 Boshuizen Natural gas
BU05460505 Oostvliet Natural gas
BU05460506 Haagweg-Zuid Natural gas
BU05460507 Fortuinwijk-Zuid Natural gas
BU05460600 Transvaalbuurt Natural gas
BU05460601 Lage Mors Natural gas
BU05460602 Hoge Mors Natural gas
BU05460700 Pesthuiswijk Natural gas
BU05460701 Houtkwartier Natural gas
BU05460702 Raadsherenbuurt Natural gas
BU05460703 Vogelwijk Natural gas
BU05460704 Leeuwenhoek Natural gas
BU05460800 Slaaghwijk Natural gas
BU05460801 Zijlwijk-Zuid Natural gas
BU05460802 Zijlwijk-Noord Natural gas
BU05460803 Merenwijk-Centrum Natural gas
BU05460804 Leedewijk-Zuid Natural gas
BU05460805 Leedewijk-Noord Natural gas
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BU05460900 Schenkwijk Heat networks (HT)
BU05460901 Kloosterhof Heat networks (HT)
BU05460902 Dobbewijk-Noord Heat networks (HT)
BU05460903 Dobbewijk-Zuid Heat networks (HT)

7.4.4 Renovation options

Table S7.4.9 U-values (W/m?K) of different thermal standards from TABULA for buildings
in the Netherlands[68].

Building type Conventional sta-ndard nZEN standa-rd

roof | wall | floor | window | door | roof | wall | floor | window | door
SFH1 0.24 | 0.24 | 0.25 1.8 35 015|018 | 0.18 1 1.4
Mid_TH1 0.25 | 0.25 | 0.26 18 35015 |0.18 | 0.18 1 14
End_TH1 0.25 | 0.25 | 0.26 1.8 35( 015|018 | 0.18 1 1.4
AB1 0.24 | 0.24 | 0.23 1.8 351|015 | 0.18 | 0.17 1 1.4
MFH1 0.24 | 0.24 | 0.25 18 35015 |0.18 | 0.18 1 14
SFH2 0.22 | 0.24 | 0.25 1.8 35| 014|018 | 0.18 1 1.4
Mid_TH2 0.22 | 0.24 | 0.25 18 35014 | 018 | 0.18 1 14
End_TH2 0.22 | 0.24 | 0.25 1.8 35| 014|018 | 0.18 1 1.4
AB2 0.22 | 0.24 | 0.24 1.8 35014 | 018 | 0.17 1 14
MFH2 0.22 | 0.24 | 0.25 1.8 35| 014|018 | 0.18 1 1.4
SFH3 02| 02 0.2 1.8 35013 | 013 | 0.15 1 14
Mid_TH3 02| 02| 0.23 1.8 35013 | 015 | 0.17 1 1.4
End_TH3 02| 02| 023 1.8 35013 | 015 | 0.17 1 14
AB3 02| 0.2] 0.19 1.8 35 013|015 | 0.15 1 1.4
MFH3 02| 02| 023 1.8 35013 | 015 | 0.17 1 14
SFH4 0.16 | 0.16 | 0.16 1.8 35011013 | 0.13 1 14
Mid_TH4 0.16 | 0.16 | 0.16 1.8 35( 011|013 | 0.13 1 1.4
End_TH4 0.16 | 0.16 | 0.16 1.8 35| 011|013 | 0.13 1 14
AB4 0.16 | 0.16 | 0.15 1.8 2011|013 | 0.12 1 1.4
MFH4 0.16 | 0.16 | 0.16 1.8 35| 011|013 | 0.13 1 14
SFH5 0.13 | 0.14 | 0.14 18| 165| 01011 0.11 1 1.4
Mid_TH5 0.13 |1 0.14 | 0.14 18| 1.65 01011 011 1 14
End_TH5 0.13 | 0.14 | 0.14 18| 165| 01011 0.11 1 1.4
AB5 0.13 | 0.14 | 0.13 18| 1.65 01011 011 1 14
MFH5 0.13 | 0.14 | 0.14 18| 165| 01011 0.11 1 1.4
SFH6 0.16 | 0.21 | 0.27 18| 165|008 | 0.1] 0.11 1 1.4
Mid_TH6 0.16 | 0.21 | 0.27 18| 165|008 | 0.1] 0.11 1 1.4

143



Appendix

End_TH6 0.16 | 0.21 | 0.27 18| 165|008 | 01| 0.11 1 14
ABG6 0.16 | 0.21 | 0.25 18] 165|008 | 01 011 1 14
AB6_wood 0.16 | 0.21 | 0.25 18| 165|008 | 01| 0.11 1 14
MFH6 0.16 | 0.21 | 0.27 18] 165|008 | 01 011 1 14
SFH7 008 | 01] 011 1 141008| 01| 011 1 14
Mid_TH7 008 | 01| 0.11 1 14]1008| 01 011 1 14
End_TH7 008 | 01] 011 1 141008 | 01| 011 1 14
AB7 008 | 01| 0.11 1 14]1008| 01 011 1 14
AB7_wood 008 | 01] 011 1 141008| 01| 011 1 14
MFH7 008 | 01] 011 1 141008| 01| 011 1 1.4

Table S7.4.10 Insulation measures. HR++ glass contains 2 plates (2x0.5cm thick) and 2cm
argon[211]. HR+++ glass is assumed to contain 3 plates (3x0.5cm thick) and 2cm
argon[209,211]. The typical U-values of glasses are from TABULA and Milieu
Centraal[68,209].

Thermal Lifetime
Insulation U- Density
Element Material conductivity (years)
standards value (kg/m3)
(k, W/mK) [278]
Roof mineral 0.037 - 140 30
Window | HR++ glass - 1.8 - 30
conventional Wall mineral 0.037 - 140 40
Door - - - - 30
Ground PUR 0.025 - 45 40
Roof PUR 0.025 - 45 30
Glass HR+++ - 1.0 - 30
nZEB Wall mineral 0.037 - 140 40
Door PUR 0.025 - 45 30
Ground mineral 0.037 - 140 40
Table S7.4.11 Ventilation systems [68].
Type Heaflt recovery Electricity inztensity Lifetime (years)
raction (kWh/m?a) [333]
Natural ventilation 0 0 20
eniilation 0 24 20
Balanced ventilation 0.95 4.2 20
Table S7.4.12 Space heating system types [68,74].
Type Lifetime (years)
Natural gas boiler 20 [334]
Heat networks (high temperature) 15 [74]
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Heat networks (low temperature) 15 [74]
Electric heat pump 15 [74]

Table S7.4.13 Domestic hot water systems [68].

Type Lifetime (years)
Natural gas boiler 20 [334]
Heat networks (high temperature) 15 [74]
Solar water heater 20 [335]
Electric water heater 15 [336]
Table S7.4.14 Solar panel [212].
Type Panel efficiency | Performance ratio | lifetime
Modern crystalline Silicon panels 0.17 0.85 25 [337]
Table S7.4.15 Future renovation combinations [68,74,248].
Insulation Ventilation Space heating Domestic hot
Solar panel
standards systems systems water system
- Solar water
heater (the first
Exhaust air Natural aas boiler choice if
ventilation g applicable)
- Natural gas
boiler
Conventional - Solar water
heater (the first
. Heat networks choice if
Exhaust air - .
ventilation (high applicable)
temperature) - Heat networks
(high
temperature)
Heat networks Modern crystalline
(low - Solar water Silicon panels
temperature). It is heater (the first
Balanced the first choice choice if
ventilation for multi-family applicable)
houses and - Electric water
apartment heater
nZEB buildings.
Electric heat - Solar water
pump. It is the heater (the first
Balanced first choice for choice if
ventilation single-family applicable)
houses and - Electric water
terraced houses. heater
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7.4.5 Environmental impact factors

Table S7.4.16 GHG emissions factors (SSP2-base) [142,216] of primary material production
from ecoinvent 3.6 (kg CO, eq/kg) [138,280].

Mat Produ | Activit | Locat 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045
erial ot y ion - - - - - - - 2050
S 2019 | 2024 | 2029 | 2034 | 2039 | 2044 | 2049
market
alumin for
ium alumin
! . 111 | 110 | 109 | 109 | 108 | 10.7 | 10.7 | 10.7
Al wioug | tum, GLO | 708 | 726 | 905 | 209 | 688 | 739 | 226 | 092
t wroug
alloy ht
alloy
market
Ar argon, for RoW 211 | 201 | 1.89 | 1.78 | 1.72 | 1.68 | 1.67 | 1.69
liquid | argon, 36 57 03 81 90 30 88 38
liquid
market
bitume for
n bitume
Bi ad\t‘ss' adt?esi GLO | 051 | 0.51 | 050 | 050 | 050 | 050 | 0.50 | 0.50
compo ve 25 14 90 69 56 45 43 45
und, compo
hot und,
hot
market
CB clay for GLO 0.30 | 0.30 | 0.30 | 0.30 | 0.29 | 0.29 | 0.29 | 0.29
brick clay 54 41 19 00 88 79 76 78
brick
market
Ce cerami for GLO 073 | 072 | 071 | 0.69 | 0.69 | 0.68 | 0.68 | 0.68
ctile | cerami 72 52 00 81 11 57 57 82
c tile
Co | copper m?(r)':et GLO | 419 | 410 | 400 | 393 | 389 | 3.85 | 386 | 387
copper 72 27 54 32 07 75 01 94
market
cl cast for GLO 172 | 1.71 | 168 | 1.67 | 166 | 1.65 | 1.65 | 1.65
iron cast 68 04 88 10 06 26 19 47
iron
market
concre for
cr te, concre |~ 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.06 | 0.06
norma te, 37 43 33 20 11 02 96 93
| norma
I
market
polyst for
Eps | yrene, polyst GLO 364 | 364 | 364 | 3.64 | 3.64 | 3.64 | 3.64 | 3.64
expan | yrene, 22 18 12 06 03 00 00 01
dable | expan
dable
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flat market
for flat 115 | 114 | 113 | 112 | 112 | 112 | 112 | 1.12
Gl (?O'Zf‘:d glass, | ROW | 17 | 23 | 35 | 69 | 34 | 13 | 23 | 44
coated
market
or %ﬁ‘s’ﬁ!a r;‘\’/rel oy | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
p %rushe' 88 | 90 | 87 | 83 | 80 | 78 | 76 | 75
d
gypsu
gypsu m
o | ™ | quamy | cu | 000 | 0.00 | 0.00 | 000 | 000 | 0.00 | 0.00 | 0.00
minera . 26 | 27 | 26 | 25 | 25 | 24 | 24 | 24
| operati
on
S%Vggw sawin ) ) ) ) ) ) ) )
HW | hardw ha?aw CH | 210 | 210 | 210 | 210 | 210 | 211 | 211 | 211
ood, p 50 | 40 | 57 | 78 | 92 | o7 | 16 | 22
raw 00
market
glass | for 233 | 2.26 | 217 | 2.0 | 2.06 | 2.03 | 2.02 | 2.04
Mw "rvr?a‘;' 3\/'325' GLO | 60 | 67 | 58 | 53 | 30 | 02 | 86 | 13
mat
market
extrusi for
o) on, | extrusi | o | 034|033 | 031|030 | 028|027 | 027 | 027
plastic | on, 88 | 90 | 89 | 09 | 99 | 97 | 61 | 61
pipes | plastic
pipes
market
polyur for
py | ethane Efr:;’r‘]lé RER | 544 | 544 | 543 | 542 | 542 | 541 | 540 | 540
R | fleibl 63 | 95 | 94 | 8 | 06 | 18 | 61 | 28
e foam | flexibl
e foam
market
plywo for ) ) ) ) ) ) ) )
PW ?:c’ic]:g: g&y‘]’c‘g’r RER | 3.13 | 312 | 3.15 | 3.18 | 3.21 | 3.24 | 3.26 | 3.27
tse | indoor 33 | 04 | 31 | 99 | 51 | 42 | 31 | 43
use
market
fibre- | i
reinfor |\ infor 017 | 017 | 017 | 017 | 017 | 0417 | 0.17 | 0.17
RC | ced BR : : : : : : : :
concre | ced 38 | 36 | 36 | 35 | 32 | 31 | 33 | 34
te concre
te,
steel
gravel
and 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Sa | sand | g | CH | 37 | 39 | 37 | 35 | 33 | 31 | 31 | 30
quarry
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operati
on
market
sc CeTe” Cefr?,]:an cp | 024|024 | 023 | 023 | 023 | 022 | 022 | 022
mortar t 01 24 84 36 04 68 48 35
mortar
market
wire for
st drawin | wire GLO 031 | 030 | 0.29 | 0.29 | 0.29 | 0.29 | 0.29 | 0.29
g, drawin 17 49 92 52 32 22 33 50
steel g,
steel
S%Vggw sawin ) ) ) ) ) ) ) )
SW | softwo so?tWo CH 147 | 1.47 | 1.47 1.47 1.47 1.47 1.47 1.47
od, od 15 05 21 41 54 68 76 81
raw
fibreb
oard
produc Eggo
fibreb ts'gf’: witho | - - - - - ; ; -
WF | oard, frorﬁ ut 0.08 | 0.08 | 0.08 | 0.09 | 0.09 | 0.10 | 0.10 | 0.11
soft Switz 21 07 67 35 83 45 87 13
wet & erlan
dry q
proces
ses
market
polyst for
XPS yrene, polyst GLO 952 | 949 | 945 | 941 | 9.38 | 9.37 | 9.36 | 9.37
extrud | yrene, 44 50 01 21 97 08 68 01
ed extrud
ed
market
. 316 | 3.19 | 3.08 | 293 | 2.84 | 2.75 | 2.72 2.71
Zn | zinc zficr):c GLO | o1 | 50 | 17 | 11 | 72 | 68 | 67 | 97

Table S7.4.17 GHG emissions factors (SSP2-2.6) [142,216] of primary material production
from ecoinvent 3.6 (kg CO» eq/kg) [138,280].

M_at Produ | Activit | Locat 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045
erial ot ion - - - - - - - 2050
S y 2019 | 2024 | 2029 | 2034 | 2039 | 2044 | 2049

market
alumin for
ium, alumin

Al | wroug ium, GLO 11.1 | 110 | 109 | 108 | 106 | 104 | 103 | 10.2

667 | 403 137 | 074 | 457 | 540 | 293 | 472

ht wroug
alloy ht
alloy
market
Ar | &gon, for RoW 208 | 1.85 | 154 | 1.24 | 0.77 | 0.30 | 0.13 | 0.07
liquid | argon, 20 49 17 76 70 92 37 31
liquid
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market
bitume for
n bitume
adhesi n
B | ve Jadnesi | oLo | Ot | 00| G| G | | e | e
compo ve
und, compo
hot und,
hot
market
CB clay for GLO 0.30 | 030 | 0.29 | 0.29 | 0.28 | 0.27 | 0.27 | 0.27
brick clay 49 14 61 09 26 47 17 06
brick
market
Ce cerami for GLO 0.73 | 0.70 | 0.66 | 0.62 | 056 | 051 | 0.48 | 0.47
ctile | cerami 33 47 52 69 79 06 93 94
c tile
market
417 | 397 | 371 | 347 | 3.10 | 273 | 258 | 2.52
Co | copper for GLO
copper 20 33 75 44 55 41 98 28
market
cl cast for GLO 172 | 168 | 1.62 | 157 | 149 | 140 | 1.37 | 1.36
iron cast 12 18 66 41 09 91 86 68
iron
market
concre for
Cr te, concre CH 0.07 | 0.07 | 0.07 | 0.07 | 0.06 | 0.06 | 0.06 | 0.06
norma te, 34 37 23 02 66 38 28 27
| norma
I
market
polyst for
EPS yrene, polyst GLO 364 | 364 | 3.63 | 3.63 | 3.63 | 3.63 | 3.63 | 3.63
expan | yrene, 20 09 92 76 50 25 16 11
dable | expan
dable
flat | ek 114 | 112 | 110 | 1.08 | 1.04 | 1.01 | 1.00 | 0.99
or fla . . . . . . . .
Gl | glass, | “acs, | ROW | "94 | 96 | 55 | 38 | 98 | 43 | 09 | 56
coated
coated
market
or %ﬁ:ﬁ:e gr‘;c\’/gll oy | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
d crushe 87 88 84 e 66 58 55 55
d
gypsu | PP
Gy m, quarry | CH 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
minera . 26 26 26 24 22 21 20 20
| operati
on
SZZI)V(\)IQ’W sawin ) ) ) ) ) ) ) )
HW | hardw ha?aw CH 210 | 210 | 210 | 211 | 211 | 212 | 212 | 212
ood, 00d 54 50 74 08 67 13 30 32
raw
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market
glass | for 231 | 215 | 192 | 1.70 | 1.36 | 1.03 | 0.91 | 0.85
MW ";’T:’aot' 3\,I§ZS| GLO | 59 | 27 | 23 | 32 | 46 | 43 | 15 | a7
mat
market
extrusi for
ol on, | extrusi | o o | 034|031 |027 | 022|015 | 008 | 005 | 004
plastic | on, 37 | 61 | 02 | 46 | 03 | 09 | 49 | 69
pipes | plastic
pipes
market
polyur for
py | cthane g&'g’#‘; RER | 544 | 544 | 542 | 540 | 536 | 534 | 533 | 532
R | flexibl 38 | 19 | 49 | 42 | 87 | 17 | 16 | 99
e foam | flexibl
e foam
market
plywo for ) ) ) . . ) ) )
P ?r?dc‘:gﬁ cF)J(ij\%Or RER | 314 | 314 | 319 | 326 | 337 | 3.46 | 3.49 | 3.9
tse | indoor 13 | 35 | 62 | 25 | 66 | 24 | 44 | 89
use
market
fibre- | i
reinfor | i 017 | 017 | 017 | 016 | 0.16 | 0.16 | 0.16 | 0.16
RC ced reintor BR . . . . . . . .
concre | ced 36 | 23 | 10 | 98 | 78 | 60 | 57 | 55
te concre
te,
steel
gravel
and
sand 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Sa | sand | ooy | CH | a7 | 38 | 35 | 32 | 25 | 21 | 19 | 19
operati
on
market
sc CeTe” Cefr%;n cH | 023 | 024 | 023 | 022 | 021 | 0.20 | 0.19 | 0.19
ortar ) 92 | o1 | 45 | 66 | 27 | 21 | 81 | 77
mortar
market
wire for
o |drawin | wire | o | 031|029 | 028 | 026 | 024 | 0.22 | 0.21 | 020
g, | drawin 03 | 63 | 02 | 60 | 39 | 02 | 13 | 77
steel g,
steel
S%Vggw sawin ) ) ) ) ) ) ) )
SW | softwo SO?t;NO CH | 147 | 147 | 147 | 147 | 148 | 1.48 | 1.48 | 1.48
od, o 19 | 15 | 37 | 69 | 24 | 66 | 83 | 84
raw
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fibreb
oard
produc Euro
. tion pe
fibreb soft’ witho - - - - - - - -
WF | oard, frorﬁ ut 0.08 | 0.08 | 0.09 | 0.10 | 013 | 0.14 | 0.15 | 0.15
soft wet & Switz 37 59 68 96 19 85 44 56
erlan
dry d
proces
ses
market
polyst for
XPS yrene, polyst GLO 951 | 943 | 933 | 9.22 | 9.06 | 8.89 | 8.83 | 8.81
extrud | yrene, 31 98 16 77 04 83 75 70
ed extrud
ed
market
. 311 | 3.01 | 274 | 237 | 1.74 | 1.25 | 1.09 | 1.04
Zn | zinc Z‘:?]rc GLO | g3 | 14 | 32 | 36 | 9 | 04 | 24 | 31

Table S7.4.18 GHG emissions factors (SSP2-base) [142,216] of recycled building materials.
The materials are from ecoinvent 3.6 (kg CO, eq/kg) [138]. The factors of the other recycled
materials are assumed as zero [280].

M_at Produc | Activit | Locat 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045
erial ¢ y on - - - - - - - 2050
S 2019 | 2024 | 2029 | 2034 | 2039 | 2044 | 2049
alumin
ium
alumin | S¢rap
ium post-
consu
scrap, mer
post- prepér
Al consu | Litor | GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
mer, meltin 00 00 00 00 00 00 00 00
prepar g
ed fc_)r Recycl
meltin ed
g Conte
nt cut-
off
Ar ) . ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
market
waste for - - - - - - - -
Bi bitume | waste CH 235 | 235 | 235 | 235 | 235 | 235 | 235 | 2.35
nsheet | bitume 91 87 80 73 69 65 63 63
n sheet
treatm
ent of ) ) ) ) ) ) ) )
cB ‘gﬁiﬁf ‘t’)"r?;tf CH | 000 | 0.00 | 0.00 | 0,00 | 0.00 | 0.00 | 0.00 | 0.00
. 33 33 33 33 33 33 33 33
recycli
ng
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Ce ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
Co ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
iron
scrap,
iron sorted,
scrap presse
cl sorted d, GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
' | Recycl 00 00 00 00 00 00 00 00
presse ed
d Conte
nt cut-
off
treatm
entof | Euro
waste waste pe
concre | concre | witho - - - - - - - -
Cr te, not | te, not ut 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
reinfor | reinfor | Switz 40 40 40 40 40 40 40 40
ced ced, erlan
recycli d
ng
EPS ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
glass
cullet,
glass sorted,
al cullet, Recycl GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
sorted ed 00 00 00 00 00 00 00 00
Conte
nt cut-
off
Gr i ) i 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
treatm
ent of
waste waste
gypsu | gypsu - - - - - - - -
Gy m m CH 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
plaster | plaster 33 33 33 33 33 33 33 33
board board,
recycli
ng
waste
waste | 1000
" ";’ggtd consu | o o | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
consu Rr(r;éer;:I 00 00 00 00 00 00 00 00
Yy
mer ed
Conte
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nt cut-
off
MW i ) i 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
Pl ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
PU ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
R 00 00 00 00 00 00 00 00
Pw ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
RC ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
Sa ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
sc ) . ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
treatm
ent of

waste waste

st | reinfor | reinfor |65 | 005 | 0.05 | 0.05 | 0.05 | 0.05 | 0.05 | 0.05

cemen cemen
tsteel | tsteel 74 73 72 71 71 70 70 70

recycli
ng

waste
wood,
post-
consu
mer, GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Recycl 00 00 00 00 00 00 00 00
ed
Conte
nt cut-
off

waste
wood,
SW post-
consu
mer

0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

WF ) . ) 00 00 00 00 00 00 00 00

XPS ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
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0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00

Table S7.4.19 GHG emissions factors (SSP2-2.6) [142,216] of recycled building materials.
The materials are from ecoinvent 3.6 (kg CO, eq/kg) [138]. The factors of the other recycled
materials are assumed as zero [280].

Zn - - -

Mat L 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045
erial Produc | Activit L_ocat ) ) : ) ) ] i} 2050
s t y 10N 1 2019 | 2024 | 2029 | 2034 | 2039 | 2044 | 2049
alumin
ium
. scrap,
alumin
um | 2%
el
Al | consu 2??3: Lo | 0:00 | 0.00 | 000 | 0.00 | 0.00 | 000 | 0.00 | 0.00
mer, meltin 00 00 00 00 00 00 00 00
prepar g
ed for !
- Recycl
meltin ed
g Conte
nt cut-
off
Ar i ) i 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
market
waste for - - - - - - - -
Bi bitume | waste CH 235 | 235 | 235 | 235 | 235 | 234 | 234 | 2.34
nsheet | bitume 89 79 62 44 16 90 80 77
n sheet
treatm
ent of ) ) ) ) ) ) ) )
CB ‘g’f}itke ‘t’)"r?éf CH | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
. 33 33 33 33 32 32 32 32
recycli
ng
Ce ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
Co ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
iron
scrap,
iron sorted,
scrap, presse
cl sorted, d, GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Recycl 00 00 00 00 00 00 00 00
presse ed
d Conte
nt cut-
off
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treatm
entof | Euro
waste waste pe
concre | concre | witho - - - - - - - -
Cr te, not | te, not ut 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
reinfor | reinfor | Switz 40 40 40 40 39 39 39 39
ced ced, erlan
recycli d
ng
EPS i ) i 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
glass
cullet,
glass | 2N i CAN N DR EA A e
Gl cullet, ed GLO | 235 | 235 | 235 | 235 | 235 | 234 | 234 | 2.34
sorted Conte 89 79 62 44 16 90 80 77
nt cut-
off
Gr ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
treatm
ent of
waste waste
gypsu | gypsu - - - - - - - -
Gy m m CH 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
plaster | plaster 33 33 33 33 32 32 32 32
board | board,
recycli
ng
waste
wood,
waste cpc?nsgu
oW Wg;’f_" mer, | o o | 000 [ 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
(E)o nsu Recycl 00 00 00 00 00 00 00 00
ed
mer Conte
nt cut-
off
MW ) . ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
p| ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00 00
PU i ) i 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
R 00 00 00 00 00 00 00 00
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PW ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00
RC ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00
Sa ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00
sc ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00
treatm
ent of
waste | waste i ) ) i i i i i
st Lif;‘;onr L‘Z'r?]‘?nr CH | 0.05 | 005 | 0.05 | 005 | 0.05 | 0.05 | 0.05 | 0.05
tsteel | tsteel, 73 72 69 63 60 58 58
recycli
ng
waste
wood,
waste post-
wood, | €Onsu
SW post- mer, GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Recycl 00 00 00 00 00 00 00
consu od
mer Conte
nt cut-
off
WE ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00
XPS ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00
7n ) ) ) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
00 00 00 00 00 00 00
Table S7.4.20 GHG emissions factors [142,216] of transportation from ecoinvent 3.6 (kg
COs eq/(kg-km)) [138,280].
Transport 201 | 202 | 202 | 203 | 203 | 204 | 204
o P oroduct | Activie | 06 | 5 | 0 | 5 | o | 5 | o | 5 | 205
mztlr?: s roduc CVIY 1 tion | 201 | 202 | 202 | 203 | 203 | 204 | 20 0
9 4 9 4 9 4 9
Truck transpor transport,
transporta t, freight, Rer | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
P freight, | lorry 16- 02 | 02 | 02 | 02 | 02 | 02 | 02 | 02
tion .
lorry 32 metric
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(SSP2- 16-32 ton,
base) metric EURO6
ton,
EURO6
Ship transpor | market for
t, transport,
transporta . :
tion freight, freight, GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
(SSP2- sea, sea, 00 00 00 00 00 00 00 00
containe | container
base) - .
r ship ship
transpor
t, transport,
tr;]rsuzkrta freight, freight,
ti(l))n lorry lorry 16- RER 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
(SSP2- 16-32 32 metric 02 02 02 02 02 02 02 02
26) metric ton,
' ton, EUROG6
EURO6
Ship transpor | market for
t, transport,
transporta . :
tion freight, freight, GLO 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
(SSP2- sea, sea, 00 00 00 00 00 00 00 00
containe | container
2.6) - .
r ship ship

Table S7.4.21 GHG emissions factors of landfill from ecoinvent 3.6 (kg CO» eq/kg)

[138,142,280].
Materi | Produ . Locati 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045
als ot Activity on - - - - - - - 2050
2019 | 2024 | 2029 | 2034 | 2039 | 2044 | 2049
Landi treatment E”emp
1l inert of inert withou - - ) ) ) - - -
waste, .01 .01 .01 .01 .01 .01 . .01
(SSP2 | waste t 0.0 0.0 0.0 0.0 0.0 0.0 0.00 | 0.0
sanitary . 1
base) i Switze 03 02 0 00 00 00 99 00
landfill Hand
Landfi treatment E”:’p
1l inert of inert withou - - ) ) ) - - -
waste, X . . X X . . .
(SSP2 | waste t 0.01 | 001 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
26) sanitary Switze 03 01 98 96 92 88 87 86
landfill Hand

Table S7.4.22 GHG emissions factors (SSP2-base) of energy supply from ecoinvent 3.6 (kg
COs eq/kWh) [138,248].

Energy Product Activity Locati | 2015- | 2021- | 2026- | 2031- | 2036- | 2041- | 2046-
supply on 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Heat, Heat Europ
central production, e
Natural | or natural gas, withou
gas small- at boiler i 0.25 0.25 0.25 0.25 0.25 0.25 0.25
boiler scale, condensing .
. Switze
natural modulating rland
gas <100kW

157



Appendix

Geothermal
Heat (GHG
network | Heat emission NL 0.09 0.09 0.09 0.09 0.09 0.09 0.09
(LT) factor is
from [74])
heat and
heat, power co-
district generation,
Heat or natural gas,
network | industria | conventiona NL 0.10 0.10 0.10 0.10 0.10 0.10 0.10
(HT) I, | power
natural plant,
gas 100MW
electrical
Heat, Market for Europ
. air- floor e
Electric water heatin withou
heat 9 0.26 0.24 0.22 0.20 0.18 0.17 0.16
ump heat from air- t
P pump water heat Switze
10kW pump rland
Heat, Operation,
solar
central
collector
or system, Cu
Solar | small- f?;t e
water scale, P CH 0.01 0.01 0.01 0.01 0.01 0.01 0.01
collector,
heater other .
multiple
than -
natural dwelling,
as for hot
9 water
Grid Electrici | Market for
electrici | ty, low electricity, NL 0.66 0.59 0.52 0.47 0.42 0.38 0.37
ty voltage low voltage
Electricity
production,
photovoltai
PV Electrici | ¢, 3kWp
electrici | ty, low slanted-roof NL 0.08 0.08 0.08 0.07 0.07 0.07 0.07
ty voltage installation,
multi-Si,
panel,
mounted
Table S7.4.23 GHG emissions factors (SSP2-2.6) of energy supply from ecoinvent 3.6 (kg
CO, eq/kWh) [138,248].
Energy Product | Activit Locatio 2015- | 2021- | 2026- | 2031- | 2036- | 2041- | 2046-
supply Y |n 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Heat, Heat .
producti
central
on, Europe
Natural or natural without
- small- . 0.25 0.25 0.25 0.25 0.25 0.25 0.25
gas boiler gas, at Switzerl
scale, .
boiler and
natural
condens
gas .
ing
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modulat
ing
<100k
W
Geother
mal
Heat (GHG
network Heat emissio NL 0.09 0.09 0.09 0.09 0.09 0.09 0.09
(LT) n factor
is from
[74])
heat and
power
co-
heat, generati
district zgt'urau
Heat or
network | industria | 9% | NL 010 | 010 | 010 | 010 |009 |009 | 009
(HT) ) conventi
natural onal
g8s power
plant,
100MW
electrica
|
Market
Heat, for floor
. air- heatin Europe
Electric water from ‘ With(?ut
heat . . 0.25 0.22 0.18 0.11 0.05 0.03 0.03
pump heat air- Switzerl
pump water and
10kW heat
pump
Operatio
Heat n, solar
tr’aI collector
g?n system,
Cu flat
Solar small- olate
water scale, collector CH 0.01 0.01 0.01 0.01 0.01 0.01 0.01
heater other
than ! .
natural multlr_)le
gas dwelling
, for hot
water
Market
Grid Electrici | for N
electricity ty, low electricit | NL 0.63 0.54 0.44 0.22 0.06 0.00 -0.01
voltage y, low
voltage
Electrici
|y
Electrici .
epl\gctricity ty, low g:’d“m' NL 008 | 007 | 006 |005 |004 | 004 |004
voltage '
photovo
Itaic,

159



Appendix

3kWp
slanted-
roof
installati
on,
multi-
Si,
panel,
mounted

7.4.6 The effect of faster heat transition on GHG emissions

a) Effect of faster heat transition on GHG b) Cumulative GHG reduction
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Figure S7.4.2 The effect of faster heat transition on reducing GHG emissions. The years are
the earliest time when all the neighborhoods have implemented the natural-gas-free plan. It
means that buildings will be installed with conventional heating systems, such as natural gas
boilers if the natural-gas-free plan is not implemented. The dash lines are the default heat
transition paces used in the study. The cumulative GHG emissions (2016-2050) are in
comparison with the reference scenario.
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Summary

The building sector accounts for large amounts of material consumption, demolition
waste generation, fossil fuel energy consumption, and greenhouse gas emissions.
Decarbonizing the building stock plays an important role in realizing the climate-
neutral target for the Netherlands. Dutch residential buildings are mostly relatively
old and energy-inefficient and rely heavily on natural gas for space heating and
domestic hot water supply, which occupy the largest share of annual residential
energy consumption. This means that decarbonization policy strategies need to
understand the characteristics of the current building stock and its future evolvement
patterns. Accordingly, this thesis employs multi-source data, mainly including GIS
data of building footprints and the archetypes representative of Dutch residential
buildings, to develop a series of bottom-up building stock models to track future
material stock and flows, energy demand, electricity generation, and GHG emissions.

Chapter 2 develops a bottom-up building stock energy model based on GIS data and
archetypes of residential buildings differentiated by building types and construction
periods. Archetypical information on buildings, such as geometries (e.g. window to
wall ratio), thermal properties of envelope elements, and parameters of technical
systems, is mapped to the individual buildings from GIS data, which provides a
method to characterize the residential building stock in the Netherlands. At the same
time, to investigate what kinds of information contributes most to model accuracy
improvement, the detailed data (e.g. hourly climate data) is added stepwise to the
basic model. The model is spatially validated against the measured natural gas
consumption reported at the postcode level. Results show that past renovation and
occupant behavior can greatly affect the modeled space heating demand. While
uncertainties exist for individual buildings due to a lack of detailed individual
building information, the modeled results are acceptable at the building stock level.

Chapter 3 presents a bottom-up dynamic building stock model capable of simulating
future building stock development and accounting for the associated material and
energy flows, and annual GHG emissions. Contrary to previous bottom-up dynamic
building stock studies, the model builds upon archetypical building types retrieved
from GIS data and simulates the potential energy demand taking into account (future)
energy-efficient building renovation. The model is applied to assess the effect of the
“Nederland klimaatneutraal in 2050 (Netherlands climate neutral in 2050) scenario,
which aims to realize renewable energy supply systems in the Netherlands. Results
show that the annual GHG emissions can be reduced by nearly 90% by 2050 if
existing buildings undergo a thorough renovation, phase out natural gas boilers, and
use a renewable electricity mix. Rooftop PV can potentially supply 80% of the
annual electricity demand for appliances and lighting if solar panels are installed on
50% of roofs. The annual material-related GHG emissions are much less than annual
energy-related emissions. The cumulative material-related GHG emissions from
construction and renovation activities will be counteracted by the cumulative
reduced space heating-related emissions by 2035.
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Chapter 4 further develops the bottom-up dynamic building stock model in Chapter
5 by linking material inflows and outflows during construction, demolition, and
renovation in space and time to explore the urban mining potential to reduce primary
material consumption and GHG emissions. The CDW collection rates and the
recycled content potentials are used to account for the amounts of recycled CDW
that are used in construction and renovation processes. Results show that most
building materials and floor areas are stocked in big cities, such as Amsterdam,
Rotterdam, and The Hague. These cities also dominate future material inflows and
outflows, but there are fewer outflows than inflows, meaning that urban mining can
only provide limited amounts and kinds of materials for construction and renovation,
especially for the insulation materials that most old buildings do not contain. There
is a large temporal mismatch between material demand and secondary material
supply; consequently, some materials have a deficit in the early years but have a
surplus in later years. The limited ability of urban mining to substitute primary
materials leads to limited GHG emission reduction potential. Greening the electricity
mix for material production has a much bigger effect on GHG emission reduction
than urban mining.

Chapter 5 integrates the models in the previous chapters to investigate the overall
GHG emission reduction potential of combined policy strategies and compare the
decarbonization potential of different strategies, such as material transition (CDW
recycling and wood construction), energy transition (heat transition, renewable
electricity mix, and rooftop PV), and implementing green lifestyles. Results show
that if all the strategies are effectively implemented together, the overall GHG
emission reduction potential can be over 90%. The energy transition strategy,
especially the heat transition and renewable electricity supply, plays the most
important role. Rooftop PV can supply surplus electricity if as many roofs as possible
are fitted with solar panels. The material transition strategy contributes much less to
GHG emission reduction than the energy transition strategies. The green lifestyle
strategy has a similar decarbonization potential to a wide installation of rooftop PV
systems.

Together, the chapters of this thesis demonstrate the great potential for GHG
emission reduction, while the decarbonization strategies should be effectively and
extensively implemented. Saving space heating energy consumption is the most
direct way to reduce annual GHG emissions. Considering that most existing
residential buildings will still be in use in 2050, renovating them with high energy
performance standards is required. Despite the great potential of renovation, it alone
is not enough to realize the climate-neutral target in the residential building stock
because the upstream fossil fuel-based energy systems still emit large amounts of
GHG. Replacing fossil fuels with renewable energy sources is a critical path, mainly
involving onsite natural gas combustion for space heating and offsite natural gas and
coal combustion for electricity and heat (in heat networks) generation. Urban mining
cannot contribute to as much emission reduction as energy transition strategies, but
it should nonetheless still be implemented as it can reduce the primary material
consumption and generation of CDW. In addition to the technical aspects considered
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in this thesis, it is also necessary to develop feasible policies in terms of
socioeconomic aspects to guarantee the effective and quick deployment of these
technical strategies.
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Samenvatting

De bouwsector gebruikt enorme hoeveelheden primair materiaal, genereert een grote
hoeveelheid bouw- en sloopafval, en is daarnaast verantwoordelijk voor een
aanzienlijk gebruik van fossiele brandstoffen en daaraan gerelateerde uitstoot van
broeikasgassen. Het koolstofvrij maken van de gebouwde omgeving speelt een
belangrijke rol bij het klimaatneutraal maken van Nederland. Nederlandse huizen
zijn echter relatief oud en energie-inefficiént en zijn in hoge mate athankelijk van
aardgas voor ruimteverwarming en warmwatervoorziening. Dit vormt het grootste
aandeel van het jaarlijkse energieverbruik van woningen. Om beleidsstrategieén
voor het koolstofarm maken van woningen te kunnen uitstippelen, is inzicht nodig
in de kenmerken van het huidige woningvoorraad en de toekomstige ontwikkeling
daarin. Om dit inzicht te verkrijgen worden in dit proefschrift gegevens uit
verschillende bronnen gebruikt. Het betreft voornamelijk GIS-data over de
gebouwde omgeving in combinatie met archetypen die representatief zijn voor
Nederlandse typen woonhuizen. Met deze data wordt een reeks bottom-up modellen
ontwikkeld voor de ontwikkeling van de woningvoorraad, waarmee inzicht
verkregen kan worden in de toekomstige materiaalvoorraden en -stromen, de vraag
naar energie inclusief elektriciteit, en de hieraan gerelateerde broeikasgasemissies.

Hoofdstuk 2 ontwikkelt een bottom-up model van energiegebruik in de
woningvoorraad in Nederland, gebaseerd op GIS data en archetypes van
woongebouwen gedifferentieerd naar gebouwtype en bouwperiode. Informatie over
archetypes van gebouwen, zoals de geometrie (b.v. verhouding tussen raam- en
muuroppervlak), het isolerend vermogen van de buitenste gebouwschil, en gegevens
over efficiéntie van technische systemen zoals het verwarmingssysteem, worden in
kaart gebracht op basis van GIS data. Dit blijkt een goede een methode om de
woningvoorraad in Nederland qua energiegebruik te karakteriseren. Tegelijkertijd
worden, om te onderzoeken welke soort additionele informatie het meest bijdraagt
aan de verbetering van de nauwkeurigheid van het model, diverse gedetailleerde
gegevens (bijv. klimaatgegevens zoals buitentemperatuur per uur) stapsgewijs
toegevoegd aan het basismodel. Het model wordt gevalideerd aan de hand van het
gemeten aardgasverbruik dat op postcodeniveau wordt gerapporteerd. De resultaten
tonen aan dat gedrag van bewoners en of er in het verleden renovatie heeft
plaatsgevonden grote invloed kan hebben op de gemodelleerde vraag naar
ruimteverwarming. Hoewel er onzekerheden bestaan voor individuele gebouwen
door een gebrek aan gedetailleerde informatie op individueel gebouwniveau, zijn de
gemodelleerde resultaten goed bruikbaar voor de Nederlandse woningvoorraad als
geheel.

In hoofdstuk 3 wordt een dynamisch bottom-up model voor de woningvoorraad
ontwikkeld. Hiermee kan de toekomstige ontwikkeling van de woningvoorraad
worden ingeschat en kunnen de bijbehorende materiaal- en energiestromen en
jaarlijkse broeikasgasemissies in kaart worden gebracht. Anders dan met eerdere
dynamische bottom-up studies van de woningvoorraad, modelleert het model
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archetypische woningen op basis van GIS gegevens en schat het de potenti€le
energievraag in, rekening houdend met (toekomstige) verbetering van de energie-
effici€ntie door renovatie. Het model wordt toegepast om het effect door te rekenen
van een “Nederland klimaatneutraal in 2050 scenario, dat moet leiden tot het
gebruik van hernieuwbare energiebronnen in Nederland. De resultaten tonen aan dat
de jaarlijkse broeikasgasemissies in 2050 met bijna 90% kunnen worden verminderd
als de bestaande gebouwen worden gerenoveerd, verwarming met aardgas wordt
uitgefaseerd, en er koolstofarme elektriciteit wordt gebruikt. PV op daken kan in
potentie voorzien in 80% van de jaarlijkse elektriciteitsvraag voor apparaten en
verlichting als op 50% van de daken zonnepanelen worden geinstalleerd. De
jaarlijkse materiaalgerelateerde broeikasgasemissies zijn veel lager dan de jaarlijkse
energiegerelateerde emissies. De extra cumulatieve materiaalgerelateerde
broeikasgasemissies van bouw- en renovatieactiviteiten zullen tegen 2035 worden
gecompenseerd door de cumulatieve verminderde emissies gerelateerd aan
ruimteverwarming.

In hoofdstuk 4 wordt het dynamische bottom-up model van de woningvoorraad in
hoofdstuk 5 verder ontwikkeld door de materiaalinstroom en -uitstroom tijdens de
bouw, sloop en renovatie in ruimte en tijd te koppelen om het potentieel van urban
mining te onderzoeken om het verbruik van primaire materialen en de
broeikasgasemissies te verminderen. Op basis van inzamelingspercentages van
Bouw en Sloopafval (BSA )en het potentieel voor recycling van materialen wordt
ingeschat hoeveel gerecycleerd BSA in bouw- en renovatieprocessen kan worden
ingezet. De resultaten geven aan dat het gros van het vloeroppervlak en de daaraan
gerelateerde “urban mine’ aan bouwmaterialen zich bevindt in grote steden, zoals
Amsterdam, Rotterdam en Den Haag. Deze steden domineren ook de in- en
uitstroom van toekomstig materiaal, maar de uitstroom is veel kleiner dan de
instroom, wat betekent dat ‘urban mining’ slechts beperkte hoeveelheden en soorten
materialen voor nieuwbouw en renovatie kan leveren. Dit is vooral het geval voor
isolatiematerialen, die vaak afwezig zijn in oude gebouwen. Er bestaat in de tijd een
groot verschil in de vraag naar materialen en het aanbod van secundaire materialen,
wat betekent voor sommige materialen in de eerste jaren er een tekort aan secondair
materiaal bestaat, maar in latere jaren een overschot. Omdat ‘urban mining’ dus maar
een beperkte mogelijkheid geeft om primaire materialen te vervangen, geeft dit ook
maar een beperkte mogelijkheid de broeikasgasemissies gerelateerd aan
materiaalgebruik te verminderen. Het koolstofneutraal maken van de
elektriciteitsvoorziening heeft voor de productie van materialen een veel groter
effect op de vermindering van de broeikasgasemissies dan het optimaliseren van
‘urban mining’.

Hoofdstuk 5 integreert de modellen uit de voorgaande hoofdstukken om het totale
potentieel ten aanzien van reductie van broeikasgasemissies te onderzoeken, en te
analyseren wat de bijdrage is van specificke strategieén zoals het de
materiaaltransitic (recycling van BSA en meer gebruik van hout in
bouwconstructies), de energietransitie (warmtetransitie, gebruik van koolstofarme
elektriciteit en het installeren van PV op daken), en het overgaan op een duurzame
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levensstijl. Uit de resultaten blijkt dat als alle strategie€n in combinatie worden
geimplementeerd, een totale reductie van broeikasgassen van 90% of meer kan
worden gerealiseerd. Het doorvoeren van een energietransitie speelt de belangrijkste
rol, met name de warmtetransitic en het realiseren van een koolstofarme
elektriciteitsvoorziening. PV op daken kan een zelfs zorgen voor een overschot aan
groene elektriciteit als alle daken zoveel mogelijk worden voorzien van
zonnepanelen. Een materiaaltransitie waarbij ingezet wordt op gebruik van secondair
materiaal draagt veel minder bij aan de reductie van broeikasgasemissies
voornoemde energietransitie. Duurzame levensstijlen kunnen vergelijkbaar
bijdragen aan de reductie van emissies van broeikasgassen als een breed
doorgevoerde installatie van PV-systemen op daken.
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