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Abstract

The built environment is responsible for a substantial amount of energy use and greenhouse gas
emissions. To improve energy efficiency and reduce environmental impacts, buildings can be
renovated or replaced with more energy-efficient alternatives. Although new buildings often cause
less environmental impacts from operating energy use, the higher material requirements cause
additional environmental impacts. Housing corporations own more than 25% of residences in the
Netherlands and need to decide between different energy efficiency improvement methods for
their building stock. Therefore, the proposed thesis has the following research question: What are
optimal building renovation or repl acement solutions for housing corporations to improve
energy efficiency and reduce environmental impacts in the context of the Dutch climate goals?
Environmental impacts of materials and energy have been calculaté according to the MPG*
method, which follo ws the life cycle assessment approach The results show that extensively
renovated porch flats and new buildings lead to similar amounts of environmental impacts if both
use a collective heat pump and are insulatedaccording to nearly-zero energy building standards.
The comparison between the environmental impacts of extensive renovations and building
replacement depends on the expected building life span after the intervention, the quantity of solar
panels, and the use of sustainable materials.Renovations including lower energy efficiency levels
or fossil energy sourcescause more environmental impacts. The MPG* method aligns with the
Dutch policy context but lacks transparency, completeness, and data certainty. The alternative
scenarios in this study are compared per square meter, sothe overall environmental impacts may
increaseif the relative apartment size per resident is greater in the new building . Considering the
Climate Agreement, the housing crisis, and many uncertainties, extensive renovations are
recommended asa no-regret solution for housing corporations.

Keywords: Life Cycle Assessment, energy consumption, material performance, renovation,
rebuilding, housing corporations
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1. Introduction

The increase ofthe effects of heat waves, fires, cyclones, and other extreme weather conditions
due to human activities, also known as climate change, calls for a drastic reduction in greenhouse
gas (GHG) emissions (IPCC, 2021).An important contributor to climate change is the built
environment, which is responsible for approximately 40% of energy use and 36% ofCO, emissions
in the EU (Directive (EU) 2018/844 ). Therefore, it is crucial to improve energy efficiency and

reduce environmental impacts from the built environment on a large scale.

The operational energy consumption in a building typically consists of energy for heating, cooling,
and domestic hot water (thermal energy), and electricity (Terés-Zubiaga et al., 2020). Operational
energy refers to the total energy consumption during the use phase of the building. Furthermore,

primary energy stands for the total amount of energy harvested from natural sources, thereby
considering the entire energy chain and conversion losses.The demand for thermal energy
depends for a large part on building characteristics and includes losses from transmission (energy
moving through the building envelope) and ventilation, as well as internal gains (heat from people
and appliances) and solar gains (heat from the sun) (ltard & Klunder, 2007). Finally, the

operational energy demand also depends on the behavior and appliances of users.

European policies for reducing energy use inthe built environment have been formulatedto solve
the issue that many buildings in for instance Western European countries such as the Netherlands
do not meet current energy standards (Thomsen & Van der Vlier, 2009; Meijer & Kara, 2012) .
These standards will also not be achieved with the currently insufficient rates of building
renovation (Terés-Zubiaga et al., 2020) or replacement (Sayce & Wilkinson, 2019). To jointly
decrease greenhouse gas emissions and boost economic recovery after the COVIDO pandemic,
the EU has set forth a strategy for a Renovation Wave (European Commission, 2020). This
strategy consists of plans to doublet he current rate of renovations
efficiency, building renovation and renewables deployment at building, neighborhood and district

| evel 06 (Eur opean Co iaréoses, in bna with 2neé BubopearpGreerdDeal this
focus on energy efficiency, renovation, and renewables has been integrated in the Energy
Performance of Buildings Directive, the strategy for the built environment (Directive (EU)
2018/844); European Commission, 2021).

Methods to increase energy efficiency in buildings arevarious forms of renovation (Terés-Zubiaga
et al.,, 2020). Different renovation options include, for instance, insulation, solar shading,

renewable energy sources, draught sealing, doubleor triple glazing, and improving heating,
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ventilation, and air conditioning (HVAC) sy stems (Nguyen, 2017; Ding & Ying, 2019).Moreover,
Itard and Klunder (2007) discusstransformations , which are larger interventions that can also be
implemented to improve energy performance. Transformation s entail the alteration of the floor
plan of a building, for which at least the load-bearing structure is preserved (Itard & Klunder,
2007).

About 49% of houses in the Netherlands were built before 1975 CBS 2021), when energy
performance regulations were much less strict. Especially in the period from the Second World
War until the 70s, there was little attention for insulation in the rapidly built houses (Meijer &
Kara, 2012). Many of these buildings do not comply with renewed building standards ( Ministry of
BZK, 2021). In the Dutch Climate Agreement, it has been established to decrease carbon dioxide
emissions from the built environment in the Netherlands with 3 ,4 megatons by 2030 (Ministry of
EZK, 2019) to eventually achieve climate neutrality in 2050 ( Regulation (EU) 2021/1119). The
plans consist most importantly of increasing the speed of renovations and disconnecting houses
from the natural gas grid, in which case district heating or biogas are mostly suggested as

alternatives.

Energy efficiency in the built environment can be improved t hrough renovation as well asbuilding
replacement, which both have different benefits. Ding and Ying (2019) discussthat renovation has
advantages such adower material requirements and the relatively short time span required for
renovations. In addition, renovation can reduce energy poverty (Ascione, Bianco, Mauro, &
Napolitano, 2019) and preserve the heritage of existing buildings (Martinez -Molina et al., 2016).
Demolition is also often unpopular among occupants, because ofthe personal attachment they
have to a house and the disruption of their lives (Power, 2008). On the other hand, a benefit of
building replacement is the potential to maximize land value (Baker, Moncaster, & Al-Tabbaa,
2017). Furthermore, noise disturbances, inaccessibility, unsuitable floor plans, and mold
formation in existing buildings can motivate the preference for demolition. Finally , in comparing
demolition and renovation, other important factors can becostsand environmental impacts from

other sources besides energy use

Since the technological possibilities to improve energy efficiency in existing buildings are not
endless it can be more sustainable to demolish and replace dwellings. Better thermal insulation
in new construction s generally results in a lower energy consumption in the use phase (Meijer &
Kara, 2012). Replacing an existing building, however, leads to a higher amount of embodied
energy, which can be defined as Athe quantity
upstream or downstream of the manufact uri ng of buil dingodo (Gaspar

some point, the reduced energy consumption may compensate for the increase in embodied
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energy, depending on the life span of the building after the intervention. After reviewing all case
studies that compared replacement with renovation, Schwartz, Raslan, and Mumovic (2018) state
that it is not possible to conclusively claim that either one always has a lower environmental

impact.

Because of the energy transition and increasing attention for sustainability, many different parties
such as homeowners, housing corporations, and municipalities are concerned with increasing
energy efficiency in the built environment in the Netherlands. Other relevant trends related to the
built environment are the housin g shortage and the recent explosion of natural gas prices. Next to
sustainability and financial concerns, the gas phaseout is also motivated by the earthquakes
caused by natural gas mining in the province Groningen and recently also by the aim to become

independent of Russian gas.

Improving energy efficiency not only reduces environmental impacts, it also contributes to

creating more resilient cities. Meerow, Newell, and Stults (2016) reviewed existing literature on

urban resilience and formulatedani nt egr ati ve definition: AUrban res
an urban system [€é] to maintain or rapidly return
to adapt to change, and to quickly transform systems that limit current or future adapt ive
capacity. o0 ( Meer owUrmn aread become2niore éesilienp if theyt &lppt more

sustainable energy sources andreduce energy consumption, because of a decrease in fossil fuel
dependency. Cities are then lessaffected by disturbances suchas increasing gas prices, supply

shortages, or geopolitical concerns about energy security related to, for instance, gas production

in Russia (Bilgin, 2009). Furthermore, building resilience can be increased by renovation

measures such as installing refledive triple glazing. This type of window insulates on cold days

and prevents solar gains in summer, both of which mitigate indoor temperatures during extreme

weather events resulting from climate change (IPCC, 2021)

Assessing the environmental impacts from building energy and materials aligns well with the
principles of Industrial Ecology. These assessments require a systemic approach, as &cus on a
single part of the building lifecycle can lead to misleading conclusions about optimal improvement
strategies. Moreover, while behavior changes can reduce energy use, there is a lot of potential for
reducing the impact of buildings in technological solutions. Considering the key elements of
Industrial Ecology as summarized by Erkman (1997) - a systemic approad), emphasizing complex
material and energy flows, and considering technological dynamics 1 the decision between

renovation or rebuilding is highly relevant to this scientific discipline.
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In this section, some core concepts have been defined and the relevare of increasing energy
efficiency through building renovation or replacement has been established. Chapter two outlines
how decisions between renovation and rebuilding are currently informed. Chapter three
introduces the selected case study, chapter fourdefines the research gap and research questions
and in chapter five the methodology is described. The details of the developed scenarios are
explained in chapter 6, and the results and sensitivity analysis of these scenarios are described in
chapter 7. Finally, chapter 8 consists of a discussion of the limitations of this study and the

conclusions are presented in chapter 9.
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2. Renovation or rebuilding: s tate of the art

2.1. Methods used to compare renovation with demolition

Although it has been established that energy efficiency should be improved, more research is
required to support the decision between life cycle expansion or building replacement. Goldstein,
Herbgl, & Figueroa (2013) discuss six tools, namely five types of Building Environmental
Assessments (BEA) in addition to Life Cycle Assessments (LCA), which are used to evaluate the
sustainability of buildings. BEAs assess multiple environmental performance criteria to determine
how environmentally friendly buildings are and to showcase pasible ways to improve (Ng, Chen,
& Wong, 2013). Examples of performance criteria, according to Ng et al., (2013) are site
management, energy efficiency, air and atmosphere, materials, water efficiency, indoor
environmental quality, transport, global warm ing, waste and pollution, and ecology. The
frameworks in BEA tools provide a standardized way to compare buildings, and the certification
can be used to communicate the level of sustainability to users or the public. However,BEAsfocus

more on operational energy compared to embodied energy in the materials (Goldstein et al., 2013).

The LCA method considers the environmental burden of a product or service in all stages of its
lifecycle from resource extraction, production, and transportation to the use and end-of-life (EOL)
phases (Guinée et al., 2002). A total of eleven impact categories are required to be assessed
according to the Dutch Building Decree, among which global warming, eutrophication, human
toxicity, and ecotoxicity ( Ministry of BZK, 2021). By considering the damage costs to societyfrom
the environmental impacts, the emissions perimpact category can be expressed ina monetary
unit and summed up to form a singular metric , namely the shadow price (Bickel & Friendrich,
2004).

With the LCA approach, the environmental impacts resulting from all building components and
their production and disposal or recycling processes, as well as the impacts from the operational
use of the building, can be considered. Because of the generally applicable design of LCAs and
focus on all lifecycle stages, Goldstein et al. (2013) argue that they are suitable for comparing
rebuilding with renovation. Furthermore, LCA results for building materials have been collected
in different databases, such as the Dutch National Environmental Database (Nationale
Milieudatabase , NMD) (Stichting NMD, 2022a). The NMD is partially connected to Ecolnvent
(Ecolnvent, 2022), a larger and more general LCA database, but another exampge of such
databasesis IDEMAT (IDEMAT, 2022) .
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In addition to LCA s, energy use can becompared through a Life Cycle Energy Analysis (LCEA), in
which all energy inputs of a building are considered. An LCEA includes the embodied energy,
operating energy, and demolition energy (Cabeza, Rincén, Vilarifio, Pérez, & Castell, 2014). Here,
energy used for the construction and renovation of a building are also considered in the embodied

energy.
2.2. Decision -making at larger scales

To inform policy makers on how to impro ve energy efficiencyin buildings, it is efficient to apply
this type of analysis on abroader level. Mastrucci, Marvuglia, Benetto, ad Leopold (2020) named
three types of models required to compare different scenarios to reduce the environmental
impacts of buildi ngs at urban scales: energy demand models, building stock models, and LCAs.
Swan and Ugursal (2009) distinguish two methods to spatially represent and analyze energy
demand, namely a top-down and bottom-up approach. With the top -down approach, total energy
demand data are divided over areas based on for instancanacroeconomic data. In the bottom -up
approach, energy demand ofa set of individual buildings is extrapolated to larger scales. The
bottom -up approach can consist of either statistical or engineering models. Statistical models use
historical data and methods such as regressiors to estimate energy use of dwellings. In contrast,
Swan and Ugursal(2009) describe engineering methods as modce | s  éxpilicitly acéount for the
energy consumption of end-uses based on power ratings and use of equipment and systems and/or
heat transfer and thermodynamic relationships 6  (L§22). The engineering models, in turn, can
rely on a population distribut ion, building archetypes, or a representative sample of buildings to

estimate energy use on larger scales.

Mastrucci et al. (2020) complement the framework of bottom -up energy demand modelsby Swan
and Ugursal (2009) with building stock aggregation models and LCAs to determine the
environmental performance of building components. Two ways to determine the materials used
in the building stock are the archetype approach and the building -by-building approach
(Mastrucci et al., 2020) . The archetype approach uses data from a set of building tymlogies to
represent other similar buildings. In the building -by-building approach, actual information about
the buildings is used, which requires more data and computation al load but is less sensitive to
assumptions and simplifications. For instance, elevation data from Geographic Information
Sciences(GIS), usedto determine building height , can be combined with existing floor plans to
estimate the surface of building components and calculate material contents, if these data are
sufficiently detailed (Matrucci et al., 2017) . Because of trese limitation s, the building -by-building

approach is usually applied to smaller scales
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Several studies have evaluatedhe environmental impac ts of buildings with the use of data for
energy use, building materials, and environmental impacts related to both these aspects.For
instance, Blom, Itard, and Meijer (2010) assessed several heating and ventilation systems and
calculated the combined impacts from operational energy use, material use, and maintenance for
a reference building in the Netherlands. They found that at that time, the heating technology with

the most environmental impacts was the heat pump, and that environmental impacts are best
reduced by decreasing energy consumption and improving the efficiency of technologies.
Mastrucci et al. (2020) studied different renovation scenarios in a city in Luxemburg through a
building -by-building approach and suggestedthat the renovation rate should improve to reduce

the carbon footprint of the urban building stock.

Furthermore , De Oliveira Fernandes et al. (2021) compared the energy and material life cycle
impacts of several building archetypesin the Netherlands. They conclude that there is no one size-
fits-all solution for all buildings , and that material -intensive renovations under the conditions of
the Dutch energy mixeswere effective. However, they state that this finding may not hold up under
a more sustainable energymix composition (De Oliveira Fernandes et al., 2021) In addition, W/E
Adviseurs (2021b) explored the combined shadow costsfrom energy and materials in several
renovation alternatives for five types of buildings. With a similar method , they also compared the
environmental impacts of new buildings with nZEB standards to energy neutral and passive
building standards in the same buildings (W/E Adviseurs, 2021a). In both reports they conclude
that buildings with a better energy performance, meaning that energy consumption is low and
sustainable energy sources are usedlead to the lowest shadow costsHowever, both studies are
based on different assumptions regarding for instance life span, so the shadow cost values canot
be directly compared. A suggestion for further research by Mastrucci et al. (2020) is to combine
the impacts of energy and materials for renovation and demolition scenarios within the same
study, to compare the full range of options.

Many other studie s with similar aims use only some of the required models that Mastrucci et al.
(2020) listed. Some studieswithin the same research group focused on only the material impacts
of refurbishment options (Mastrucci et al., 2015) or end -of-life (EOL) scenarios (Mastrucci,
Marvuglia, Popovici, Leopold, & Benetto, 2017), and therefore did not include energy demand.
Other studies only looked at operational energy use and omitted the lifecycle impacts from
materials (e.g., Mastrucci, Baume, Stazi, & Leopold,2014; Paiho et al., 2019;Gaspari, De Giglio,
Antonini, & Vodola, 2020 ). Also, in these studiesthe environmental impacts are only measured
through primary energy use, greenhouse gas emissions, or a new metrisuch asan Urban Energy
Renovation index (Gregorio & Seixas, 2017).Finally, Yang et al. (2020) modelled the energy
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consumption for residential heating in the city of Leiden through a GIS-archetype approach but

did not include an LCA to calculate environmental impacts.
2.3. Decision -making and comparison S in practice

Goldstein et al. (2013) found that both LCAs and BEAs are rarely used by decisionmakers and
that LCAs are mostly only used at the level of building components. According to their analysis,
historical preservation is the main concern in renov ation versus replacement decisions.
Furthermore, while sustainability and energy use are often mentioned, it is usually unclear how
exactly they informed a decision. Xu, Shen, Lui, and Martek (2019) found that the consumption
of energy and resources and stuctural building safety are only two of the factors that determine
demolition projects in China, besides many others that are often related to local development.
Dissatisfaction about the quality of buildings can also be an important factor in deciding to replace
a building, for instance in the case of deterioration, draught, water penetration, or structural
instability (Baker et al., 2017). On the other hand, demolitions can be related to several social
issues (Power, 2008). Firstly, the required displacement of current inhabitants can cause
resistance, also because people are attached to their homes and need to be compensated.
Moreover, demolition causes nuisance to an area, is costly and organizationally complex, and at

least temporarily leads to a reduction in housing capacity (Power, 2008).

The decision-making process and resulting selections between building renovation and
replacement in the Netherlands, based on a sustainability perspective,were studied by Thomsen
and Van der Flier in 2009. While th ey cited several Dutch case studies resulting in varying
preferences between demolition and life cycle extension,based on both material and energy use,
they argued that life cycle extension was in most cases the best option in terms of sustainability.
These case studies often focused on individual buildings or neighborhoods, such as Itard &
Klunder (2007), which used an LCA approach to compare neighborhoods in Delft and the Hague.
They found that transformations were the optimal solution from an LCA perspe ctive in the case
study areas. Mostly because of the reduced amount of construction waste, transformation resulted

in less environmental impacts compared to demolition and new construction.

In a study on rebuilding or renovating office buildings in the Ne therlands, it was found that for
buildings over 20 years old or with an energy label of D or lower, drastic renovation or rebuilding
was often needed to produce the lowest environmental impacts (Anink et al., 2010). According to
this study, the best option between these two is very dependent on the specific situation, although
renovation was optimal if demolition would be preceded by multiple years of vacancy. Moreover,

Meijer and Kara (2012) performed an LCA study to assess four building renewal options and found
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that, if the energy consumption for heating can be drastically reduced and there is a long lifetime
expectancy after the intervention, the replacement of a building would result in a better
environmental performance. However, these studies did not include fossil-free heating
installations and nearly -zero energy building norms. Since the publication of these studies, stricter
building regulations have been developed to force renovation and construction projects to reduce
environmental impacts from ma terials and energy use. These policies are established in the Dutch
Building Decree, although materials and energy use are still evaluated separately.

2.4. The aspect of time

While operational energy use isusually measured permonth or year, the embodied energy during
the life cycle of a building reflects a total amount. In LCAs of building refurbishments, alternatives
are often compared by their impact per square meter per year (Vilches, GarciaMartinez, &
SanchezMontafies, 2017). Assumptions on the total service life of a building must be made to
divide the impacts over this period. Rauf and Crawford (2015) found that changing the service life
of a building from 50 to 150 years reduces the annual life cycle embodied energy by 29%. They
also discussthe recurrent embodied energy, related to the replacement of building components.
According to their results, the annual recurrent embodied energy increases with a longer service
life of buildings, but this does not nullify the reduction in life ¢ ycle embodied energy from
postponing demolition . Furthermore, Miatto, Schandl, and Tanikawa (2017) show that different
life span distributions assumed for a city do not have a large impact on the modelled city-wide
stock accumulation but do affect the size of demolition waste flows. Finally, results from Meijer
and Thomsen (2009) indicate that, due to the maintenance of many components, the lifetime
expansion of a Dutch reference building from 75 to 400 years does not significantly change the

ratio of impacts from materials and energy.

Klunder and Van Nunen (2003) mention several other factors in which the factor of time is
important in building LCAs. These include, for instance, future materials and production
technologies that may be used in the replacemen of building components or waste treatment
technologies that have evolved during the service life. Furthermore, conventional LCAs calculate
the total environmental impacts for a building throughout its lifetime, but do not consider when
these emissions ocur (Mastrucci, Marvuglia, Benetto & Leopold, 2020). It is also expected that
energy sources in the EU will drastically change as a result of the ongoing energy transition. This
would for instance impact the future electricity mix, including associated env ironmental impacts,

and primary energy use.
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2.5. The energy p erformance gap

Energy performance modelling is based on theoretical calculations for the energy consumption as
opposed to actual energy use and can therefore be incorrect Yan den Brom, Meijer, & Visscher,
2018). This phenomenon is also known as the performance gap. Majcen, Itard, and Visscher
(2013) showed that buildings which are considered energy efficient usually consume more energy
than expected On the other hand, they found that buildings with low energy labels consume less
energy than predicted but subsequently also that the expected energy reductions of renovations
from low to high energy labels are often overestimated (Majcen et al., 2013). Another study
revealed that the over-predictions in energy savings in Dutch non-profit housing increase with the
combination of two or more different energy savings measures, such as the replacement of glazing
and heating installations (Filippidou, Nieboer, and Visscher, 2019). In additio n, Van den Brom et
al., (2018) studied different combinations of household and building characteristics to further
understand the performance gaps in the Netherlands and provide policy recommendations. For
instance, they found that low-income families which receive state benefits tend tohave a high
energy consumption, sothey could be an appropriate target group for energy-saving campaigns.

2.6. Research aim

In conclusion, buildings should be renovated or rebuilt to reduce environmental impacts and
energy usein the Netherlands, as established in the Climate Agreement. enarios for renovations
and rebuilding are best compared through LCAS, in which the impact s of energy and materials are
combined. A bottom -up archetype approach is suitable o apply a building LCA to a broader scale
without requiring excessive data and computing load, is, by which common building typologies
are evaluated to represent a largerpart of the building stock. Finally, it is crucial to use an accurate
estimate of the service life of a building as well as technological developments that occur over this
period. The aim of this thesis project is thus to compare renovation to building replacement, for
which the life cycle impacts from energy and materials are consideredas well asfossil-free energy
sourcesand energy efficiency standards in the Dutch policy context. These results can be used by
housing corporations in the Netherlands, so that environmen tal sustainability can be considered
next to other social aspect, when deciding between renovating or rebuilding . Furthermore, the
findings can help municipalities in advising and guiding housing corporations through energy

performance agreements, and to define pathways to a climate neutral society in 2050.
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3. Case study

3.1. Requirements for renovation s and new buildings inthe
Netherlands

3.1.1.Energy use

Existing buildings

The national building code in the Netherlands , the Building Decree, lists several requirements for
drastic renovations, meaning that at least 25% of the building envelope is adapted (Ministry of
BZK, 2021). These standards require minimum insulation levels of respectively 1,4, 2,1, and 2,6
m2K/W for fagades, roofs, and floors in addition to a small amount of renewable energy
generation and HVAC systems with up-to-date efficiency levels.Following the Climate Agreement,
more ambitious target values have been formulated for the recommended heat demand and
insulation in existing buildings , which would also allow buildings to be disconnected from the
natural gas network (RVO, 2021). AEDES, the national association of housing corporations, has
settled upon energy performance agreements with the Ministry of the Interior and Kingdom
Relations (Ministry of BZK, 2022). In addition to availability, affordability, and livability , several
targets have been formulated for the sustainability of dwellings owned by housing corporations
with the goal of a climate neutral building stock in 2050. Some of the interventions entailed the
accelerated renovation of houses with energy labels E, F, and G, phasing out natural gas, and

extensive renovations towards the aforementioned target values (RVO, 2021).
New bu ildings

New buildings in the Netherlands are also required to comply to energy performance norms. The
indicator of energy performance used to be the energy performance coefficient, representing the
fraction of energy a building uses compared to a standard building in 1990 (NEN, 2017). The
method to calculate the energy performance coefficient was called the Energy Performance of
Buildings (EPG).

Since 2021, new buildings are required to be nearlyzero energy buildings (nZEB) ( Ministry of
BZK, 2021). The nZEB norms consist of three indicators: energy demand (EP1, inkWh/m 2/year),
primary fossil energy use (EP2, in kWh/m 2/year), and percentage renewable energy EP3, in %).
The maximum allowed EP1 value is dependent on the ratio ofusable floor area in a building
compared to the surfaces in the building envelope through which heat is lost to the environment,

also known as the compactness.Furthermore, there are regulations about the insulation levels .
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See tablelfor an overview of the nZEB standards for energy efficiency and insulation, including

the EP1 calculated for a reference building for post-war porch flats based on Agentschap NL
(2011a). The determination methods for these indicators of energy performance have been
outlined in the NTA8800:2022 norms (NEN, 2022) . While the nZEB standards apply to an entire

building , for individual houses it is required to register the energy label, which is based on the
EP2, and the chances of temperatureexceedancen July (TO July, max) (Vabi Support, 2022c). In

figure 1 the division of EP2 values and the corresponding energy labels areshown.

Table 1: nZEB norms in the Netherlands (Ministry of BZK, 2021)

Energy efficiency Insulation
Energy demand < 65 kWh/m 2/year (situation Facade | 4,7 m2K/W
dependent)
Primary fossil energy use < 50 kWh/m 2/year Roof 6,3 m2K/W
Renewable energy percentage| > 40 % Floor 3,7 m2K/W
G F E D B A A" A™ AT [ AT

380 335 290 250 190 160 105 75 50

Figure 1: Energy labels corresponding to EP2 valuesin kWh/m2/year (Energie Label, 2021)

3.1.2.Material use

The indicator of the environment al i mpact of
to obtain a building permit, is the MPG (environmental performance of buildings; MilieuPrestatie
Gebouwen) (Stichting Bouwkwaliteit, 2017 ). The MPG stands forthe shadow price of all materials
in the building divided by the gross floor area and the life span of a building. The shadow price
represents the sum of the costs of the different environmental impacts to society, based on the
LCA methodology. In 2021, the maximum value of the MPG was changed from 1,0 to 0,8
0 Mm2/year, and it is expected to decrease further until a value of 0,5 in 2030 (RVO, 2017). The
shadow costshave beenstandardized because of the practical advantage of a single valugbut it is
important to consider that this is an anthropocentric, economic value which only indirectly reflects
environmental impacts (De Oliveira Fernandes et al., 2021). Furthermore, De Oliveira Fernandes
et al. (2021) state that there is no international consensus on the height and use of these shadow

costs. Additionally , Van Haagen et al.(2022) mention that the standardized shadow prices in the
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Netherlands are being reevaluated and they expect tle environmental costs to become at least

three times as high.
3.1.3.Combined e nvironmental impacts from energy and materials

Koezjakov, Urge-Vorsatz, Crijns-Graus, and Van den Broek (2018) state that operational energy
has historically had a larger emphasis in Dutch building regulations . For renovations, the Building

Decreemostly has requirements regarding the insulation levels, which relates to energy efficiency
but only indirectly to material use. For new buildings, there are limits to the allowed energy use
and material shadow costs, but these are not combined to incorporate the tradeoffs between
energy and material consumption. Furthermore, the policies of some municipalities favor

renovation in general, such as Amsterdam(Gemeente Amsterdam, 2016).

In several sources it has beenacknowledged that the impacts from energy and material use should
be combined into a single measureto accurately represent trade-offs between energy and material
performance in the Netherlands (Alsema, Anink, Meijer, Straub, & Donze, 2016b; Koezjakov et al.,
2018; Anink, Donze, & Niyongabo-Paulussen,2022). Anink et al. (2022) therefore formulated the
MPG+, which consists of the sum of the MPG andthe EPG*. EPG* is an adapted form of the EPG,
in which the amounts of heat, natural gas, and electricity consumption have also been multiplied
by environmental impact factors. Afterwards, the impacts can be combined with those from
material use. One downside of the MPG* is that there is not yet any distinction for different types
of district heating (Anink et al., 2022). The environmental impacts of district heating networks
can vary a lot based on energy sources and transport distances. Moreover, it must be made sure
that the impacts of the infrastructure are not double counted, as they are also part of the MPG
(Anink et al., 2022) .

3.2. Housing corporations in Leiden

The municipality of Leiden has ambitious plans to increase the sustainability of heating systems
(Municipality of Leiden, 2021) and to become climate neutral in 2050 (Over Morgen, n.d.). In the
transition vision for heating, it is mentioned that about 80% of the housesin Leiden are built
before 1990, of which a large share has a low energy efficiency. Both renovation and new
construction are mentioned as possible interventions. Since it is more difficult to influence
individual homeowners, which cover 50% of the building stock on Leiden, a large role is given to
housing corporations (Municipality of Leiden, 2021). The four biggest corporations 7 Ons Doel,
De Sleutels, Portaal, and DUWOi own 30% of houses in the city. Sincehousing corporations work

with more collective and strategic plans for renovating or replacing buildings, the municipality
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considers them to be an important stakeholder for increasing energy efficiency. Furthermore,
Leiden has an extensive database regarding building types and energy consumption funicipality
of Leiden, 2022). These factors make housing corporations in Leiden an interesting case study for

comparing building renovation and replacement.
3.3. Porch flats

Energy and material performance calculations are dependent on a building design due to
differences in material use, installations, and size. A recurrent building typology can be used for
calculating the environmental impacts of different interventions to be able to generalize findings
to as many buildings as possible as described as the archetype approach insection 2.2.
Furthermore, by renovating multi -family buildings, the energy performance can be efficiently
improved for a lot of households at the same time. Common types of multi-story buildings in the
Netherlands are porch flats and gallery flats (EPISCOPE, 2016a; EPSCOPE, 2016b).Porch flats
were built mostly during the reconstruction period , the yearsafter World War 1l until 1965, while
in the period afterwards gallery flats became more conventional (Garritzmann, Poiesz, & Snijders,
2015).

Porch flats (a.k.a. porch apartments, garden apartments, portiekflats ) usually consist of a common
entrance and staircase, four stories, and two relatively small apartments per floor on each side of
the staircase.According to an assessment from 2006, at that time 3.9% of the Dutch housing stock
consisted of porch flats built between 1946 and 1964 (Agentschap NL, 201b). The majority of
these buildings were built by housing corporations (Van Vlaenderen, 2011). Van Vlaenderen and
Singelenberg(2007) describe porch flats as affordable and relatively containing a lot of bedrooms.
However, they are especially being criticized for being too small, noisy, and inaccessible forpeople
with comprised mobility ( Van Vlaenderen & Singelenberg, 2007). Since there were no standards
for energy efficiency yet, many of these buildings were not insulated and still contained single
glazing, although later double glazing has become more prevalent (Agentschap NL, 201%).
Besides, usually there is quite some green space around the buildings ¥an Vlaenderen &
Singelenberg, 2007), which would allow for densification if the flats were to be demolished to
make room for new constructions. All in all, these characteristics make post-war porch flats
relevant for comparing renovation or rebuilding opt ions to increase energy efficiencyand reduce

environmental impacts .
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4. Research gap and research questions

4.1. Research gap

Based onthe literature review, a comparison of renovation and rebuilding alternatives to decrease
total building impacts on an urban scale has been identified as a research gafe.g., Mastrucci et
al., 2020). Most other studies only focus on individual aspects, such asthe environmental impacts

of material use (e.g., Mastrucci et al., 2015; Mastrucci, Marvuglia, Popovici, Leopold, & Benetto,
2017), or operational energy consumption (Paiho et al., 2019; Gaspariet al., 2020). Other studies
combined the impacts from both materials and energy to assess the performance ofcertain
installations (e.g.,Blom et al., 2010) or renovation options (e.g.,De Olivera Fernandes et al., 202},
but did not make a comparison to building replacement . Furthermore , previous studies which
compared renovation and rebuilding for multi -story apartments in the Netherlands assumed
natural gas heating and did not include the new, stricter energy efficiency standards for new
buildings and drastic renovations (e.g., Itard & Klunder, 2007; Meijer & Kara, 2012). Therefore,
the combination of environmental impacts from energy and materials to compare renovation with

building replacement in the context of the Dutch Climate Agreement is currently understudied.

Finally, in many previous studies the environmental impacts are not weighted. While this avoids
potential biases, using shadow costs to summarize all environmental impacts into one valuemakes

the results of the different scenarios easy to compare.
4.2. Research approach

The aim of this study is to compare alternative scenarios for renovations or building replacement
to decrease the environmental impacts of buildings, with a focus on housing corporations. A case
study approach has been adopted addressing a common building typology which also has
undesirable characteristics, so that demolition is considered as a serious option Therefore, this
study has been conducted forporch flats, a common building archetype of housing corporations

in the city of Leiden and the Netherlands in general.

Next to comparing different scenarios of renovation and building replacement to determine the
most environmentally friendly alternatives, the most important factors determining the
differences are analyzed to inform decisions about building renovation or replacement.
Furthermore, this study aimed to advise decisionmakers such as the municipality of Leiden or
housing corporations about possible ways to locally improve energy efficiency and decrease

environmental impacts. This advice is also illustrated in the form of a decision tree.
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4.3. Research questions

To address the established research ga@nd approach, the following research questions have been
formulated:

How do the environmental impacts of different renovation scenarios for typical buildings

owned by housing corporations compare to demoli shing and rebuilding in the context of the
Dutch climate goals?

This research question isdivided into the following sub -questions:

1. What are realistic building renovation or replacement scenarios for housing corporations
in the Netherlands?

2. What are the environmental impacts of different scenarios for renovating a post-war
porch flat or constructing a new multi -family building?

3. What key parameters have a large impact onthe comparison between the environmental
impacts of renovating or replacing buildings owned by housing corporations?
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5. Methodology

5.1. Energy modelling
5.1.1.NTA8800:2022

The NTA8800:2022 is the national standard for calculating the energy performance of buildings

in the Netherlands (NEN, 2022). The energy performanceis based on building-related energy use,
and therefore excludes the electricity used bylighting and appliances.The main framework for the

calculations is the Building Decree. This leads to the use of the three indicators needed for the
nZEB standards: energydemand (kWh/m 2/year), primary fossil energy use (kWh/m 2/year), and

renewable energy percentage (%). The number of square meters refers to the usable floor area,
which for instance would include the apartments in a building but not the shared corridors. In the
NTA8800:2022 method , abenchmark is assumedfor the energy-related behavior of inhabitants,
which includes monthly variations due to seasonal changes of temperature andsun intensity . This
allows for an equal comparison of building s, but the actual energydemand may therefore be
different as illustrated by the energy performance gap Depending on the efficiency of installations,

energy loss surfacesinsulation levels, energy sources and potential onsite energy generation, the
energy demand leads to a modelledprimary and non -primary energy consumption.

The total primary fossil energy consumption (EP2) is an important indicator of energy
performance, as it reflects the impacts on the environment and is the value used to determine the
energy label of a building. The EP2 includes the primary fossil energy use for heating, cooling,
ventilation , and domestic hot water for buildings with a residential function. In the case of utility

buildings, essential lighting, humidification, and dehumidification are also included into the
energy performance calculations. The primary energy use is calculated with a standard factor
applied to the non-primary energy consumption and incorporates energy lossesfrom energy
generation and transportation (NEN, 2022). The primary energy factor of electricity is 1,45 Since
natural gas is incinerated indoors and condensing boilers are very efficient, this primary energy
factor is 1,0. District heating has a primary energy factor of 0,9, which means that the primary
energy use is considered lower than the consumption. This is because often district heating
systems are partially fueled with waste heat, for which the primary energy is not or only partially

allocated to the heat consumer, or renewable sources such as geothenal energy.
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5.1.2. EPAW

The operational energy consumption of the building s has been modelled in the software EPAW,
owned by Vabi Development B.V. (2022). This program follows the NTA8800 :2022 method and
can therefore be used toaward building permits . The software requires inputs regarding the
building dimensions, insulation levels, and installations . The resulting consumption is given
following the nZEB indicators as well as more specific primary and non -primary consumption
values per energy carrig, solar energy generation, the energy label, the TOjuly value, and CO,
emissions. Furth ermore, the energy use per application is given, including heating, hot water,
ventilation, and auxiliary electricity . Auxiliary electricity is required to operate other installations,
such as district heating and ventilation systems. Finally, the heating demand is given and
compared to the target value for heating demand (RVO, 2021), calculatedfor the dimensions of

the modelled building .

5.2. Material impacts  modelling

5.2.1.Life Cycle Assessment

Life Cycle Assessment (LCA) is a method used to assess the environmental impacts of a product,
process, or service throughout its entire life cycle. It involves identifying and quantifying the inputs
and outputs of a system, including raw materials, energy, water, and waste, as well as any
emissions to air, water, and soil. The purpose of LCAsis to understand the environmental impacts

of a product or process, and to identify opportunities for improvement.

Performing a full LCA requires several steps(Guinée et al., 2002). The goal and scope definition
involves outlining the studied product or process as well as the life cycle stages and environmental
impacts that are included in the assessment For an overview of all possiblelife cycle stages, see
table 2. In the inventory analysis, all environmental inputs and outputs i such asraw materials,
energy, water, and wastei are quantified per processin the life cycle. With the impact assessment,
the environmental impacts are derived from the inputs and outputs identified in the inventory
analysis, using a set of impact categoriesand a specific assessment method An optional step is
then to apply weighting factors to the impact categories, so that the impacts can be summed up
into a single unit. An example of weighting factors are shadow costs.In the final interpretation
step, the results of the impact assessmentand/or weighting are assessedand used to inform,
compare alternatives for the same product or service, ifapplicable, or to identify opportunities for

improvement.
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Table 2: Life cycle stages included inthe NMD
Life Cycle Stages

Al + A2 + A3: Production B5: Refurbishment

A4: Transport to construction site CZ1 Deconstruction / demolition

A5: Building phase C2: Transport to waste processing site

B1: Use of product C3: Wasteprocessing

B2: Maintenance C4: Waste removal

B3: Repair D: Miscellaneous costs and benefits outside of
the system boundaries

B4: Replacement

5.2.2.Material Performance of Buildings

The Material Performance of Buildings (MPG) is the standardized method in the Netherlands for
evaluating the environmental impacts of materials used in buildings throughout their entire life
cycle (Stichting Bouwkwaliteit , 2017). For the MPG score, a specified selection of building
components needsto be incorporated, which can be found in appendix A.L Furthermore , the MPG
is based on the LCA method and uses data from the Dutch Environmental Database (NMD. This
database is managed by an independent organization and includes both producer-specific and
generic data for building materials and related products (Alsema et al., 2016). The MPG method
prescribes certain standard values, such asan expected service live of 75 and 50 years for
residential and non-residential buildings, respectively. Moreover, for the product EOL phases,
standards have been determined by the NMD regarding the recycling rates per material (Stichting
NMD, 2022c).

In the MPG method, the use of the CML method for lifecycle impact assessmens has been
determined (CML, 2016), which includes the 11 impact categorieslisted in table 3. These impact
categories are measured by a unit indicator. For example,all emissions that contribute to global
warming are represented as kilograms of CO»-equivalents measured over a time horizon of 100
years (CML, 2016). The impact scores for each category are then combined into a single score
using weighting factors, based on the shadow price br each impact category. The shadow price
represents the virtual cost to avoid or reversethe damage of an environmental impact (Alsema et

al., 2016b). The shadow costs per impact categoryare also shown in table 3.
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Table 3: LCA Impact categories, unit indicators, and shadow costs included in the NMD and CML method
Impact Categories Unit indicator Shadow costs ( S0 )

Depletion of abiotic resources kg antimony equivalent (eq.) 0,16
(excluding fossil energy carriers)

Depletion of fossil energy carriers kg antimony eq. 0,16
Global warming kg COeq. 0,05
Ozone layer depletion kg CFK-11 eq. 30
Photochemical oxidation kg ethylene eq. 2
Human toxicity kg 1,4dichlorobenzene eq. 0,09
Fresh water aquatic ecotoxicity kg 1,4-dichlorobenzene eq. 0,03
Marine aquatic eco toxicity kg 1,4dichlorobenzene eq. 0,0001
Terrestrial eco toxicity kg 1,4dichlorobenzene eq. 0,06
Acidification kg SG eq. 4
Eutrophication kg POy eq. 9

The NMD lists a large collection of LCA data for building components in the Netherlands. Three
categories of product information exist in the NMD : (1) producer-specific data; (2) producer-
unspecific data which are tested by aqualified, independent party; and (3) untested, producer-
unspecific data (Stichting NMD , 2022b). Only for category 3 data, the environmental emissions
per impact category of every life cycle stageare public. These impacts are informed as much as
possible by the most recent version of the Ecolnvent database which currently is version 3.6.
Furthermore, because the data arenot verified, the environmental impacts are increased with a
surcharge factor of 30% because experience showed that untested impacts are often
underestimated (Stichting NMD, 2022b). Accessible data from products and servicesin the other

categoriesentail the expected service life and total shadow costsper unit.

The final MPG score of the building is calculated by adding up the shadow costsin every impact
category of eachproduct, adjusted to the life spans of the building and the individual components .
If the life span of a product is shorter than the expected building life span, the environmental
impacts of the full life span of a product are attributed to the shorter building life span. If the
building life span exceeds that of the product, the shadow costsincrease incrementally, based on
the additional fraction of its life spa n. This way of calculating is referred to as the fraction method
(breukenmethode) and it is used because the life spanprediction in the end only represents a
generic suggestion (Stichting NMD, 2021). The total shadow costs are then divided over the

building life span and the gross surfacearea of the building. Thereby, the MPG score isexpressed
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in euros per square meter per yearso it can also be used to compare different buildings on their

environmental impacts.

5.2.3.GPR Gebouw

GPR Gebouw (GPR Building) is a software for calculating the environmental performance of
buildings (W/E Adviseurs, 2023). It follows the MPG method and is licensed to provide building
permits. Next to materials, there are also modules to measureenergy performance, health impacts,
living quality, and future value. In this study, only the material performance section has been used.
The software firstly require s the inputs of main building characteristics, such asthe usable and
gross floor area and the life span. Next, the materials have been selected for each hilding
component, separated into the following main categories: foundation, floor, load -bearing
structure, facade, roof, installations, and indoor elements such askitchens and bathrooms. Most
materials amounts are defined per surface areain square meters, sometimes complemented by

additional dimensions, but others are specified per item, length (m) , or volume (m3).

53. MPG*

To assess the environmentl impacts of the complete building life cycle and the tradeoffs between
energy and material use of renovations and rebuilding, the environmental impacts of energy and
materials need to be combined.A method developed for this purpose in the Dutch context is MPG*
(W/E Adviseurs, 2021a, W/E Adviseurs, 2021b). To calculate the MPG*, energy consumption is
also transformed into the units required for the MPG. This transformation involves several steps,
as outlined by Alsema et al. (2016). Firstly, the environmen tal impacts of different energy carriers
in the Netherlands should be determined. For sources such as electricity and district heating, all
impacts are produced during external energy generationand transportation . However, for natural
gas, external emissions are related to the infrastructure and transportation, while the emissions
from combustion occur indoors. The shadow costs of these emissions have beemeflected in
impact factors in terms of euros per kWwh or MJ of energy consumption. The impact factors per
energy carrier and the corresponding environmental impact of a building are calculated as follows
(Alsema et al., 2016b).

(1) '0"0 00 ‘00
(2) 00 "0 "'0'®@0
where:

IF
EPG

Environmental impact factor for energy carrie ri (0 / k Vdha MJ)

Environmental impact for energy carrie ri (4 / k Wh

Increasing the energy efficiency of buildings: to renovate or to rebuild? PAGE 31



Ei = Final non-primary energy consumption for energy carrier i (kWh/ m2/year)
The resulting impact factors are listed in table 4. Because of the wide variety of sources for district
heating, by default, the impact is calculated as 150% of the shadow costs of natural gas (W/E

Adviseurs, 2016). For the impact factors per environmental impact category, see section 7.1L

Afterwards, the energy performance (EPG) and MPG* are calculated according to the following

formulas (Alsema et al., 2016):

(3) 00 "'OB 00 O
4000 000000

Table 4: Impact factors for energy carriers in the Netherlands

Energy c arrier Unit IF exte rnal IF in ternal IF
Electricity 0 kWh 6,09*102 |0 6,09 * 102
Natural gas al/ MJ 3,45 * 103 1,60* 102 5,05* 103
External heat supply from |0/ MJ | situation 0 7,55 *10°3
district heating dependent

With the combination of EPG and MPG, the indicators have been adapted in three different ways
to avoid double counting and to ensure consistency First, the MPG requires the energy
consumption to be entered to calculate the environmental impacts from the energy infrastructure
and associated material use. Since the infrastructure is already included in the energy impact
factors, these impacts are left out of the MPG in this study. Secondly, becausethe MPG is
calculated per year, the yearly energy consumption should be used tocalculate the EPG and
subsequently the MPG*. Lastly, the nZEB indicators measure energy use per uable floor area
while the MPG looks at total building floor area, or gross surface area Thus, for the MPG* the
energy consumption of the entire building has been divided by the gross surface areaas well to
calculate the EPG and MPG.

In conclusion, the shadow costs have been calculated by combining the material performanceand
energy performance of the building. The material performance, or MPG, has been alteed by
leaving out the impacts related to energy generation. The environmental impacts from energy are
reflected by the energy consumption multiplied by a standardizedimpact factor per energy carrier.

The sum of the shadow costsfrom the total yearly energy consumption per energy carrier of the
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building have been divided by the total floor area. As a result, the MPG' gives the shadow costs

per s c e n a3yeap, byiwhichthé environmental impacts can be easily compared.

5.4. Calculations forred  uced electricity and district heating
impacts
5.4.1.Electricity impact reduction

The goal of the Dutch Climate Agreement is to be climate neutral in 2050 (Ministry of EZK, 2019).
This would also entail that the generation of electricity does not cause net CO,-emissions.
Electricity consumption used to be responsible for a lot of shadow costs (Alsema et al., 2016ak0
it is important to accurately represent this reduction pathway in the scenarios, since all life spans
last nearly up to or beyond 2050.

Baumgartner et al. (2021) performed an LCA of the environmental impacts of electricity in
Germany, among other energy sectors, untii 2050. They state that the impacts in the
environmental impact categories which are expected to increase with more renewable energy
sources, such as nonfuel abiotic depletion, are very uncertain and that therefore more research is
required. In a Danish case study, it was calculated that the climate change impacts will be reduced
to 25% (Turconi, Tonini, Nielsen, Simonsen, & Astrup, 2014). Since this study did not use the same
impact assessment method as theDutch impact factors, the environmental impacts are difficult to
compare. However, in the impact categories for which the same units were used by Turconi et al.
(2014) and the CML method (CML, 2016), the impacts reduced by around 50%, on average. Since
global warming is responsible for a large part of the shadow costs (Alsema et al., 2016p it has
been assumed that the environmental impacts of carbon-neutral electricity will be 25% of the

shadow costsof electricity in the data by Alsema et al. (2016a), calculated per impact category

The shadow costsused by Alsema et al. (201&) are based on Ecolnvent datafrom 2004 and 2008
for natural gas and electricity , respectively. According to Rijksoverheid (2022), the emissions of
greenhouse gasesn the Netherlands were approximately similar in 2005 and 2010, namely 52,0
or 52,1 Megatons of CQ equivalents. The emisgons in 2021 were estimated to be 32,7 Mton CQ-
eg. (Rijksoverheid, 2022). Fur thermore, the EU-wide target, adopted in the Climate Agreement,
is to have reduced the greenhouse gas emissions in 2030 to 45% (Ministry of EZK, 2019). Based
on linear reduction s between these checkpoints the percentage of GHG emissions compared to
those in 2008 has been calculated for the years 2025 and 2045, which are part of the scenarios in

the current study.
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The expected reduction percentage of the overall shadow costs compared to original values has

been calculated by considering the samelinear reductions pathways of CO,-eq. impacts, but then

the shadow costs decreas¢o 25% instead of 0%. For the resulting percentages of both greenhouse

gas emissions and overall environmental impacts, see table5. Next, based on the average values

betweenthe checkpoints, the reducedelectricity impact percentagesthroughout the entire period

of the different life spans considered in this study have been calculated, which can be found in

table 6. For a complete overview of the calculations, seeappendix C. The scenarios are explained

in full in chapter 6.

Table 5: Forecasted greenhouse gas emissions and environmental impacts in the years until 2050

Reduction | Source Greenhouse Shadow costs

Year gases

2016 Rijksoverheid (2022) 100% 100%

2021 Rijksoverheid (2022) 63% 72%

2025 Based on 2021 data and 2030 target | 55% 66%

2030 EU-wide target: 55% reduction | 45% 59%
(Ministry of EZK, 2019)

2045 Based on 2030 and 2050 targets 11% 33%

2050 Climate Agreement: carbon neutral | 0% 25%
(Ministry of EZK, 2019)

Table 6: Reduced electricity impact percentages for the different life spans
Life span | End Percentage | Assumed number of years with | Reduced
year in end year | climate neutral electricity percentage of
electricity impacts

20 years | 2045 | 33% 0 50,2%

40 years | 2065 | 25% 15 38,1%

75years | 2100 | 25% 50 32,0%

125 years | 2150 | 25% 100 29,2%
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5.4.2.District heating impact reduction

Because there is a wide variety of energy sources for district heating and the associated
environmental impacts are very uncertain, the default values used by W/E Adviseurs (2016) entail
150% of the shadow costs of natural gas. This percentage applies toaeh impact category, leading

to the same relative contribution of each impact category to the total shadow costs.

With renewable energy sources in the future, also related to the Climate Agreement and climate
neutrality targets in 2050 (Ministry of EZK, 2 019), the environmental impacts of district heating

are expected to be lower than the default values given by Alsema (2016a)Wijngaart et al., 2014).
However, the construction and operation of the network and infrastructure as well as the
production of re newable sources such as biomass still require energy and materials. Bartolozzi
Rizzi, and Frey (2017) compared the impacts of individual natural gas boilers to a district heating

network based on natural gas, a district heating network using geothermal energy, and one using
biomass as fuel. Because of different units and impact categories, the LCA impacts are nobne-
on-one comparable to the shadow costs of natural gas in the Netherlands.

In the current study, the results from Bartolozzi et al. (2017) hav e been used to roughly estimate
the difference in shadow costs that could result from the district heating options. This has been
done by looking at the ratio of emissions per impact category in the results of Bartolozzi et al.
(2017). The increase or decease compared to natural gas boilers in that study ha been applied to
the shadow costs of natural gas in the Dutch context for the impact categories that overlapped
between Bartolozzi et al. (2017) and the CML method. This resulted in fractions of the shadow
costs related to natural gas ranging from 0,64 (for geothermal district heating) and 0,78 (for
biomass-based district heating). Although the list of impact categories is incomplete, it does
include global warming potential and human toxicity, which hav e the highest shadow costs per
kWh for electricity and natural gas (Alsema et al., 20164d). The intention of this alternative shadow
cost calculation is to include an optimistic option that represents district heating based on
renewable energy. Therefore, a fraction of 0,7 compared to natural gas shadow costshas been
selected for the district heating alternative with reduced environmental impacts. The resulting
shadow costs per energy carrier can be foundn table 12 in section 7.1.1.For more details on the

impacts calculated by Bartolozzi et al. (2017) and the calculations seeappendix C.
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5.5. Sensitivity analysis

To assess how different assumptions and data inputs have influenced the results, a sensitivity
analysis has been performed Building life span has been incorporated into the main analysis. In
the sensitivity analysis, firstly the effects of a 20% increase and decreasen energy and material
inputs have been illustrated. The results havealso been recalculatedwith changes to the assumed
reduction of the impacts of electricity , asdescribed in section 5.4.1 The three alternative pathways
for the reduction of electricity impact s that have been assessedre:

- No reduction since the shadow costs by Alsema et al. (2016a)

- No reduction since the estimated impacts in 2021 (see table 3
- Areduction to 50% instead of 25% of the shadow costs by Alsema et al. (2016a)

Next, the impacts of the selected heating technology have beeranalyzed by applying the different
energy carriers to an otherwise identical building. In addition , the main scenarios are compared
to the shadow costs with installed solar panels, which leads to a reduction of environmental
impacts from electricity use but also an increase in material impacts because of thesolar panels.
Furthermore, t he possible effect of the energy performance gap on the actual energy consumption,
as explained in section 2.5, has beenapplied to the main results. Finally, the shadow costs have
been calculated per apartment instead of per square meter, which exposes possible

underestimations of environmental impacts due to an increase in apartment size per resident.
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6. Inventory

The results by which the different scenarios are compared heavily rely on many modelling
assumptions. The following section discusses important inputs and assumptions for the building
dimensions and the variables in the EPA-W and GPR programs. For a compldge overview of all
inputs, see appendix C.

6.1. Scenario selection

The scenarios for this study have been selected based othe perspective of housing corporations
in Leiden and rest of the Netherlands. Firstly, for housing corporations it is essential that th e
interventions are not disproportionally expensive. This ensures that the rent remains affordable

for tenants with low incomes. Because of this requirement, renovations towards energy neutral or
passive house standards ormore expensive insulation options with ecological materials such as
cork or sheep woolare not considered. Furthermore, it has been the aim to create scenarios that
are applicable to as many buildings as possible. Therefore, mostly conventional insulation
techniques and materials are included. Finally, collective heating solution s are probably efficient

in terms of costs and time and cause less disturbance from activities within individual apartments.
In addition to these aspects, the scenario selection has been informed by conversations \ith

housing corporations in Leiden and experts in the field of building energy.

Six main scenarios, of which two have an extra variant, have been created for this thesis project.
The scenarios are listedin table 7. In the municipality of Leiden, among oth er areas in the
Netherlands, there are plans to expand its district heating network (Municipality of Leiden , 2021).
Since this will be a system with medium temperatures (~70°C), the additional insulation needed
for the existing porch flats in this scenario is minimal. The Minimal Renovation scenario (1.1) uses
this type of district heating. For the insulation levels, the minimum requirements in the Building
Decree for drastic renovations are used and the windows are replaced with HR++ glazing. Scenario
1.1buses a sustainable alternative for district heating, as explained in section 5.4.2, but all other
specifications are identical to scenario 1.1. Because of the minimal insulation levels, these

scenarios have the lowest energy labels of the renovation scendos.

In terms of operational energy use, the remaining scenarios for existing buildings are based on the
selection of heating technologies and standardized renovation scenarios created for porch flats by
EPISCOPE (EPISCOPE, 2016a). The current situation ad basic renovation scenarios by
EPISCOPE coincide largely with the current scenario and the energy savings package suggested
for porch apartments in the report of exemplary buildings by Agentschap NL (2011a). In the
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current situation, the Rc values (the heat resistance of the construction) without insulation are
listed as well as the most common types of windows and heating. The basic renovation scenario
includes the insulation of facades, roof, and floor, as well as new windows and heating by a
condensing boiler based on natural gas. The Business as UsualBAU; scenario 0) and Standard
Renovation (1.2) scenarios in the current report mostly align with the current situation and the
basic renovation scenario by Agentschap NL (201%) and EPISCOPE (2016a). Inaddition to the
Standard Renovation scenario, variation 1.2b uses a hybrid heat pump instead of the condensing
boiler but is otherwise identical.

The advanced refurbishment scenario from EPISCOPE (2016a) uses amdividual heat pump and
follows previous new building standards. This scenario forms the basis of the Extensive
Renovation scenario (1.3) in the current study, although a collective air-sourced heat pump with
an electric boiler for domestic hot water has been selectednstead of an individual heat pump with
a solar boiler. Furthermore, the insulation levels have beenupdated to current nZEB guidelines.
The new building scenarios (2.1 and 2.2) also follow nZEB standardsbut use a ground-sourced
heat pump. The energy specifications of the new building scenarios are the same, they only differ

in terms of material selection.

The created scenarios are summarized in the following table:

Table 7: Scenarios for calculating environmental impacts of the renovation or replacement of post-war porch flats

Category Scenario Energy Label
0. Baseline 0. Business as Usual : No intervention E
1. Renovation 1.1a Minimal Renovation to required level for medium B

temperature district heating network with conventional
sources(minimal renovation standards Building Decree)
1.1b Minimal Renovation with district heating with
renewable sources

1.2a Standard Renovation with a condensing boiler A
1.2b Standard Renovation with a hybrid heat pump
1.3 Extensive Renovation  to required level for collective A++
heat pump (nZEB standards)
2. Demolition and 2.1 New Conventional:  residential building with A++
new construction conventional materials (nZEB standards)
2.2 New Sustainable:  residential building with sustainable | A++

materials (prefabricated, biobased; nZEB standards)
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6.2. Building d imensions

The dimensions of the porch flats, listed in table 8, are based on the reference building typologies
for post-war porch flats asoutlined by Agentschap NL (2011a) and EPISCOPE (2016a). EPISCOPE
uses the same reference building but includes more details. Furthermore, Vringer and Blok (1993)
created a list of materials for post-war porch flats, derived from an older edition of the reference
buildings report by Agentschap NL (2011a). They assumed 28 apartments in a four-floor building
with four different porches, which has been copied for the current study. The three sources only
describe dimensions relevant for the calculations of energy or material use, such as the floorarea,
closed and open parts of the facade, or the volume of concrete. The complete list of dimensions for
the reference porch flat has been createdthrough experimentation until the modelled surfaces
were approximately the same as the dimensionsin the existing sources. Some details, such as the
dimensions of the balcony and stairwell are based onmeasurements in a porch flat in Amsterdam
Slotervaart with similarly sized apartments . Figure 2 illustrates the layout of the apartments
with in the porch flat and figure 3 contains an example picture of a porch flat in Leiden.

Table 8: Main dimensions and specifications of the Porch flat and Woongebouw

Porch flat Woongebouw
Number of apartments # 28 33
Surface areaper apartment m2 | 66,6 Apartment A: 89
Apartment B: 83
Total usable floor area m2 | 1865 2834
Gross surface area m2 | 2304 3828
Building height m 12 18
Ground floor dimensions m L: 64 L: 29
B:9 B: 22
CR-W IR IR IR IR IR IR CR-E
CM-W IM IM IM IM IM IM CM-E
CM-W IB IM 1B IM IB IM CB
CG B 1G B 1G B 1G B

Figure 2: Layout of reference porch flat. Orange cells stand for the basements, furthermore, the apartments are
organized by their differences in surfaces through which energy is lost. Abbreviations: B: Basement, CR-W/E : Corner
Roof (West/East), IR: Intermediate Roof, CM-W/E: Corner Middle (West/East), IM: Intermediate Middle , IB:
Intermediate Basement, CB: Corner Basement, CG: Corner Ground floor, I1G: Intermediate Ground floor. The front of

the building faces north.
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Figure 3: Image of porch flat in Leiden, constructed in 1958 (Arndt, 2021)

Van der Loos (2017) created 33 types ofeference buildings as an example of how different types
of buildings could comply to the nZEB norms. Out of these buildings, Woongebouw M (medium -
sized apartment block) is most similar to porch flats and appropriate for the tenants of housing

corporations that currently live in porch flats. The apartments in the new building are larger,
contain an elevator, and contain some insulation between floors. Therefore, some of the
disadvantages of porch flat, as described byVan Vlaenderenand Singelenberg (2007), are tackled
with the selection of this building . Figure 4 contains a picture of the three-dimensional model of
Woongebouw M (Vabi Support, 2022a). The document by Van der Loos 2017) focuses on energy
related specifications for three different heating alternatives: natural gas, district heating, and all -

electric. Vabi also published files in which the alternatives for Woongebouw M by Van der Loos
(2017) have been elaboratedn terms of energy use(Vabi Support, 2022a) in EPA-W. These have
been used to verify the calculated dimensions. Furthermore, Klaver (2018) has expanded
Woongebouw M into a complete list of materials for several scenarios in order to calculate the
MPG. For this, a floor plan of the building has been created, which has been used in the current
study to define the internal building dimensions. Figure 5 shows the floor plan of all floors except

the ground floor, in which the area of the front half of the apartments is used for storage and the
common entrance. The 3D-model and floor plan have been used to determine the external
dimensions of the building. Although Klaver (2018) also describes dimensions used inthe research
project, the building dimensions have been recalculated to ensure consistency between all

elements of the current study.
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