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Abbreviations:

AB Apartment Block

BEPS Building Energy Performance simulations
COP Coefficient of Performance

DHW Domestic Hot Water

EUI  Energy Use Intensity

HRVs Heat Recovery Ventilators

MFH  Multi-family House

SFH Single-family House

PTAC Packaged terminal air conditioner
ASHP Air Source Heat Pump

GSHP Ground Source Heat Pump

Links with other activities in the project

Interrelation between D2.3 and 3.2

 D2.3: Establish baselines for IWG5’s agreed specific targets, differentiating according
to geography and other relevant context-based factors. The objective is to provide a
reliable overview of the performance of existing buildings in Europe and to identify
possibilities to achieve more energy-efficient building stocks and to introduce and
assess the renovation packages in D3.2.

e D3.2: The recommendation will be ambitious yet realistic, grounded in appropriate
reduced models for the building stock and energy system, and on scenarios taking
account of megatrends in how Europeans want to live.
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Introduction

Europe is aiming to achieve significant reductions in greenhouse gas emissions from the
construction industry. This involves decreasing emissions in the building sector by a
substantial 80% compared to 1990 levels by the year 2050 (European Commission 2011).
However, a significant proportion of European buildings, have several issues in terms of
inadequate thermal Insulation in both opaque and transparent parts of the building's envelope,
poor indoor environmental quality, and limited efficiency when it comes to integrating
renewable energy systems (Majcen et al. 2015). It is widely recognized that the motivation
behind renovating buildings goes beyond mere energy consumption reduction. Often,
renovation projects are prompted by local requirements that extend to areas such as structural
repairs (D’ Agostino et al. 2017).

Increasing the energy efficacy of buildings can result in numerous additional economic, social,
and environmental benefits. Better performing buildings not only provide increased levels of
comfort and well-being to their occupants, but also improve their health by reducing ailments
caused by inadequate interior climates. In addition, this enhancement has a substantial impact
on housing affordability and addresses the problem of energy poverty. Numerous households
may be rescued from energy poverty through the improvement of housing stock energy
efficiency and the resultant energy savings. Additionally, investments in energy efficiency
stimulate the economy, particularly in the construction industry. This sector contributes roughly
9 percent to Europe's gross domestic product and directly supports 18 million jobs. Small and
medium-sized businesses (SMESs) stand to benefit significantly from a revitalized renovation
market, as they contribute over 70% of the value contributed to the EU's construction industry
(Pernetti et al.).

However, in spite of the energy-efficiency goals set by the EU for nearly Zero-Energy Buildings
(nZEB) (D’ Agostino et al. 2017), and even though various EU initiatives have demonstrated
the enhancement of building quality through renovations (i.e., improving the outward
appearance of buildings, achieving energy savings in system components, enhancing thermal
comfort, reducing CO2 emissions, and overall improving the built environment), the European
construction industry has struggled to implement large-scale retrofitting projects. The rate of
renovation for existing buildings remains insufficient at just 1% (European Commission 2011).
Typical renovation methods encompass actions like adding internal or external Insulation,
enhancing the airtightness of both transparent and opaque building surfaces, upgrading roofs,
incorporating photovoltaic panels, integrating heat recovery and efficient HYAC systems, and
more. Conventional up-to-date energy retrofits tend to focus on individual system upgrades
(like facades, lighting, and HVAC equipment) using traditional techniques (without advanced
prefabricated solutions), often neglecting a comprehensive, integrated approach to renovation
(D’ Agostino et al. 2017).

In order to utilize the substantial and economically practical opportunity for conserving energy
through building upgrades throughout the European Union (EU), Member States were
requested to formulate extended plans for renovating structures. The objective was to
encourage investments in energy efficiency for residential and commercial buildings. The
long-term renovation strategies (EED Article 4/ EPBD Article 2.a) which represented the first
renovation strategies, identify key policies to stimulate renovations (Economidou et al. 2020).

11
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Aligned with the objectives set forth by the European Union and the overarching strategies for
long-term renovation, evaluation of renovation solutions requires innovative approaches that
enable a comprehensive performance assessment with the support of a structured
parametrization of the renovation packages. In order to address these challenges, this work
seeks to establish a repository of renovation packages tailored to the requirements of the
office and residential building stock in Europe.

1. Objectives

In order to support the Implementation Working Group 5 (IWG5) in developing practical but
ambitious performance goals, there is a need for thorough scientific guidance to accurately
assess the effectiveness of eco-friendly building technologies for different renovation
packages. More energy efficient building stocks supported by an accurate understanding of
buildings’ performance in Europe and of related evolutions. Accordingly, in relation to the
baselines defined in Task 2.2, this task guide IWG5 on setting new target and provide technical
advice as the group decides which target to set. So, Task 3.2 aim to present and assess
ambitious but realistic renovation packages based on suitable reduced models for the building
stock and energy systems. The differentiation of targets according to geography or other
relevant context factors should be explored.

The objective of this project is to establish an organized repository of comprehensive
renovation strategies designed to address the different requirements of residential and office
buildings in Europe. This repository of renovation solutions is formulated through the utilization
of the archetype method, concentrating on selected nations that exemplify the key
characteristics of specific European climate zones, which are essentially regions within
Europe that share similar attributes.

2. Defining and evaluating renovation packages

This chapter provides an overview of the primary stages that led to the establishment of the
repository and simulation results. A more comprehensive understanding of these processes,
and for assessing baselines is presented in Deliverable 2.3.

a. Methodology for the development of the repository

This deliverable presents a compilation of renovation technologies that have the potential to
enhance energy efficiency within the European setting. These technologies have been
integrated into comprehensive renovation packages. Subsequently, renovation packages
were tailored to align with the features of the local context. This was achieved through the
utilization of the climate zone methodology and representative building archetypes, which
allowed for a comprehensive understanding of the specific conditions. The effectiveness of
these packages was then assessed by the implementation of dynamic simulations. The

12
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methodology for establishing the repository of renovation products is presented in Figure 1
and further upon in the subsequent sections.

Baselining T2.3

Reference ] Performance | ", Repository
building model analysis : structure
/ \ / \ / Selection of
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Results feed

into the
database N
Parametrization Characterization
and performance of renovation
analysis packages

e # 2 K &

Figure 1. Overview to the methodology for developing the repository for baseline and renovation packages

In order to establish a comprehensive European framework for parametric performance
analysis, the continent has been partitioned into five climate zones. This categorization is
based on the climatic characteristics. Clustering involves grouping similar regions together
based on certain criteria, such as the European heating index (EHI) and the European cooling
index (ECI), temperature patterns, precipitation levels, humidity, and other climatic variables.

In particular, the defined climate zones are:

e Zone 1&2 — Temperate with dry, hot summer (Mediterranean climate). Reference city for
zone 1 is Athens and reference city for zone 2 is Madrid.

e Zone 3 - Temperate continental climate/humid continental climate without dry season and
with warm summer. Reference city: Milan

e Zone 4 - Temperate without a dry season and warm summer. Reference city: Berlin

e Zone 5 - Cold, without dry season and with cold summer. Reference city: Stockholm

For each climate zone, three representative building archetypes have been selected through
a dedicated building stock analysis: single family, multi-family houses and offices. The source
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for this selection for residential building was the national building typologies developed as part
of the Tabula project and (Dipasquale et al. 2019). A parametric model has been utilized for
office buildings. Since selecting a specific building that can represent office buildings across
Europe is challenging, a simplified model has been chosen to address this challenge. In this
regards a basic model has been selected as the main module (Tabadkani et al. 2021), which
can be expanded based on the dimensions and number of floors of the office building. In order
to encompass various orientations, the model has been examined for all four cardinal
directions of north, south, west, and east.

b. Envelope renovation solutions and technologies

This section of the report delves into the realm of building envelope renovation, focusing on a
range of solutions and innovative technologies. The building envelope plays a pivotal role in
energy efficiency and overall structural performance. In this context, we explore various
strategies and advancements aimed at upgrading the envelope to meet contemporary
standards and optimize its functionality. The following subsections delve into specific
renovation solutions technologies designed to enhance building envelopes:

Thermal Insulation Upgrades: A key aspect of building envelope enhancement, this
subsection investigates different methods for improving thermal Insulation. From common
Insulation materials to advanced installation techniques, we delve into strategies that
effectively reduce heat transfer, enhancing energy efficiency while ensuring indoor comfort.

In this project, we have chosen 19 distinct varieties of external wall constructions for single-
family houses and multi-family houses across five different climatic conditions. Additionally,
we've selected 10 types of external wall constructions specifically for office buildings.
Depending on the unigue characteristics of each wall, they can be suitable for one or multiple
climate zones. These wall options are applicable to both baseline models and renovation
packages. To encompass a wider range of external wall simulations, we have varied the heat
transfer coefficient (U-value) parametrically for these walls. The range spans from a non-
insulated option with a U-value equivalent to 2.8 W/m2K to the most insulated, with a U-value
of 0.067 W/m2K. Out of the 18 wall types, 12 have been chosen for analysis as part of the
renovation options, while the remaining options are considered as baselines in the context of
D2.3. Specification of materials considered in renovation of walls according to the different
climate zones is presented in Table 2.

Window and Glazing Systems: The window and glazing systems are integral components
of the building envelope, influencing both energy performance and occupant well-being. This
part examines modern window technologies, such as double-glazing, low-emissivity coatings,
and smart glass, that contribute to better thermal regulation and daylight utilization.

A selection of eight window options, including single, double, and triple glazing, were chosen
for the renovation packages These windows exhibit diverse frame materials, including wood,
aluminium, vinyl, and insulated fiberglass. Within these eight categories, five of them are
commonly regarded as solutions for renovation purposes. The glazing units consist of glass
layers arranged in different configurations, integrating air and argon gas infills. The sources
utilized to get these data include the TABULA data tool and literature. Additional details
regarding the composition of the windows are presented in Tables 1 and 2.
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Table 1. Envelope renovation options for SFH and MFH

Layers

Archetype Single Family House and Multi Family House

Building envelope

U-Value
(W/m2K)
Include air
film
resistance

U-Value
(W/m2K)

WALLS 1 0.86 Plaster | Insulation 3.5 cm | Simple Concrete35cm Gypsum
WALL9 0.9 0.78 Plaster | Insulation 4 cm | Simple Concrete25cm Gypsum
WALL10 0.8 0.71 Plaster | Insulation 3.5 cm Clay brick35cm Gypsum
WALL11 0.7 0.63 Plaster | Insulation 3.5 cm | Hollow clay brick25cm Gypsum
WALL12 0.6 0.55 Plaster Insulation 4 cm Hollow clay brick 15 Typ\;li\(lzgllAir b ri(?klft)': cm Gypsum
WALL13 0.5 0.46 Plaster | Insulation 7cm | Simple Concrete25cm Gypsum
WALL14 0.4 0.38 Plaster | Insulation 7 cm | Hollow clay brick30cm Gypsum
WALL15| 0.35 0.30 Plaster | Insulation 10 cm Hollow block Typ\;/i\(/:;llAir Hollow block | Gypsum
WALL16 0.3 0.29 Plaster | Insulation 10 cm | Hollow clay brick25cm Gypsum
WALL17 0.2 0.19 Plaster | Insulation 15 cm | Simple Concrete25cm Gypsum
WALL18 0.1 0.10 Plaster | Rockwool 35 cm | Hollow clay brick25cm Gypsum
WALL19 0.068 @ 0.07 CLT Er?]‘l’)';";’?roa'c(t‘l"c’:;? 0SB Gypsum

U-Value

(W/m2K)
U-Value A
(Wimak) | neludeair Layers
resistance
IEAD Roof reinforced
ROOF3 1.16 0.97 Terracotta Insulation (3.5cm) concrete Gypsum
ROOF4 | 0.69 0.62 Terracotta Insulation 4cm Solid wooden slab | Wood ceiling
IEAD Roof reinforced -
ROOF5 | 0.38 0.36 Terracotta Insulation (10cm) concrete Wood ceiling
ROOF6 & 027 @ 026 | Terracotta IEAD Roof reinforced wood ceiling
Insulation (15cm) concrete
Metal Roof Mineral wool .
ROOF7 0.2 0.19 Surface insulation Solid wooden slab Gypsum
Metal Roof Mineral wool IEAD Roof Solid wooden Gypsu
ROOF8 011 011 Surface insulation (20cm) Insulation (10cm) slab m
Metal Roof Mineral wool .
ROOF9 0.07 0.07 Surface insulation (40cm) Solid wooden slab | Gypsum

U-Value (W/m2K)

U-Value Include the
(W/m2K) | resistance of air
film

WINDOW3 3.37 2.15 Double Aluminum With Thermal Break 13 mm Air
WINDOWA4 2.70 1.86 Double Wood/Vinyl 13 mm Argon
WINDOWS5 2.42 1.72 Double Insulated Fiberglass/ Vinyl 13 mm Argon
WINDOWG6 1.70 1.32 Double Wood/Vinyl 13 mm Argon
WINDOW?7 1.30 1.07 Double Reinforced Vinyl/ Aluminum Clad Wood 13 mm Argon
WINDOWS 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon
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Table 2. Envelope renovation options for office buildings

<l
—— Archetype Office building
— Building envelope
WALL3 0.9 0.78 Plaster Insulation 3.5cm |Simple Concrete25cm|  Gypsum 0.9
WALL4 0.84 0.74 Plaster Insulation 3.5cm |Simple Concrete35cm|  Gypsum 0.84
WALLS 0.5 0.46 Plaster Insulation 7cm |Simple Concrete25cm|  Gypsum 0.5
WALLG 0.48 0.45 Plaster Insulation 7cm |Simple Concrete35cm|  Gypsum 0.48
WALL7 0.33 0.32 Plaster Insulation 10cm |Simple Concrete25cm|  Gypsum 0.33
WALLS 0.32 0.33 Plaster Insulation 10cm |Simple Concrete35cm|  Gypsum 0.32
WALL9 0.2 0.19 Plaster nghllgiumlatlon Simple Concrete25cm|  Gypsum 0.2
Rockwool (with

WALL10| 0.068 0.07 CLT timber fraction) OSB Gypsum 0.068
WINDOW3 3.37 2.15 Double | Aluminum With Thermal Break 13 mm Air
WINDOW4 2.70 1.86 Double | Wood/Vinyl 13 mm Argon
WINDOWS5 2.42 1.72 Double | Insulated Fiberglass/ Vinyl 13 mm Argon
WINDOW6 1.70 1.32 Double | Wood/Vinyl 13 mm Argon
WINDOW?7 1.30 1.07 Double | Reinforced Vinyl/ Aluminum Clad Wood 13 mm Argon
WINDOWS8 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon

Air Sealing: Proper air sealing is critical for maintaining indoor air quality and preventing heat
loss. This subsection explores renovation solutions that address these concerns,
encompassing sealant applications, vapor barriers, and ventilation improvements. According
to guidelines set by ASHRAE (the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers), there can be substantial differences in the rate at which air infiltrates
leaky, moderately sealed, and well-sealed buildings. The assumed infiltration rates are 1.5 air
changes per hour (ACH) for leaky buildings (baseline), 1 ACH for moderately sealed buildings,
and 0.4 ACH for well-sealed buildings (Dipasquale et al. 2019; American Society of Heating,
Refrigerating and Air-Conditioning Engineers 2017).

More details on renovation solutions regarding climate zones are presented in Tables 3, 4, 5
6and 7.
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Table 3. Renovation options for climate zone 1

Archetype

U-Value
(W/m2K)

U-Value
(W/m2K)

U-Value
(W/m2K)

Renovation packages for climate zones 1

U-Value (W/m2K)

U-Value (W/m2K)

WALLS 1 ROOF3 1.16 WINDOW3 3.37 Infiltration 1
WALL9 0.9 ROOF4 0.69 WINDOW4 2.70 Infiltration 0.5
WALL10 0.8 ROOF5 0.38 WINDOWS5 2.42

WALL11 0.7 ROOF6 0.27 WINDOW6 1.70

WALL12 0.6

WALL13 0.5

WALL14 0.4

Archetype

. offcesuldings
I -

WALL3 0.9 WINDOW3 3.37 Infiltration 1
WALL4 0.84 WINDOW4 2.70 Infiltration 0.5
WALLS 0.5 WINDOWS 2.42

WALLG 0.48 WINDOWG6 1.70

WALL7 0.33

Table 4. Renovation options for climate zone 2

U-Value
(W/m2K)

Archetype

U-Value
(W/m2K)

U-Value

(W/m2K)

Renovation packages for climate zones 2

WALL9 0.9 ROOF3 1.16 WINDOW3 3.37 Infiltration 1
WALL10 0.8 ROOF4 0.69 WINDOW4 2.70 Infiltration 0.5
WALL11 0.7 ROOF5 0.38 WINDOWS 2.42

WALL12 0.6 ROOF6 0.27 WINDOW6 1.70

WALL13 0.5

WALL14 0.4
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Archetype
U-Value (W/m2K) U-Value (W/m2K)
WALL3 0.9 WINDOWS3 3.37 Infiltration 1
WALL4 0.84 WINDOW4 2.70 Infiltration 0.5
WALLS 0.5 WINDOWS 2.42
WALLG 0.48 WINDOWG6 1.70
WALL7 0.33

Table 5. Renovation options for climate zone 3

Archetype Single Family House and Multi Family House

Renovation packages for climate zones 3

U-Value
(W/m2K)

U-Value
(W/m2K)

U-Value
(W/m2K)

WALLS 0.9 ROOF5 0.38 WINDOW4 2.70 Infiltration 0.5
WALL9 0.8 ROOF6 0.27 WINDOWS5 2.42
WALL10 0.7 ROOF7 0.2 WINDOW6 1.70
WALL11 0.6 WINDOW?7 1.30
WALL12 0.5
WALL13 0.4
WALL14
Archetype
U-Value (W/m2K) U-Value (W/m2K)

WALL4 0.84 WINDOW3 3.37 Infiltration 0.5

WALLS 0.5 WINDOW4 2.70

WALLG 0.48 WINDOWS 2.42

WALL7 0.33 WINDOW6 1.70

Table 6. Renovation options for climate zone 4

U-Value
(W/m2K)

Archetype

Single Family House and Multi Family House

U-Value
(W/m2K)

U-Value
(W/m2K)

WALL12 0.6

0.38

WINDOW4

2.70

Renovation packages for climate zone 4

Infiltration

0.5

WALL13 0.5

0.27

WINDOWS5

242
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WALL14 0.4 ROOF7 0.2 WINDOW6 1.70
WALL15 0.35 ROOF8 0.11 WINDOW?7 1.30
WALL16 0.3 ROOF9 0.07 WINDOWS8 0.89
WALL17 0.2
WALL18 0.1
WALL19 0.068
Archetype
U-Value (W/m2K) U-Value (W/m2K)
WALLS 0.5 WINDOW4 2.70 Infiltration 0.5
WALLG 0.48 WINDOWS5 2.42
WALL7 0.33 WINDOW6 1.70
WALLS 0.32 WINDOW?7 1.30
WALL9 0.2 WINDOWS8 0.89
WALL10 0.068

Table 7. Renovation options for climate zone 5

Archetype Single Family House and Multi Family House

Renovation packages for climate zones 5

U-Value U-Value U-Value
(W/m2K) (W/m2K) (W/m2K)

WALL13 0.5 ROOF5 0.38 WINDOW?7 1.30 Infiltration 3 0.5
WALL14 0.4 ROOF6 0.27 WINDOWS8 0.89
WALL15 0.35 ROOF7 0.2
WALL16 0.3 ROOF8 0.11
WALL17 0.2 ROOF9 0.07
WALL18 0.1
WALL19 0.068
Archetype
U-Value (W/m2K) U-Value (W/m2K)

WALLS 0.5 WINDOW7 1.30 Infiltration 0.5

WALLG 0.48 WINDOWS8 0.89

WALL7 0.33

WALLS 0.32

WALL9 0.2

WALL10 0.068
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c. Renovation Solutions for Heating, Ventilation, and Air Conditioning

This section of the report examines different Heating, Ventilation, and Air Conditioning (HVAC)
system renovation, focusing on a range of solutions and innovations to optimize indoor
comfort, and energy efficiency. The HVAC systems are integral to the overall building
performance, influencing occupant well-being and energy consumption. In this context, we
explore various strategies and advancements aimed at upgrading HVAC systems to meet
contemporary standards and enhance their functionality. The following subsections delve into
specific renovation solutions and cutting-edge technologies designed to improve HVAC
systems:

e |deal air load

The term "ideal air load" refers to the amount of heating or cooling that a building requires to
maintain a desired indoor temperature comfortable indoor environment. It takes into account
various factors that affect the heat exchange between the building's interior and the external
environment. This load is influenced by factors such as quality and quantity of insulation,
windows, ventilation, appliances, the number of occupants and how a building is used affect
internal heat generation, and climate conditions.

In a building renovation scenario, identifying areas for improvement in insulation, windows,
ventilation systems, and energy-efficient appliances can significantly reduce the ideal air load.
These improvements often involve upgrading materials, enhancing thermal barriers, and
incorporating smart technologies for better energy management.

Therefore, in this report, the concept of ideal air load is investigated to determine the extent to
which renovation strategies related to the building envelope which is not only environmentally
friendly but also results in cost savings for building owners and occupants are more effective
and appropriate for the context in reducing energy consumption without considering heating
and cooling systems.

« Gas Boiler with PTAC

In most buildings erected prior to 1945 until the late 1980s, non-condensing boilers are the
used. For buildings erected after the 1980s, condensing boilers are predominantly employed.
Liquid fuel remains a common choice across all these timeframes, with gas having a lesser
presence in the market. Liquid fuel is the primary option for Single-Family Houses (SFHs) and
Multi-Family Houses (MFHs). However, in MFHs constructed before 1945 and between 1945-
1969, gas is primarily used (Gevorgian et al. 2021).

Taking into consideration the prevalent use of gas boilers, this system has been examined as
a baseline for existing buildings. Since building renovations might only involve envelope
upgrades, simulations have been conducted for all baseline and retrofit options by using gas
boiler for HVAC systems. Therefore, it can be estimated that with the existing boilers (with 0.8
efficiency), the gas boiler operates with an efficiency of 0.95, what amount of energy savings
can be expected. So, baseboard gas boilers are intended for spaces requiring heating and
packaged terminal air conditioner (PTAC) is considered as a cooling system.
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« Electric boiler with PTAC

Combining an Electric Boiler with Packaged Terminal Air Conditioner (PTAC) systems is a
great way to upgrade buildings in Europe. The electric boiler heats water using electricity, and
it's small and easy to install, making it perfect for older buildings. When paired with PTAC units
that control heating and cooling in different rooms, this duo can efficiently manage
temperatures without needing big changes to the building's structure. Together, they're
flexible, save energy, and help the environment by reducing energy use and emissions during
building makeovers. This combo is a smart and eco-friendly choice for improving buildings in
Europe while keeping them cozy and efficient.

« Air source heat pumps (ASHPs) and ground source heat pumps (GSHPs)

Air source heat pumps draw heat from the ambient air to supply hot water and space heating
through hydraulic based water systems. These pumps consist of outdoor and indoor units,
making them relatively easy to retrofit into existing buildings. ASHPs are particularly well-
suited for use with underfloor heating or large radiators operating at lower temperatures.
However, replacing existing higher-temperature heating systems with air source heat pumps
might lead to increased installation complexity and costs. Compared to ground source heat
pumps, which require more space for horizontal ground loops or vertical boreholes, air source
heat pumps have simpler installation requirements, contributing to their economic viability.
However, the large temperature fluctuations between the external heat collector (source
temperature) and the output at house (sink temperature) throughout the year, especially in
winter periods with high heat demand and low ambient temperatures, challenge their
efficiency, denoted by the Coefficient of Performance (COP). In this deliverable, we calculate
COP values that are both time-dependent and spatially detailed, considering the prevailing air
temperature and compute COP values that are both time-dependent and spatially detailed,
taking into account the ambient temperature through performance curve. Another option for
renovation packages involves considering a decentralized heat pump with a COP of 3.3 for
the HVAC system.

In addition, an integration of a heat pump with heat recovery ventilators (HRVs) can provide
energy-efficient heating, cooling, and ventilation solutions. So, this deliverable also examines
ventilation technologies like mechanical ventilation systems, heat recovery ventilators (70%).

« District hot water

Across Europe, there are 10,000 networks in place, contributing to approximately 8% of the
overall heat demand through district heating systems. However, there exists a significant
variation among countries when it comes to the proportion of residents who benefit from district
heating services (https://vb.nweurope.eu/media/11053/case-to-energy-consumers _web.pdf).
District hot water as a renovation scenario offer a comprehensive solution for upgrading hot
water systems within communities which enhance energy efficiency, reduce environmental
impact, and improve overall reliability.

The process begins with evaluating existing infrastructure and transitioning to sustainable
energy sources. Centralized heating plants equipped with advanced technologies are
established, while distribution networks are optimized with better insulation and upgraded
piping. Substations are installed to efficiently deliver hot water to individual units, and
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sophisticated control systems ensure precise regulation based on demand. By engaging the
community, these renovation option communicate benefits, such as cost savings, increased
reliability, and minimized carbon emissions. Regular monitoring and maintenance help sustain
the improved system's performance over time. So, this deliverable examines the potential
inclusion of district hot water systems as a component of renovation packages and provides
a comprehensive analysis of benefits based on energy consumption calculations related to
the development of district hot water systems.

IWG5-CSA project investigates seven distinct types of heating and cooling systems. In
addition, the ideal air load is taken into consideration for both heating and the cooling load
requirements. In Table 8, the technologies that were examined for heating and cooling
systems are presented, and in Table 9, the technologies that were investigated for producing
domestic hot water are shown.

Table 8. HVAC system for baseline and renovation packages

HVAC Systems

No HVAC Ideal air load Ideal air load
HVAC2 Old gas boiler -
HVAC3 New gas boiler PTAC
HVAC4 Electric boiler PTAC
HVACA4 Air source heat pump Air source heat pump
HVAC5 Air source heat pump + HRVs Air source heat pump + HRVs
HVAC6 Ground source heat pump Ground source heat pump
HVAC7 District hot water -

Table 9. DHW system for baseline and renovation packages

Domestic hot water system (DHW)

No system Ideal air load
DHW?2 Old gas boiler
DHW3 New gas boiler
DHWA4 Air source heat pump
DHW5 Ground source heat pump
DHW6 District hot water

3. Analysing building attributes via parametric simulation

Before examining the complexity of parametric simulation and its relevance in the context of
building renovation packages, it is essential to develop a set of assumptions that can be used
as a consistent foundation for both the baseline and renovation scenarios. These assumptions
establish the foundation for accurate and comprehensive simulation models. By addressing
these foundational elements first, we create a clear understanding of the parameters
supporting subsequent investigations into parametric simulation.
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a. Simulation assumptions

Several presumptions related to the operational aspects of simulating residential and office
structures include the following:

Occupants’ behaviour: The simulation model establishes occupancy patterns according to
the building's purpose, encompassing factors like office hours, residential residency, or
specific operational routines. Default occupant behaviours provided by Ladybug tools
programs were utilized for residential and office buildings, grounded in typical assumptions
and schedules. These default behaviours attempt to present a reasonable portrayal of
standard occupancy patterns for each building type. In the case of residential buildings, the
program assumes consistent occupancy schedules, featuring heightened occupancy during
evening and nighttime hours and decreased occupancy during daytime when residents are
likely to be at work or school. The same principle applies to office buildings, with a standard
work schedule spanning 9:00 AM to 5:00 PM on weekdays. Occupancy rates rise during these
work hours and decline during weekends and holidays.

The Programs in Ladybug Tools are contained in here: https://github.com/ladybug-
tools/honeybee-energy-standards. These Programs are parsed directly from the Space Types
(https://github.com/NREL/openstudio-standards), that is maintained by the National
Renewable Energy Lab (NREL). Specifically, they all come from the ASHRAE 90.1 space
types in the OpenStudio standards gem or (if they are before 2004), they come from the
CBECS space types. The Space Types in the OpenStudio Standards Gem are taken from
here (https://www.energycodes.gov/prototype-building-models), coming from the Energy
Commercial Reference Buildings (https://www.energy.qgov/eere/buildings/commercial-
reference-buildings).

Lighting requirements: EnergyPlus factors in internal gains for each building type arising
from lighting, equipment, and plug loads, aligning these gains with usual usage patterns and
the corresponding number of occupants present. By using the programs for residential and
office buildings in Ladybug Tools, some assumptions have been changed to justify lighting
energy consumption more appropriate for European buildings in the IWG5-CSA. in this
regards 10 Watt per square meter of floor area is applied for lighting in residential buildings
and 12 Watt per square meter of floor area for office buildings (Attia et al. 2017) while this
value by applying fractions would get in line with occupancy which was explained in
"occupant's behaviour" section.

Domestic hot water requirements: The energy consumption associated with domestic hot
water (DHW) is influenced by various factors, including the characteristics of the individuals
occupying the building, such as their number, comfort preferences, and daily routines. The
energy consumption associated with domestic hot water (DHW) is further influenced by factors
such as personal hygiene needs, lifestyle choices, and expectations of comfort. Considering
the published research on DHW consumption indices, the determined values differ from each
other. For this project daily domestic hot water consumption in residential building is
considered 0.061 L/h.m? for single family houses and 0.086 L/h.m? for multi-family houses
(Ratajczak et al. 2021).

Natural ventilation: In the context of building simulation, the strategy of opening windows to
facilitate natural ventilation is evaluate the effects of natural airflow on indoor conditions and
energy consumption. The simulation operates on the premise of a window-opening plan
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influenced by both indoor and outdoor temperatures. Specifically, when indoor temperatures
surpass 24°C and outdoor temperatures are under 27°C, the simulation dictates the activation
of window openings to enable the entry of natural ventilation (Figueroa-Lopez et al. 2021,
Kyritsi and Michael 2020).

b. Parametric components

The crucial role of parametric simulation in IWG5-CSA is highlighted in D2.3, specifically the
indices and factors that directly influenced our renovation package. By adopting a parametric
approach, we could comprehensively analyse and optimize critical components. The targeted
adjustment of these parameters ensured that the renovation package aligns with the energy
efficient buildings aims. The parameters and their associated options, fundamental to
influencing this innovative strategy, have been presented in Figure 2.

Within the context of building envelopes, the details of each option's characteristics are
presented in more details in Tables 1 and 2. Transitioning to the intricacies of building
systems, equally detailed insights could be found in Tables 6 and 7. Furthermore, the
exploration of baseline options, is presented in D2.3. This arrangement of parameters, options,
and detailed analyses equips IWG5-CSA project with a solid foundation for strategic decision-
making and sets the stage for a holistic and informed renovation package.

‘ Envelope properties

‘ Heating/Cooling system l

Infiltration / ventilation | I Shading system control ‘

Mechanical
ventilation

Natural

External 2 Ground Heating/Cooling|
Window Roof ventilation

wall floor efficiency DHW efficiency| | || Infiltrationrate shading control scenarios
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Figure 2. Options for building components and building systems for parametric simulation.

4. Performance indicators

The IWG5-CSA baseline and renovation packages undergo evaluation using a set of Key
Performance Indicators (KPIs) based on findings from the parametric study. The project
focuses on a diverse range of KPIs to comprehensively assess effectiveness. The
comprehensive approach aims to provide a well-rounded understanding of building
performance and inform decision-making. These indicators cover aspects like energy
efficiency, environmental impact, and economic feasibility. More details on these performance
indicators are as follows:

a. Energy performance indicators

Indicators related to the assessment of a building's energy consumption and efficiency in
advance of the implementation of any renovation or energy-saving interventions. Energy
performance indicators can be categorized into different types based on what aspect of energy
use they measure. In this report operational indicators (related to annual energy consumption)
for applying different type of HVAC systems to calculate heating and cooling energy
consumption and for domestic hot water (DHW) are used.
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b. Life cycle assessment (LCA)

A life cycle assessment (LCA) is a technique for a product related estimation of environmental
aspects and impact. LCA assesses each and every impact associated with all stages of a
process from cradle-to-grave (i.e., from raw materials through materials processing,
manufacture, distribution, use, repair, maintenance, and disposal or recycling. (International
Standard 1SO 14040, 1979)

c. Economic indicators

This investigation of Economic Indicators is called Life-Cycle Costing. Basically, LCC is an
assessment of the costs in each stage of the lifecycle of a product. The different cost factors
(such as capital, labour, material, energy, and disposal, as well as maintenance) are
investigated based on current and/or future costs. This analysis provides important inputs in
the decision-making process in the product design, development and use.

5. Energy simulations and results

The findings presented within this section have been derived from extensive parametric
simulations conducted within the Grasshopper environment utilizing the EnergyPlus engine,
as expounded in detail in D2.3. The dataset generated from these simulations provides a
comprehensive understanding of the energy performance across varied building typologies.
These simulations spanned a range of building envelope and system configurations, enabling
a holistic analysis of energy usage within this specific building typology. The simulations
delineate varied energy consumption profiles, showcasing the impact of design parameters
on overall energy usage. Several optimal configurations emerged from the simulations,
indicating the most energy-efficient design combinations for each climate zone.

Single-Family House Simulations: In the case of single-family house, the simulation process
involved iterating through 6,888 distinct scenarios to capture diverse parameters influencing
energy consumption and efficiency.

Multifamily Building Simulations: Similar to the single-family simulations, the multifamily
building simulations comprised 6,888 iterations, exploring an array of design variables and
system configurations pertinent to multifamily buildings.

Office Building Simulations: The office building simulations encompassed a dataset,
comprising 11,016 distinct runs. This larger dataset allowed for examination of energy usage
patterns and efficiency factors related to office buildings.

The culmination of these simulations provides a robust foundation for understanding the
intricate relationship between design choices, building typologies, and energy performance
metrics, thus facilitating informed decision-making in the pursuit of sustainable and energy-
efficient construction practices.

In this section, the simulation results cover the changes made to the building's envelope and
the updates made to its heating, ventilation, and air conditioning (HVAC) system. These
changes are examined alongside the results obtained from the original, unchanged building
setup (baseline). This comparison allows us to understand how these alterations affect the
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building's overall performance. The simulations have been performed with 2020 weather data
and estimated weather data in 2050 (more explanations are presented in D2.3).

The outcomes derived from the simulations for each archetype are outlined as follows:

a. Single family house

The energy consumption after applying renovations on building envelope, considering
different climate zones and different HVAC systems for heating per year are presented in
Figure 3 and for cooling in Figure 4.
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Figure 3.Average energy consumption for heating in SFH renovations
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Average Energy Consumption for Cooling (kWh/m2)

Average Energy Consumption for Cooling (kWh/m2)
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Figure 4.Average energy consumption for Cooling in SFH renovations

The figure (Figure 5) illustrates the energy consumption specifically for heating in single-family
homes (SFH), taking into account various climate zones. It compares the energy consumed
for heating purposes in the year 2020 with the anticipated or expected energy consumption
projected for the year 2050. This comparison across different climate zones provides insights
into how heating energy usage in SFH varies across regions over time, highlighting potential
trends or changes in energy consumption patterns.
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Figure 5. Energy consumption for heating in SFH considering different climate zones.
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b. Multi-family house
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The energy consumption after applying renovations in multi-family houses on building
envelope, considering different climate zones and different HVAC systems for heating per year
are presented in Figure 6 and for cooling in Figure 7.

Average Energy Consumption for Heating (kWh/m2)
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Figure 6.Average energy consumption for heating in MFH renovations

ClimateI zone 2

Climaté zone 3

ClimateI zone 4

li)limaleI zone 5

Baseline

Ideal Load
New boiler
Electric Boiler
ASHP
ASHP+MV
GEHP

District heating

Baseline

Ideal Load
New boiler
Electric Boiler
ASHP
ASHP+MV
GSHP

District heating

29



N
=
»

Document: | Title “Guide IWG 5 on setting new targets for 2025, 2030”
Author: EURAC Version:
Reference: | D3.2 Date December 2023

BUILDINGS

Average Energy Consumption for Cooling (kWh/m2)
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Figure 7. Average energy consumption for Cooling in MFH renovations

The figure (Figure 8) illustrates the energy consumption specifically for heating in multi-family
homes (SFH), taking into account various climate zones. It compares the energy consumed
for heating purposes in the year 2020 with the anticipated or expected energy consumption
projected for the year 2050. This comparison across different climate zones provides insights
into how heating energy usage in MFH varies across regions over time, highlighting potential
trends or changes in energy consumption patterns.
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Figure 8. Energy consumption for heating in MFH considering different climate zones.
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c. Office buildings

The energy consumption after applying renovations in office buildings on building envelope,
considering different climate zones and different HVAC systems for heating per year are
presented in Figure 9 and for cooling in Figure 10. These results include different window-
oriented windows (as explained in D2.3)..
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Figure 9. Average energy consumption for heating in office buildings renovation
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Average Energy Consumption in Office for Cooling in 2020
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Figure 10. Average energy consumption for cooling in office building renovations

The figure (Figure 11) illustrates the energy consumption specifically for heating in office
buildings, taking into account various climate zones. These results includes different window
oriented widow (as explained in D2.3). It compares the energy consumed for heating purposes
in the year 2020 with the anticipated or expected energy consumption projected for the year
2050. This comparison across different climate zones provides insights into how heating
energy usage in MFH varies across regions over time, highlighting potential trends or changes
in energy consumption patterns.
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Figure 11. Energy consumption for heating in office building considering different climate zones.
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d. Energy use for domestic hot water (DHW)

Water (DHW) across distinct climate zones, HVAC systems, and building archetypes, offering
a comparison between baseline and renovated scenarios where new technologies in HVAC
systems are applied. These tables likely present energy consumption metrics, such as kWh/m
2, elucidating how DHW energy consumption varies concerning diverse climate conditions,
different HVAC technologies employed, and various building types. The comparison between
baseline and renovated scenarios highlights the impact of integrating innovative HVAC
technologies during renovations, demonstrating potential energy efficiency improvements or
alterations resulting from the adoption of these technologies in DHW systems across different
contexts.

Table 10. Energy consumption for DHW considering climate zones and HVAC systems in Residential buildings

Baseline 15.66 15.17 22.11 21.42

Ideal Load 12.32 11.95 17.39 16.87

Climate zone 1 “\oyy poiler 12.91 12,51 18.21 17.64
ASHP 431 4.14 6.18 5.94

GSHP 4.00 3.94 5.71 5.61

District heating 10.99 10.62 25.84 29.07

Baseline 16.95 16.44 23.92 23.21

Ideal Load 13.22 12.83 18.66 18.12

Climate zone 2 oy poiler 14.08 13.65 19.81 19.22
ASHP 4.76 4.66 6.99 6.84

GSHP 3.75 3.66 5.44 5.29

District heating 12.10 11.73 13.39 12.47

Baseline 18.03 17.55 25.42 24.73

Ideal Load 13.97 13.61 19.73 19.21

Climate zone 3 oy poiler 14.96 14.55 21.04 20.46
ASHP 5.49 5.30 7.99 7.72

GSHP 3.90 3.82 5.72 5.61

District heating 12.95 12.59 18.18 17.66

Baseline 19.71 19.31 27.75 27.18

Ideal Load 15.32 15.02 21.63 21.20

Climate zone 4 “\oy hoiler 16.21 15.87 22.78 22.28
ASHP 7.10 6.53 10.39 9.54

GSHP 4.51 4.46 6.54 6.48

District heating 13.92 13.60 19.42 18.96

Baseline 20.44 19.94 28.73 28.01

_ Ideal Load 15.89 15.51 22.42 21.90
Climate zone 5 "oy hoiler 16.82 16.40 23.56 22.97
ASHP 7.73 7.09 11.29 10.38

GSHP 4.53 4.45 6.58 6.48

District heating 14.46 14.08 20.06 19.53
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Table 11. Energy consumption for DHW considering climate zones and HVAC systems in office buildings

Weather data DHW (kWh/mz2)
Baseline 9.61 9.32
Ideal Load 6.79 6.59
Climate zone 1 "o oiler 7.07 6.85
ASHP 2.52 2.44
GSHP 2.17 2.14
District heating 5.89 5.67
Baseline 10.37 10.05
Ideal Load 7.29 7.07
Climate zone 2. "o\ poiler 7.64 7.41
ASHP 2.84 2.79
GSHP 2.25 2.19
District heating 6.50 6.28
Baseline 11.05 10.75
Ideal Load 7.70 7.50
Climate zone 3 "o\ poiler 8.14 7.92
ASHP 3.18 3.07
GSHP 2.28 2.24
District heating 3.47 3.45
Baseline 12.18 11.93
) Ideal Load 8.45 8.28
Climate zone 4 New boiler 8.93 8.74
ASHP 4.04 3.76
GSHP 2.53 2.50
District heating 4.48 4.55
Baseline 12.66 12.35
. Ideal Load 8.76 8.55
Climate zone 5 New boiler 9.27 9.05
ASHP 4.51 4.07
GSHP 2.60 2.55
District heating 4.48 4.54
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6. Life cycle assessment

This chapter present the methodology followed and the results obtained related to the
environmental impacts calculations of the building stock baseline and possible different
renovation strategies. The walls, windows, and roofs systems as well as the different possible
energy systems (HVAC) have been modelled with the Life Cycle Assessment (LCA)
methodology, considering the life cycle stages A and C as defined in the EN15804. The use
phase (stage B) for the whole building energy uses has been calculated as well and it is
described in the paragraph related to the HVAC LCA modelling.

Construction Project Life Cycle Information
Pre-construction|| Product stage Construction Use stage End of life stage Beyond system
stage process stage boundary
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Figure 12. Life Cycle stages as defined in the EN15804.

The building typologies and HVAC systems to be assessed have been identified as explained
in table 8, section 2. The different building and energy system archetypes have been
considered in different climates, specifically in five different zones, represented by a city as
per the following, coherently with the “energy-related” analysis.

Climate zone 1: Athens
Climate zone 2: Madrid
Climate zone 3: Milan
Climate zone 4: Berlin
Climate zone 5: Stockholm.

All environmental impacts calculations have been done following the ISO standards 14040
and 14044.(1ISO 14040:2006 - Environmental Management — Life Cycle Assessment —
Principles and Framework, n.d.; ISO 14044:2006 - Environmental Management — Life Cycle
Assessment — Requirements and Guidelines, n.d.). For each LCA modelling the following
four phases have been followed: goal and scope definition, life cycle inventory (LCI), life cycle
impact assessment (LCIA), and interpretation.

However, referring to the 1SO standard, the critical review (which is required from a
comparative LCA disclosed to the public) has not been conducted and complete equivalence
of the products being compared could not be ensured within the scope of this study.
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Life cycle assessment framework

Goal and Scope
definition

Inventory Interpretation
Analysis

Impact
Assessment

Figure 13. Framework of Life Cycle Assessment under ISO 14040

a. Building envelope (walls, windows, roofs)

e Goal and scope

This study arises in the context of the analysis of the European building stock performance
under a Whole Life Cycle perspective, focussing on its current status and different possible
renovation actions. The final aim is hence to support the building sector different stakeholders
in a more conscious choice of technical systems, considering the sustainability performance
in parallel to the technical one.

Specifically, the study aims at answering the following question: how are the different
envelope configuration impacting in terms of environmental impacts?

Furthermore, results of the study are intended to be disclosed to the public in conferences and
publications.

» Reasons for carrying out the study

The main reason for conducting the study is to investigate the technological solutions (wall
packages) provided from a sustainability point of view, considering environmental and
economic aspects, and in parallel to the design process. This would enable technological
developers to apply sustainability performance as a development driver in the choice of
materials and circularity perspectives.

e Intended audience
The intended audience is formed by IWG 5 partners participating to the design and

implementation of the IWG renovation packages at first. Secondly, the results of the study are
foreseen for a broader target audience, such as academia, industry, and end-customers.
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« Functional unit

The definition of the functional unit (FU) of the study is crucial to compare different product
systems (Walls, Roofs, and Windows) against a baseline situation (if applicable). The
functional unit represents a quantification of the function and performance of the products
under study. Different functional units will be defined for each product system (Walls, Roofs,
and Windows) as shown in Error! Reference source not found.. Nevertheless, for the kind o
f building stock categories mapping aim, the functional units used in this study cannot allow
such direct comparison. Hence, the impact assessment work has to be seen as descriptive
for each wall, roof and window typology.

Table 12.Functional Unit

Wall construction with different compositions in terms of materials and thicknesses, 1m2
and hence different thermal transmittance as defined in section 2, tables 1 and 2
Roof construction with different compositions in terms of materials and thicknesses, | 1 m2
and hence different thermal transmittance as defined in section 2, tables 1 and 2

Window assembly with different variants in terms of frame materials and insulated 1m2
glazing unit thicknesses, and hence different thermal transmittance as defined in
section 2, tables 1 and 2

e System boundary

Different product systems (Walls, Roofs, and Windows) will be assessed in the study, in
accordance with different geo-cluster locations. as summarized in section 2, tables 1, 2 and
3. Such products are made by layers differing in terms of materials and thicknesses.

The system boundaries are limited to cradle to grave including End-of-Life processes, in other
words from raw material acquisition to transport to site, dismantling and transport to disposal,
as represented in Error! Reference source not found..

Transportand Final
Disposal

Collection: Recycling

Tran
ansport and Reuse
System Boundary
Transport to Outlets
Processing of Raw Materials Transport to Filling
T rt
ranspd Material Production Plant
Raw Material such I .
. Emissions to Air,
as Sand, Limestone, Energy and Fuel

Ash Water and Soil

Figure 14. Product System (wall, roof or window) boundary.

The building stock envelope whole life carbon analysis has focussed on the following stages
of the construction works life cycle (as defined in the EN 15804), under a "cradle to grave"
approach: production (stages Al-A3), transportation to site (A4), and end-of-life stage (C2-
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C4). Use stage (B1, B6) has been attributed to the HVAC as shown in ( Life cycle assessment).
The installation stage (A5), phases (B2, B3, B4, B5, B7), and the deconstruction demolition
phase (C1) were excluded due to the uncertainty of information, the high rate of variance from
system to system, and the limited impact of these phases.

Furthermore, secondary data from has been shown in LCI data summary was applied to
analyse each step.

b. Life cycle inventory (LCI) and assessment (LCIA)

e Assumptions

Allocation is applied to partition the flows of a process when this produces two or more
products as output [5]. Allocation may be needed if by-products are generated during the
manufacturing processes of the kits and components. In that case, economic or physical
allocation will be applied. In this study neither economic nor physical allocation is applied.

In this study the Ecoinvent database has been used for the characterisation of the processes
present within the system boundaries. The choice of this database has been driven by the
possibility of comparing European averaged data for all the processes involved.

The environmental LCA is performed in the openLCA software (version >2.0). To conduct the
environmental LCA, the EN15804+A2 2020 standard for impact assessment method was
applied. The used impact assessment method has been the EF3.1, but focussing only on the
Global Warming Potential (GWP100) as indicator.

Assumptions are linked to the system boundaries and data collection procedures. This section
it ensures the provision of assumptions considered during the raw data collection. The list of
assumptions and Limitations applied to this study based on LCA stages are reported in Table
13.

Table 13.Assumptions and Limitations

The energy flows needed for manufacturing have been considered using
Al1-A4 Product stage a European-averaged emission factor, hence non-country dependent.
Transportation varies country by country depending on its surface.

A5 Construction stage There are not relevant emitting processes related to this phases.

Collection of waste has been accounted for only 1 trip.

Tire abrasion due to transportation is not included in our system
boundaries.

Circular uses of waste have not been taken into account.

C1-C4 End of Life

e LCl data summary

The Life Cycle Inventory (LCI) phase of an LCA involves the compilation of data to quantify
the materials and energy flows for each process for the defined system [6].

The inventory for walls, roofs and windows has been built starting from the definition of their
features as needed by the energy uses analysis at European scale, reported in the section 2,
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tables 1, 2 and 3. Based on such materials and thicknesses choices, the amount of mass (kg)
of each material has been calculated per square meter of envelope surface. Such calculation
has been based on averaged physical property (the density) of materials allowing to define a
sufficiently general “European” value. Given the thickness of that material in the different
construction, the mass flow has been quantified. Formulas at building component level are
reported in Table 14.Since final results have to be shown at building level, Table 15 shows the
physical properties and formulas applied for quantification of materials at this level.

Table 14.Physical properties of materials

Formulas at Component Level

Physical Properties Formula modelled in OpenLCA 2.0
Area Length* Width_(m2)
Volume Length* Width*Thickness_(m3)
Density Kilogram/Volume_(Kg/m3)
Weight Volume*Density_(Kg)

Table 15.Physical properties of materials

Formulas at Building Level

Physical Properties Formula modelled in OpenLCA 2.0
Net Floor Area Length* Width_(m2)
Net Elevation Area Perimeter(m)*Height_(m)
Net Openings Area Total Area of Openings_(m2)
Net Opaque Surface Area (Net Elevation Area) -(Net Openings Area) _(m2)
Glazing Area Area of Glazing_(m2)
Frame Area Area of Frame_(m2)

Transportation related distances for the envelope system different stages have been
calculated starting from ltaly-related primary data. Such distances, different between the life
cycle stages, have been then parametrically scaled for the other countries based on the
country surface as shown in Table 16.

Table 16.Scale factor based on Area Index

Country Scale factor []
Italy 1.00
Germany 1.18
Spain 1.68
Sweden 1.48
Greece 0.44
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Table 17.Transportation distances-based Scale factor described by Area Index

Distance [km]

Country

A2 A4 | C2

Italy (Base line) 100 500 50
Germany 118.38 591.91 59.19
Spain 167.51 837.53 83.75
Sweden 148.12 740.60 74.06
Greece 43.71 218.57 21.86

Transporting the virgin material and components from supplier to the manufacture were
carried out under the stage A2 in 2 different transportations. Transporting packaging from
manufacturer to supplier, transporting product from manufacturer to retail centre and
transporting product from retail centre to consumer were considered separately under the
stage A4. Transporting the waste material and component from the project site to the plant
was considered as stage C2.

c. LCIA emission factors summary

 Raw materials manufacturing

The processes related to the materials production as used in the OpenLCA 2.0 model are
reported with the exact Eco invent 3.9 database name.

Table 18.Inventory Processes for manufacturing raw materials

Inventory Processes

Process Eco invent 3.9 source exact name

Al-ClayBrick clay brick production | clay brick | Cutoff, U-RER

Al-CLT market for cross-laminated timber | cross-laminated timber | Cutoff, U-RER

Al-Concrete market for concrete, 25MPa | concrete, 25MPa | Cutoff, U-RER

A1-Gypsum gypsum fibreboard production | gypsum fibreboard | Cutoff, U-RER

Al-Hollow ClayBrick Hollow clay brick production | clay brick | Cutoff, U-RER

Al-Insulation market for Insulation based materials,Insulation | Cutoff, U-RER

Al1-OSB market for oriented strand board | oriented strand board | Cutoff, U-RER

A1-Rockwool market for rockwool, soft, latex bonded | rockwool, soft, latex bonded | Cutoff,
U-RER

Al-Stucco stucco production | stucco | Cutoff, U-RER

market for iron scrap, sorted, pressed | iron scrap, sorted, pressed | Cutoff,

Al-Metal Roof Surface U-RER

fibre-reinforced concrete production, steel | fibre-reinforced concrete, steel |

Al-Reinforced concrete Cutoff, U-RER

Al-Wooden Slab market for structural timber | structural timber | Cutoff, U-RER

refractory production, fireclay, packed | refractory, fireclay, packed | Cutoff,

Al-Terracotta U-RER
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Al-Wood Ceiling market for plywood | plywood | Cutoff, U-RER

glazing production, double, U<1.1 W/m2K, laminated safety glass | glazing,

Al-Double-Glazed double, U<1.1 W/m2K, laminated safety glass | Cutoff, U-RER

glazing production, triple, U<0.5 W/m2K | glazing, triple, U<0.5 W/m2K |

Al-Triple-Glazed Cutoff, U

Al-Aluminum sheet rolling, aluminium | sheet rolling, aluminium | Cutoff, U-RER

Al-Insulated Fiberglass- glass fibre production | glass fibre | Cutoff, U-RER

Vinyl
Al-Vinyl market for vinyl chloride | vinyl chloride | Cutoff, U-RER
Electricity market group for electricity, medium voltage | electricity, medium voltage |

Cutoff, U-RER

e Transportation

As said before, in this study for all transportation stages, base line of transportation distance
was considered for Italy and then scaled for all other countries. Hence, transportation impact
on Global warming potential (GWP100a) have been calclculated and represented in Figure
15.

The processes as shown in Table 19 shows the exact name for the End-of-Life process
which has been used in OpenLCA 2.0 under consideration of Eco invent 3.9 database.

Contribution of Kg CO2 eq/m2 per Transportation

Distance(Km)

250

200

150

100

Kg CO2 eq/m2

50

Athens Berlin Madrid Milan Stockhom

Figure 15.Contribution of KgCO2eg/m2 per Transportation Distance (Km), for WALL 8, with a weight of 849
kg/m2.

Table 19.Inventory Processes for Transport

Inventory Processes

Process Eco invent 3.9 source exact name

market for transport, freight, lorry 16-32 metric ton, EURO3 |

A2-Transport to manufacturing site transport, freight, lorry 16-32 metric ton, EURO3 | Cutoff, U-RER
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market for transport, freight, lorry 16-32 metric ton, EUROS3 |

Ad-Transportto Construction Site transport, freight, lorry 16-32 metric ton, EURO3 | Cutoff, U-RER

* End of Life

The following processes shown in Table 20 reports the providers of the flows related to the
EoL stages as included in Eco invent 3.9 database.

Table 20.Inventory Processes for End of Life

Inventory Processes

Process Eco invent 3.9 source exact name

market for transport, freight, lorry 16-32 metric ton, EUROS3 |

C2-Transport transport, freight, lorry 16-32 metric ton, EURO3 | Cutoff, U-RER

C4-Disposal market group for municipal solid waste | municipal solid waste |

Cutoff, U-RER

d. Parametrisation

To consider the variability of the building envelope depending on the climate and the building
typology, a parametric approach has been informatically deployed. It is based on the use of
parametric formulas implemented directly in the openLCA software and on a “Design of
Simulations” (DoS) containing the list of all variants to be calculated as shown in Table 21.

Thanks to this approach, all envelope systems GWP values have been calculated in terms of
A and C stages and their impact scaled up at building level by the multiplication of the GWP100
per envelope surface times the building archetypes geometrical quantities as described in
Table 15.

Table 21.Defined primary parameters modelled in OpenLCA

PRIMARY PARAMETERS

Defined parameters Definition
Modelled
in OpenL.CA
LAYERS THICKNESS
ClayBrick_t Thickness of Clay brick (m)
Concrete_t Thickness of Concrete (m)
CrossLaminatedTimber_t Thickness of Cross Laminated Timber (m)
Gypsum_t Thickness of Gypsum (m)
HClayBrick_t Thickness of Hollow Clay brick (m)
Insulation_t Thickness of Insulation (m)
OSB_t Thickness of OSB (m)
Rocwool._t Thickness of Rockwool (m)
Stuco board_t Thickness of Stucoboard (m)
CONTROL
Control_Clay Control parameter for Clay brick )
Control_Concrete Control parameter for Concrete “)
Control_CLT Control parameter for Cross Laminated Timber )
Control_Gypsum Control parameter for Gypsum ©)
Control_HClayBrick Control parameter for Hollow Clay brick )
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Control_Insulation Control parameter for Insulation Q)
Control_OSB Control parameter for OSB )
Control_Rocwool. Control parameter for Rockwool ()
Control_Stuco Control parameter for Stucoboard )
COUNTRY ID
DE Germany “)
ES Spain “)
GR Greece )
IT Italy )
SE Sweden )
BUILDING ARCHETYPES
MFH Multi Family House Q)
SFH Single Family House )
OFB Office Building )
ELEVATION NET AREAS
NetEIVA_MFH Net Elevation Area for Multi Family House (m2)
NetEIVA_SFH Net Elevation Area for Single Family House (m2)
NetEIVA_OFB Net Elevation Area for Office Building (m2)
TRANSPORT DISTANCES
DAl Transformation distance from supplier to manufacture [Km]
DA4 Transformation distance from manufacture to retail centre [Km]
DC2 Transformation distance from consumer to disposed plant [Km]

Table 22.Defined dependent parameters modelled in OpenLCA

DEPENDENT PARAMETERS

Defined parameters Definition
Modelled
in OpenLCA

MATERIAL WEIGHT

ClayBr_w Weight of Clay brick (K9)
Concrete_w Weight of Concrete (Ka)
CrossLaminatedTimber_w Weight of Cross Laminated Timber (Kg)
Gypsum_w Weight of Gypsum (K9)
HClayBrick_w Weight of Hollow Clay brick (Kg)
Insulation_w Weight of Insulation (K9)
OSB_w Weight of OSB (Kg)
Rocwool._w Weight of Rockwool (Kg)
Stuco board_w Weight of Stucoboard (Kg)
MATERIAL VOLUME

VClayBr Volume of Clay brick (m3)
VConcrete Volume of Concrete (m3)
VCrossLaminatedTimber Volume of Cross Laminated Timber (m3)
VGypsum Volume of Gypsum (m3)
VHClayBrick Volume of Hollow Clay brick (m3)
Vinsulation Volume of Insulation (m3)
VOSB Volume of OSB (m3)
VRocwool Volume of Rockwool (m3)
VStuco board Volume of Stucoboard (m3)

e. Results

In this section, the impact assessment results (LCIA) for product systems (Wall, Windows, and
Roofs packages) are reported. The EF v3.1. method was selected for this phase and due to
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goal and scope of the study one impact category is considered to compare environmental
performance of product systems.

The following tables report the A+C stages GWP100 for the different locations.

Table 23. Results for Walls, Roofs and Windows in SFH and MFH, GWP100, kg_C0O2e/m?, Athens

Archetype Single Family House and Multi Family House
U-Value Net embodied
U-Value Ié\gﬂigr carbon per m2
(W/m2K) film in kgCO2eq
resistance
Insulation 3.5  Simple 1211
WALLS 1 0.86 |Plaster cm Concrete35cm Gypsum
. Simple 90.4
WALL9 0.9 0.78 |Plaster |Insulation 4 cm Concrete25cm Gypsum
WALL10 0.8 071 Plaster L’:\f”'at'on 35 (Clay brick3scm Gypsum 243.9
Insulation 3.5  Hollow clay 19.1
WALL11 0.7 0.63 Plaster em brick25¢em Gypsum
. . Typical Air Clay 212.4
WALL12 | 0.6 0.55 |Plaster |Insulation 4 cm Hollow clay brick 15 wall brick15¢m Gypsum
. Simple 92.4
WALL13 05 0.46 Plaster |Insulation 7 cm Concrete25cm Gypsum
. Hollow clay 21.2
WALL14 | 0.4 0.38 Plaster |Insulation 7 cm brick30cm Gypsum
WALL15 | 0.35 0.30 Plaster |Insulation 10 cmHollow block Typical Air - Hollow Gypsum 23.0
Wall block
. Hollow clay 26.0
WALL16 0.3 0.29 Plaster |Insulation 10 cm brick25cm Gypsum
. Simple 97.2
WALL17 | 0.2 0.19 Plaster |Insulation 15 cm Concrete25cm Gypsum
Hollow clay 52.2
WALL18 | 0.1 0.10 |Plaster |Rockwool 35 CMprick250m Gypsum
Rockwool (with 60.3
WALL19 0.068 | 0.07 [CLT timber fraction) OSB Gypsum

U-Value Net
(W/rlnzK) embodied
:i?#ﬁ: Layers carbon per
resistan : m2
ce in kgCO2eq
IEAD Roof reinforced 107.7
ROOF3 | 1.16 0.97 [Terracotta Insulation (3.5cm) concrete Gypsum
ROOF4 | 0.69 0.62 [Terracotta Insulation 4cm Solid wooden slab Wood ceiling 83.7
IEAD Roof reinforced . 154.8
ROOF5 | 0.38 0.36 Terracotta Insulation (10cm) concrete Wood ceiling
IEAD Roof reinforced - 156.1
ROOF6 | 0.27 0.26 Terracotta Insulation (15cm) concrete Wood ceiling
Metal Roof Mineral wool . 76.4
ROOF7 0.2 0.19 Surface insulation Solid wooden slab Gypsum
Metal Roof Mineral wool IEAD Roof Solid wooden 7.7
ROOF8 | 0.11 0.11 Surface ‘insulation (20cm) [Insulation (10cm) slab Gypsum
ROOF9 | 0.07 0.07 Metal Roof Mineral wool Solid wooden slab Gypsum A
) ) Surface insulation (40cm) ypP
U-Value Net
(W/m2K) embodied
Include the carbon per
resistance of m2
air film in kgCO2eq
WINDOWS3 3.37 2.15 Double Aluminum With Thermal Break 13 mm Air 1131
WINDOW4 | 2.70 1.86 Double | Wood/Vinyl 13 mm Argon 63.6
WINDOWS5 2.42 1.72 Double Insulated Fiberglass/ Vinyl 13 mm Argon 29.9
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WINDOWS6 1.70 1.32 Double Wood/Vinyl 13 mm Argon 63.6
WINDOW? | 1.30 1.07 Double \mgzorced Vinyl/ Aluminum Clad |y 3 11,0y Argon 65.8
WINDOWS 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon 80.9

Table 24. Results for Walls, Roofs and Windows in SFH and MFH, GWP100, kg_CO2e/mz, Berlin

Archetype Single Family House and Multi Family House

[SRVETS Net embodied
(W/m2K) carbon per m2

Include air Layers i
film y in kgCO2eq
resistance

Insulation 3.5 Simple
WALLS 1 0.86 Plaster em Concrete35cm Gypsum
. Simple 134.4
WALL9 0.9 0.78 Plaster [nsulation 4 cm Concrete25cm Gypsum
WALLI0O = 0.8 071 | Plaster L':ﬁ“'at'o" 35 Clay brick3sem Gypsum 2917
Insulation 3.5 Hollow clay 26.8
WALL11 0.7 0.63 Plaster cm brick25¢m Gypsum
) - Typical Air Clay 259.7
WALL12 0.6 0.55 Plaster (nsulation 4 cm Hollow clay brick 15 wall brick15cm Gypsum
. Simple 136.9
WALL13 0.5 0.46 Plaster [nsulation 7 cm Concrete25cm Gypsum
. Hollow clay 29.2
WALL14 0.4 0.38 Plaster [nsulation 7 cm brick30cm Gypsum
WALL15 | 0.35 0.30 Plaster [nsulation 10 cmHollow block Typical Air - Hollow Gypsum 13
Wall block
. Hollow clay 34.8
WALL16 0.3 0.29 Plaster [nsulation 10 cm brick25cm Gypsum
. Simple 142.5
WALL17 0.2 0.19 Plaster [nsulation 15 cm Concrete25cm Gypsum
Rockwool 35  Hollow clay 60.0
WALL18 0.1 0.10 Plaster cm brick25¢m Gypsum
Rockwool (with 71.7
WALL19 | 0.068  0.07 CLT timber fraction) 0SB Gypsum
U-Value Net
(|W/'|"%K) embodied
:i(r:fl:m? Layers carbon per
resistan : m2
ce in kgCO2eq
IEAD Roof . 162.4
ROOF3 | 1.16 0.97 Terracotta Insulation Lec;rq::?;i:d Gypsum
(3.5cm)
ROOF4 | 0.69 0.62 Terracotta Insulation 4cm Slglllnd wooden Wood ceiling 100.7
IEAD Roof . 219.0
ROOF5 | 0.38 0.36 Terracotta Insulation reinforced Wood ceiling
concrete
(10cm)
IEAD Roof . 222.4
ROOF6 | 0.27 0.26 Terracotta Insulation reinforced Wood ceiling
concrete
(15cm)
Metal Roof Mineral wool Solid wooden 93.7
ROOF7 02 019 Surface insulation slab Gypsum
Mineral wool IEAD Roof . 97.2
Metal Roof . ; . Solid Gyps
ROOF8 | 0.11 0.11 insulation Insulation
Surface (20cm) (10cm) wooden slab um
Mineral wool . 96.4
ROOF9 | 0.07 0.07 Metal Roof insulation Solid wooden Gypsum
Surface (40cm) slab

U-Value N

(W/m2K) Glass embodied
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Include the carbon per
resistance of air
film i
WINDOW3 3.37 2.15 Double  Aluminum With Thermal Break 13 mm Air 1185
WINDOW4 2.70 1.86 Double  Wood/Vinyl 13 mm Argon 65.0
WINDOWS 2.42 1.72 Double  |[Insulated Fiberglass/ Vinyl 13 mm Argon 30.4
WINDOW6 1.70 1.32 Double  Wood/Vinyl 13 mm Argon 65.0
WINDOW?7 1.30 1.07 Double  Reinforced Vinyl/ Aluminum Clad Wood 13 mm Argon 68.7
WINDOWS8 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon 84.0

Table 25. Results for Walls, Roofs and Windows in SFH and MFH, GWP100, kg_CO2e/mz2, Madrid

Archetype Single Family House and Multi Family House

U-Value Net embodied
U-Value (W/m2K) carbon per m2

(W/m2K) Include air film in kgCO2e
resistance 9 q

Insulation Simple
WALLS 1 0.86 Plaster 3.5 cm Concrete35cm Gypsum
Insulation 4 Simple 163.4
WALL9 0.9 0.78 Plaster em Concrete25cm Gypsum
WALL10 0.8 071 | Plaster '3"2“;?;'0" Clay brick35cm Gypsum 333.0
Insulation Hollow clay 31.8
WALL11 0.7 0.63 Plaster 3.5 cm brick25cm Gypsum
Insulation 4 . Typical Air Clay 290.8
WALL12 0.6 0.55 Plaster em Hollow clay brick 15 wall brick15cm Gypsum
Insulation 7 Simple 166.1
WALL13 0.5 0.46 Plaster cm Concrete25cm Gypsum
Insulation 7 Hollow clay 34.5
WALL14 0.4 0.38 Plaster cm brick30em Gypsum
Insulation Typical Air Hollow 36.8
WALL15 0.35 0.30 Plaster 10 cm Hollow block wall block Gypsum
Insulation Hollow clay 40.6
WALL16 0.3 0.29 Plaster 10 cm brick25em Gypsum
Insulation Simple 172.2
WALL17 0.2 0.19 Plaster 15 cm Concrete25cm Gypsum
Rockwool Hollow clay 65.0
WALL18 0.1 0.10 Plaster 35 em brick25¢em Gypsum
Rockwool 79.2
WALL19| 0.068 0.07 CLT |(with timberOSB Gypsum
fraction)
U-Value L\‘e(;' .
L (W/m2K) embodie
(l\JNXﬁlzug Inclftillc:: air Layers carbrﬁg per
resistance in kgCO2eq
IEAD Roof ) 198.3
ROOF3 = 1.16 0.97 | Terracotta | Insulation L‘Z'ﬂf;?é‘iﬁd Gypsum
(3.5cm)
ROOF4 | 0.69 0.62 Terracotta | Insulation 4cm Zglt')d wooden Wood ceiling 1118
IEAD Roof ) 261.1
ROOF5 | 0.38 0.36 Terracotta | Insulation reinforced Wood ceiling
concrete
(10cm)
IEAD Roof reinforced 265.9
ROOF6 | 0.27 0.26 Terracotta | Insulation Wood ceiling
concrete
(15cm)
Metal . . 105.0
ROOF7 0.2 0.19 Roof !\/Imerql wool Solid wooden Gypsum
insulation slab
Surface
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Metal Mineral wool IEAD Roof . 109.9
ROOF8 = 011 = 011  Roof insulation Insulation Solid wooden | Gyps

Surface (20cm) (10cm)

Metal Mineral wool . 108.9
ROOF9 = 0.07 0.07 | Roof insulation Zg't"d wooden | & nsum

Surface (40cm)

U-Value U'\l’ﬁ'c‘;lejézvt/l':‘ez'() em Ig\loeéied
(W/m2K resistance of air carbon per
) film m2
in kgCO2eq
WINDOW3 3.37 2.15 Double Aluminum With Thermal Break 13 mm Air 122.0
WINDOW4 | 2.70 1.86 Double | Wood/Vinyl 2o mm 65.8
rgon
WINDOWS | 2.42 172 Double | Insulated Fiberglass/ Vinyl /1\?9’2[':‘ 30.7
WINDOW6 1.70 1.32 Double | Wood/Vinyl i?g’gr']“ 66.0
Reinforced Vinyl/ Aluminum Clad 13 mm 70.6
WINDOW? 1.30 1.07 Double | ¢ o0 Argon
WINDOWS | 0.89 0.78 Triple | Insulated Fiberglass/ Vinyl i\fg”;r?" 86.1

Table 26. Results for Walls, Roofs and Windows in SFH and MFH, GWP100, kg_C0O2e/mz2, Milan

Archetype Single Family House and Multi Family House
(L\JA-I\//alzulg Net embodied
U-val m2K) carbon per m2
(Wim2K) S Layers in kgCO2eq
resistance
Insulation 3.5 Simple 165.9
WALLS 1 0.86 | Plaster em Concrete35cm Gypsum
. Simple 123.6
WALL9 0.9 0.78 | Plaster Insulation 4 cm Concrete25cm Gypsum
WALL10 = 0.8 | 0.71 Plaster 'c”rﬁ“'at'on 35 Clay brickasem Gypsum 2844
WALL11L = 0.7 = 063 Plaster nsuiation35 Hollow clay Gypsum 24.9
cm brick25cm
. - Typical Air Clay 248.0
WALL12 0.6 0.55 |Plaster Insulation 4 cm Hollow clay brick 15 wall brick15cm Gypsum
. Simple 125.9
WALL13 0.5 0.46 | Plaster Insulation 7 cm Concrete25cm Gypsum
. Hollow clay 27.2
WALL14 0.4 0.38 | Plaster Insulation 7 cm brick30cm Gypsum
WALL15 = 035 030 Plaster Insulation 10 cmHollow block Typical AirHollow o oy 29.3
Wall block
. Hollow clay 32.6
WALL16 0.3 0.29 | Plaster Insulation 10 cm brick25cm Gypsum
. Simple 131.3
WALL17 0.2 0.19 | Plaster Insulation 15 cm Concrete25cm Gypsum
Rockwool 35  Hollow clay 58.1
WALL18 0.1 0.10 | Plaster em brick25¢m Gypsum
Rockwool (with 68.9
WALL19 | 0.068 0.07 CLT timber fraction) OSB Gypsum

U-Value Net
(W/')“ZK embodied
Include Layers carbon per
air film . m2
resistan in kgCO2eq
ce
IEAD Roof reinforced 148.9
ROOF3 | 1.16 0.97 Terracotta Insulation (3.5cm) | concrete Gypsum
. Solid wooden Wood 96.5
ROOF4 | 0.69 0.62 Terracotta Insulation 4cm slab ceiling
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IEAD Roof reinforced Wood 203.1
ROOFS5 | 0.38 0.36 Terracotta Insulation (10cm) | concrete ceiling
IEAD Roof reinforced Wood 206.0
ROOF6 | 0.27 0.26 Terracotta Insulation (15cm) | concrete ceiling
Metal Roof | Mineral wool Solid wooden 89.4
ROOF7 02 0.19 Surface insulation slab Gypsum
. IEAD Roof Solid 92.3
Metal Roof | Mineral wool . Gyps
ROOF8 | 0.11 0.11 . ; Insulation wooden
Surface insulation (20cm) (10cm) slab um
Metal Roof | Mineral wool Solid wooden 91.7
ROOFS | 0.07 0.07 Surface insulation (40cm) | slab Gypsum

U- U-Value Net
el (WIS embodied
e Include the carbon per
(W/m resis.talnce of m2
ag | S _inkgCozeq |
WINDOW3 | 3.37 2.15 Double Aluminum With Thermal Break i?r mm 117.2
WINDOW4 | 2.70 1.86 Double | Wood/Vinyl ﬁg’;‘? 64.7
WINDOWS | 2.42 1.72 Double | Insulated Fiberglass/ Vinyl ifgf(‘;'? 30.3
WINDOW6 | 1.70 1.32 Double | Wood/Vinyl E mm 64.7
rgon
WINDOW?7 | 1.30 1.07 Double Reinforced Vinyl/ Aluminum Clad Wood i‘?grg;n 67.9
WINDOWS | 0.89 0.78 Triple | Insulated Fiberglass/ Vinyl ﬁg’;‘? 83.2

Table 27. Results for Walls, Roofs and Windows in SFH and MFH, GWP100, kg_CO2e/mz2, Stockholm

Archetype

Single Family House and Multi Family House

U-Value

U-Value

(W/m2K)

(W/m2K)
Include air

Net embodied
carbon per m2

Layers in kgCO2eq

film

resistance

Insulation 3.5  Simple 204.3
WALLS 1 0.86 Plaster cm Concrete35cm Gypsum
. Simple 151.9
WALL9 0.9 0.78 Plaster [nsulation 4 cm Concrete25cm Gypsum
WALL1I0 0.8 071 | Plaster L’::“'at'o" 35 Claybrick3scm  Gypsum 319.0
Insulation 3.5  Hollow clay 29.8
WALL11 | 0.7 0.63 Plaster cm brick25em Gypsum
. . Typical Air Clay 278.5
WALL12 | 0.6 0.55 Plaster |nsulation 4 cm Hollow clay brick 15 wall brick15cm Gypsum
WALL13 05 | 046  Plaster Insulation 7 cm SmPle Gypsum 154.5
Concrete25cm
. Hollow clay 324
WALL14 | 0.4 0.38 Plaster [nsulation 7 cm brick30cm Gypsum
WALL15| 0.35 0.30 Plaster [nsulation 10 cmHollow block Typical Air - Hollow Gypsum 34.6
Wall block
} Hollow clay 38.3
WALL16| 0.3 0.29 Plaster [nsulation 10 cm brick25cm Gypsum
. Simple 160.5
WALL17 | 0.2 0.19 Plaster [nsulation 15 cm Concrete25cm Gypsum
Hollow clay 63.0
WALL18| 0.1 0.10 Plaster Rockwool 35 cm brick25cm Gypsum
WALL19 0068 007 | cLT Rockwool (with (5qp Gypsum 6.2
timber fraction)

U-
Value

(W/m
2K)

U-Value
(W/m2K)
Include
air film

Net
embodied
carbon per

m2
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resistan in kgCO2eq
ce
IEAD Roof reinforced
ROOF3 | 1.16 0.97 Terracotta Insulation (3.5cm) concrete Gypsum 184.1
ROOF4 | 0.69 0.62 [Terracotta Insulation 4cm Solid wooden slab Wood ceiling 107.4
IEAD Roof reinforced -
ROOF5 | 0.38 0.36 [Terracotta Insulation (10cm) concrete Wood ceiling 2445
IEAD Roof reinforced -
ROOF6 | 0.27 0.26 [Terracotta Insulation (15cm) concrete Wood ceiling 248.7
Metal Roof Mineral wool .
ROOF7 0.2 0.19 Surface insulation Solid wooden slab Gypsum 100.6
Metal Roof Mineral wool IEAD Roof Solid wooden
ROOF8 | 0.11 011 Surface insulation (20cm) |Insulation (10cm) slab Gypsum 104.9
Metal Roof Mineral wool .
ROOF9 | 0.07 0.07 Surface insulation (40cm Solid wooden slab Gypsum 104.0

Windows
U- U-Value Net
(W/m2K) embodied
Value Include the carbon per
(W/m2 resistance of m2
K) air film in kgCO2eq
WINDOW3 3.37 2.15 Double  Aluminum With Thermal Break 13 mm Air 120.7
. 13 mm
WINDOW4 2.70 1.86 Double  Wood/Vinyl Argon 65.6
. - 13 mm
WINDOWS5 2.42 1.72 Double Insulated Fiberglass/ Vinyl Argon 30.6
; 13 mm
WINDOW6 1.70 1.32 Double  Wood/Vinyl Argon 65.6
. ) . 13 mm
WINDOW?7 1.30 1.07 Double  Reinforced Vinyl/ Aluminum Clad Wood Argon 69.8
. . - 13 mm
WINDOWS8 0.89 0.78 Triple Insulated Fiberglass/ Vinyl Argon 85.2

Table 28. Results for Walls, Roofs and Windows in OFFICE, GWP100, kg_CO2e/m?2, Athens

Archetype Office building

External walls

U-Value Net embodied

Uvalue  (Wm2K) carbon per m2

Include Layers i
ARl resistance of air inkgCozeq

film

Insulation Simple
WALL3 | 0.9 0.78 Plaster 3.5cm Concrete25cm Gypsum 0.9
Insulation Simple 121.4
WALL4 | 0.84 0.74 Plaster 3.5¢m Concrete35¢m Gypsum 0.84
. Simple 92.4
WALL5 | 0.5 0.46 Plaster | Insulation 7cm Concrete25cm Gypsum 0.5
’ Simple 123.5
WALLG6 | 0.48 0.45 Plaster | Insulation 7cm Concrete35cm Gypsum 0.48
. Simple 94.2
WALL7 | 0.33 0.32 Plaster Insulation 10cm Concrete25cm Gypsum 0.33
WALL8 032 033 Plaster Insulation 10cm Simple Gypsum 0.32 125.3
Concrete35cm
High Insulation Simple 97.2
WALL9 | 0.2 0.19 Plaster 15cm Concrete25cm Gypsum 0.2
WALL10 0068  0.07 cut  Rockwool (with 0SB Gypsum 0.068 60.3
timber fraction

Windows
U-Value (W/m2K) Net embodied
[SAVEIT Include the Frame carbon per
(W/m2K) resistance of air m2
(i in kgCO2eq
WINDOW3 | 3.37 2.15 Boubl | atuminum with Thermal Break 13 mm Air 1131
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Doubl ) 13 mm 63.6

WINDOW4 2.70 1.86 e Wood/Vinyl Argon
Doubl . . 13 mm 29.9

WINDOWS5 2.42 1.72 e Insulated Fiberglass/ Vinyl Argon
Doubl ) 13 mm 63.6

WINDOWG6 1.70 1.32 e Wood/Vinyl Argon
WINDOW? 1.30 107 Doubl | Reinforced Vinyl/ Aluminum Clad 13 mm 65.8

e Wood Argon
WINDOWS | 0.89 0.78 Triple | Insulated Fiberglass/ Vinyl ﬁg’c‘)‘r"“ 80.9

Table 29. Results for Walls, Roofs and Windows in OFFICE, GWP100, kg_CO2e/mz2, Berlin

Archetype Office building

Building envelope

External walls

(U-\//alue) Net embodied
W/m2K
U-Value carbon per m2
Include Layers i
A2ty resistance of air y in kgCOZeq
film
. Simple 134.4
WALL3| 0.9 0.78 Plaster |Insulation 3.5cm Concrete25cm Gypsum 0.9
. Simple 181.0
WALL4| 0.84 0.74 Plaster |Insulation 3.5cm Concrete35cm Gypsum 0.84
. Simple 136.9
WALL5| 05 0.46 Plaster [Insulation 7cm Concrete25cm Gypsum 0.5
. Simple 183.5
WALL6| 0.48 0.45 Plaster |nsulation 7cm Concrete35cm Gypsum 0.48
. Simple 139.0
WALL7| 0.33 0.32 Plaster |Insulation 10cm Concrete25cm Gypsum 0.33
. Simple 185.6
WALL8| 0.32 0.33 Plaster |Insulation 10cm Concrete35cm Gypsum 0.32
High Insulation Simple 142.5
WALL9| 0.2 0.19 Plaster 15¢m Concrete25cm Gypsum 0.2
WALL1 Rockwool (with 71.7
0 0.068 0.07 CLT timber fraction OSB Gypsum 0.068
Windows
Net embodied
U-Value U'VI?CL;S d(:\:ﬁSZK) carbon per
(Wim2K) resistance of air film : m2
in kgCO2eq
WINDOW3 3.37 2.15 Double Aluminum With Thermal Break 13 mm Air 1185
WINDOWA4 2.70 1.86 Double Wood/Vinyl 13 mm Argon 65.0
WINDOWS5 2.42 1.72 Double |Insulated Fiberglass/ Vinyl 13 mm Argon 304
WINDOW6 1.70 1.32 Double Wood/Vinyl 13 mm Argon 65.0
WINDOW?7 1.30 1.07 Double |Reinforced Vinyl/ Aluminum Clad Wood (13 mm Argon 68.7
WINDOWS8 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon 84.0

Table 30. Results for Walls, Roofs and Windows in OFFICE, GWP100, kg_CO2e/mz?, Madrid

Archetype Office building

External walls

U-Value Net embodied

U-Value el carbon per m2

Include Layers i
im2y resistance of air inikgEOzeq

film
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. Simple 163.4

WALL3| 0.9 0.78 Plaster Insulation 3.5cm Concrete25cm Gypsum 0.9
. Simple 220.1

WALL4| 0.84 0.74 Plaster Insulation 3.5cm Concrete35cm Gypsum 0.84
. Simple 166.1

WALL5| 0.5 0.46 Plaster Insulation 7cm Concrete25cm Gypsum 0.5
WALL6 | 0.48 0.45 Plaster Insulation 7em ~ SmPle Gypsum 0.48 222.8

Concrete35cm

. Simple 168.4

WALL7 | 0.33 0.32 Plaster nsulation 10cm Concrete25cm Gypsum 0.33
. Simple 2251

WALL8 | 0.32 0.33 Plaster Insulation 10cm Concrete35cm Gypsum 0.32
High Insulation  Simple 172.2

WALL9 | 0.2 0.19 Plaster 15cm Concrete25cm Gypsum 0.2
WALL10 0068 = 0.07 ct  Rockwool (with oy Gypsum 0.068 9.2

timber fraction)
U-value U-Value (W/m2K) Net embodied
Include the carbon per m2
(Ul resistance of air film in ki Cpoze

WINDOWS3 3.37 2.15 Double | Aluminum With Thermal Break 13 mm Air 122.0
WINDOW4 2.70 1.86 Double | Wood/Vinyl 13 mm Argon 65.8
WINDOWS5 2.42 1.72 Double | Insulated Fiberglass/ Vinyl 13 mm Argon 30.7
WINDOW6 1.70 1.32 Double | Wood/Vinyl 13 mm Argon 66.0
WINDOW?7 1.30 1.07 Double | Reinforced Vinyl/ Aluminum Clad Wood | 13 mm Argon 70.6
WINDOWS8 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon 86.1

Table 31. Results for Walls, Roofs and Windows in OFFICE, GWP100, kg_CO2e/mz2, Milan

Archetype Office building

U-Value
(W/m2K)
Include
resistance of
air film

Net embodied
carbon per m2
in kgCO2eq

U-Value
(W/m2K)

Layers

WALL3 09 078 Plaster Insulation 3.5cm CS:'(;‘;‘(’;LZ co5om Gypsum 0.9 123.6
WALL4 | 084  0.74 Plaster  Insulation 3.5cm gg?]’é:rzt 350 Gypsum 0.84 166.3
WALL5 | 0.5 0.46 Plaster  |Insulation 7cm gm’():lsetezs cm Gypsum 0.5 125.9
WALL6 | 048 045 Plaster  Insulation 7cm gm‘éﬁtesscm Gypsum 0.48 168.6
WALL7 | 033 0.32 Plaster Insulation 10cm gg?]’é:rzt co5om Gypsum 0.33 128.0
WALL8 | 032  0.33 Plaster  Insulation 10cm gg?]’é:rzt 350 Gypsum 0.32 170.7
WALL9 | 0.2 = 0.9 Plaster ';é%%'"s“'a“o" gic')‘;‘é'r‘ztezs om Gypsum 0.2 1313
WALL10 0.068  0.07 cLT En‘ig';"rv;’r‘:cg’z’)';? 0SB Gypsum 0.068 68.9

vale | U-value (Wim2K) Net embodied
(Wim2K _Include the ca_rbon per m2
) resistance of air film in kgCO2eq
WINDOW3 | 3.37 2.15 Double | Aluminum With Thermal Break 13 mm Air 17.2
WINDOW4 2.70 1.86 Double | Wood/Vinyl 13 mm Argon 64.7
WINDOWS5 2.42 1.72 Double | Insulated Fiberglass/ Vinyl 13 mm Argon 30.3
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WINDOW6 | 1.70 1.32 Double | Wood/Vinyl 13 mm Argon 64.7
WINDOW?7 1.30 1.07 Double | Reinforced Vinyl/ Aluminum Clad Wood 13 mm Argon 67.9
WINDOWS8 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon 83.2

Table 32. Results for Walls, Roofs and Windows in OFFICE, GWP100, kg_C0O2e/mz2, Stockholm

Archetype Office building
. Simple 151.9
WALL3 0.9 0.78 Plaster |Insulation 3.5cm Concrete25cm Gypsum 0.9
WALL4| 0.84 0.74 Plaster |nsulation 3.5cm Simple Gypsum 0.84 204.6
Concrete35cm
WALL5| 0.5 0.46 Plaster [Insulation 7cm Simple Gypsum 0.5 154.5
Concrete25cm
WALL6 —0.48 0.45 Plaster Insulation 7em Sl Gypsum 0.48 207.2
Concrete35cm
. Simple 156.8
WALL7| 0.33 0.32 Plaster |Insulation 10cm Concrete25cm Gypsum 0.33
WALL8| 0.32 0.33 Plaster |Insulation 10cm Simple Gypsum 0.32 209.5
Concrete35cm
High Insulation  Simple 160.5
WALL9| 0.2 0.19 Plaster 15¢m Concrete25cm Gypsum 0.2
WALL10 0068 = 0.07 cut  Rockwool (with op Gypsum 0.068 76.2
timber fraction)
WINDOW3 3.37 2.15 Double | Aluminum With Thermal Break 13 mm Air 120.7
WINDOW4 = 2.70 1.86 Double = Wood/Vinyl 13 mm Argon 65.6
WINDOWS = 2.42 172 Double | Insulated Fiberglass/ Vinyl 13 mm Argon 30.6
WINDOW6 1.70 1.32 Double | Wood/Vinyl 13 mm Argon 65.6
WINDOW? 1.30 1.07 Double | Reinforced Vinyl/ Aluminum Clad Wood | 13 mm Argon 69.8
WINDOWS8 0.89 0.78 Triple Insulated Fiberglass/ Vinyl 13 mm Argon 85.2

« Walls

According to the Error! Reference source not found. GWP impact category the WALL 10
contributes 243.9 kg CO2 eq, where the highest contribution impact is given by 1m2 Clay brick
of 35cm thickness — 224.9 kg CO2 eq, which is about 92% compared to other layers in the
package (1 m2 Stucco of 25 mm thickness makes 10.85 kg CO2 eq, while 1 m2 Gypsum of
19 mm thickness makes 6.3 kg CO2 eq and 1 m2 Insulation of 3 mm thickness makes 1.8 kg
CO2 eq). In this case, comparing with WALL 12 and WALL 13 similar percentage contribution
is observed since for WALL10, WALL12 and WALL 13 similar layer composition is used.

The wall with lowest GWP impact category is WALL 11, it contributes only 19.1 kg CO2 eq,
where the highest impact is made by 1 m2 Stucco of 25 mm thickness makes 10.85 kg CO2
eq, which is about 56.5% compared to other layers in the package (while 1 m2 Gypsum of 19
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mm thickness makes 6.3149 kg CO2 eq and 1 m2 Insulation of 35 mm thickness makes
2.0939 kg CO2 eq). The choice of insulation material and material properties such as weight
plays a major role in CO2 emissions, as the LCA calculations show that changing from
Claybrick to Hollow clay brick reduces CO2 emissions by 92.13% (19.10 kg CO2 eq).
Elaboration of results in different climate zones has been reported from Error! Reference
source not found. to Figure 20.
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Figure 16.Results for WALLS GWP in Kg CO2eq_Athens, Wall results according to the Global warming potential
(GWP100a), kg CO2 eq for 1m2.
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Figure 17. Results for WALLS GWP in Kg CO2eq_Berlin, Wall results according to the Global warming potential
(GWP100a), kg CO2 eq for 1m=.
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Figure 18.Results for WALLS GWP in Kg CO2eq Madrid, Wall results according to the Global warming potential
(GWP100a), kg CO2 eq for 1m2.
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Figure 19. Results for WALLS GWP in Kg CO2eq, Milan, Wall results according to the Global warming potential
(GWP100a), kg CO2 eq for ImZ2
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Figure 20. Results for WALLS GWP in Kg CO2eq_Athens, Wall results according to the Global warming potential
(GWP100a), kg CO2 eq for Im=2
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e Roofs

However for the roofs, according to the Figure 21 GWP impact category the ROOF 5
contributes 155.50 kg CO2 eq, where the highest contribution impact is given by 1m2
Reinforced Concrete of 30cm thickness — 95.716 kg CO2 eq, which is about 61.56%
compared to other layers in the package (1 m2 Wood ceiling of 25 mm thickness makes 48.344
kg CO2 eq, while 1 m2 Terracotta of 20 mm thickness makes 10.326 kg CO2 eq and 1 m2
IEAD Roof Insulation of 100 mm thickness makes 1.1160 kg CO2 eq).

The roof with lowest GWP impact category is ROOF 7, it contributes only 76.38 kg CO2 eq,
where the highest impact is made by 1 m2 Wooden slab of 40 mm thickness makes 69.366
kg CO2 eq, which is about 90.82% compared to other layers in the package (while 1 m2 Metal
Roof Surface of 8 mm thickness makes 5.2201 kg CO2 eq, 1 m2 Gypsum of 19 mm thickness
makes 1.1739 kg CO2 eq and 1 m2 Mineral wool insulation of 150 mm thickness makes
0.6207 kg CO2 eq). The choice of insulation material properties and thickness plays a major
role in CO2 emissions, as the LCA calculations show that changing from 40mm to 20mm of
Mineral wool insulation reduces CO2 emissions by 26.68% (27.8 kg CO2 eq).Elaboration of
other results in different climate zones has been reported from Figure 21 to Figure 25.
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Figure 21.Results for ROOFS GWP in Kg/CO2eq_Athens, (Roof results according to the Global warming
potential (GWP100a), kg CO2 eq for 1m2).
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Figure 22.Results for ROOFS GWP in Kg/CO2eq_Berlin, (Roof results according to the Global warming potential
(GWP100a), kg CO2 eq for 1m2).
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Figure 23.Results for ROOFS GWP in Kg/CO2eq_Madrid, (Roof results according to the Global warming
potential (GWP100a), kg CO2 eq for 1m2).
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Figure 24.Results for ROOFS GWP in Kg/CO2eq_Milan, (Roof results according to the Global warming potential
(GWP100a), kg CO2 eq for 1m2).
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Figure 25.Results for ROOFS GWP in Kg/CO2eq_Stockholm, (Roof results according to the Global warming
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* Windows

Moreover for the windows, according to the Figure 26 GWP impact category the WINDOW 3
contributes 113.13 kg CO2 eq, where the highest contribution impact is given by Aluminium
frame — 86.926 kg CO2 eq, which is about 76.83% compared to double glazing glass which
makes 25.507 kg CO2 eq,this is proven to be true due to different density of two materials
which led to different weight contribution.

The window with lowest GWP impact category is WINDOW 5, it contributes only 29.89 kg CO2
eq, where the highest impact is made by double glazing glass which makes 22.519 kg CO2
eq, which is about 85.16% compared to Insulated Fiber glass frame which contributes 3.9247
kg CO2 eg. The choice of insulation material properties and thickness plays a major role in
CO2 emissions, as the LCA calculations show that by keeping similar percentage of frame to
glazing ratio(POF/POG) from which is 0.2 has been applied to this study, changing from
Aluminium Clad wood to Insulated Fiber glass reduces CO2 emissions by 73.58% (83.24 kg
CO2 eq).Elaboration of other results in different climate zones has been reported from Figure
26 to Figure 30.
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Figure 26.Results for WINDOWS GWP in Kg/CO2eq_Athens, (Window results according to the Global warming
potential (GWP100a), kg CO2 eq for 1m2).
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Figure 27.Results for WINDOWS GWP in Kg/CO2eq_Berlin, (Window results according to the Global warming
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potential (GWP100a), kg CO2 eq for 1m2).
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Figure 28.Results for WINDOWS GWP in Kg/CO2eq_Madrid, (Window results according to the Global warming
potential (GWP100a), kg CO2 eq for 1m2).
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Figure 29.Results for WINDOWS GWP in Kg/CO2eq_Milan, (Window results according to the Global warming
potential (GWP100a), kg CO2 eq for 1m2).
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Figure 30.Results for WINDOWS GWP in Kg/CO2eq_Stockholm, (Window results according to the Global
warming potential (GWP100a), kg CO2 eq for 1m2).
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f. Results at building archetypes levels

This part aims at presenting on how the approach of a whole-building life cycle assessment
(WLCA) has been considered built on the whole life cycle carbon results for walls, windows,
and roofs, added to the HVAC systems and use stage contributions. The results are hence a
database complete with the Global Warming Potential (GWP100) impact in terms of kg CO2
eq for the whole building, along its whole life cycle at building archetype level.

Such kind of result has to be intended primarily for its methodological value. Built on to the
concept of building and energy system archetypes, for different climates and orientations, both
energy and whole life cycle carbon are possible to be calculated with a parametric approach.

e Conversion of Functional Unit to Building Level

Based on the list of parameters at building level of Table 15, in terms of envelope net elevation
area for walls, roofs and net openings area for windows, the envelope specific carbon
emissions have been calculated for each building archetype.

* SFH Climate 1 Building Components CO2eq Comparison

The full set of results present in the database allows to filter per building archetype, energy
system, climate and to get the GWP100 values of envelope, energy system and separated
per life cycle stage.

In this report, for sake of methodological description, the results are reported only for the SFH
best cases. As expected from the previous paragraph, from Figure 31 and Figure 32 emerge
that the building facade components (Walls, Roofs, and Windows) and HVAC system
contribution in terms of stages A and C is around 20% of whole GWP100. Instead for
compared to the Use phase(B) which is almost 80% of Global warming potential (GWP100a),
kg CO2 eq).

Roof A+C stages impact is the most relevant among the envelope components because of
the use of concrete.
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Figure 31.SFH Climate 1 (Athens) Building Components CO2eq Comparisons in considering the combination of
WALL14, ROOF6 and WINDOWS.

The stage A+B4 (replacement) has a role compared to disposal, being around 1 order of
magnitude higher. Compared to use stage (B1), manufacturing has about 1/6 of its impact.
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Figure 32.SFH Climate 1, Stages CO2eq Comparison.

As reported in Comparison between the energy system, while looking at the whole life cycle
impact at building archetype level, the comparative approach between NGB and EHP scenario
is methodologically not correct. The functional units are different: a building with space heating
and cooling devices versus a building with only heating devices, hence with discomfort indoor
conditions due to overheating. Nevertheless, the Error! Reference source not found. shows
that with a hypothetical chiller for the NGB scenatrio, the building level impacts can be finally
compared. EHP scenarios are less emitting in terms of kg_CO2_eq, with the use stage of
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course playing the role of major contributor. Except in the climate zone 4, due to high emission
factor of electricity, similar performance can be seen in both HVAC systems.

Whole life cycle carbon emission
120000
100000
80000

60000

CO2 eq [kg]

40000

20000

0
1.ATHEN 2.MADRID 3.MILAN 4.BERLIN  5.STOCKHOLM

SFH. BEST

EHP NGB NGB.COOLING

Figure 33. whole life cycle carbon for SFH, best cases indifferent climate zones.

g. Building energy systems

In this section, the Life Cycle Assessment (LCA) analysis applied to two different HVAC
systems—Electric Heat Pump (EHP) and Natural Gas Boiler (NGB) is presented.

e Goal and Scope

The goal of the HVAC LCA calculation is to quantify the Global Warming Potential (GWP) of
two different HVAC systems serving various building typologies previously set, including
baselines and renovated building profiles. The study hence provides a quantitative map of
GWP impacts for different renovation scenarios in terms of theoretical performance targets.

The intended application of this study is to add “environmental-related impacts” of different
building energy systems besides the information of the energy performances, while
recognizing their contributions throughout the building's entire life cycle. As said before, the
building typologies and HVAC systems to be assessed have been identified, as explained in
section 2.

The LCA focused solely on the Climate Change impact category, allowing the calculation of
impacts in terms of equivalent carbon dioxide emissions expressed as kg COzeq, serving as
the indicator of Global Warming Potential (GWP) due to emissions of greenhouse gases into
the air.

The functional unit (FU) is the quantified performance of a produced system used as a
reference unit (M., Oele, M., Leijting, J., Ponsioen, T., & Meijer, E. Goedkoop 2016). In this
research, the functional unit was set as the generator of the thermal energy needed to deliver
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space heating, cooling, and domestic hot water to the reference building and performing over
a service life set of 50 years.

Nevertheless, in the case of the natural gas boiler, the cooling has not been considered as a
demand. From this assumption a comparison limit arises which create a relevant bias to be
carefully considered in the results interpretation.

h. System Boundary

Given the goal and scope, the system boundary can be drawn, determining which unit
processes shall be included within the LCA.

As said, the objects studied are two kinds of HVAC systems with the following features.

e Electric Heat Pump (EHP)

An electric heat pump or chiller is a mechanical system that employs a closed loop
refrigeration cycle to transfer thermal energy from a source to a sink. Depending on which of
the two fluxes is the useful effect, the device is called heat pump (heat delivered from the
condenser) or chiller (heat absorbed from the evaporator). A compressor inside the device
uses electricity to increase the closed loop refrigerant pressure and assuring its condensation.
As The thermodynamic cycle of the HP is schematically depicted in Figure below (A., Zacharis,
A., Ziozas, N., Bellos, E., lliadis, P., Lampropoulos, I., ... & Nikolopoulos, N. Kitsopoulou
2023).

I > Heating
jij 3 Cond 2

e Throttling Compressor L &
Electricity >>> valve P = > Cooling load

4e Evaporator J 1

' > Domestic Hot Water (DHW) | i\
Q

Figure 34. Simplified depiction of the heat pump heating thermodynamic cycle.

« Natural Gas Boiler:

Gas boilers are heating generator working burning natural gas and heating up a heat carrier
fluid (normally water). This heated medium is then pumped around the building through a
closed loop distribution system, finally emitting heat to the indoor spaces. Similarly, domestic
hot water is delivered through taps and showers in an open loop or stored in a hot water tank
for future water usage.
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Figure 35. Simplified depiction of the gas boiler heating thermodynamic cycle.

The boundary of the study is focussed on the following stages of the construction works life
cycle (as defined in the EN 15804), under a "cradle to grave" approach: production (stages
A1-A3), transportation to site (A4), use stage including replacement (B1, B4 and B6), and end-
of-life stage (C2-C4). The installation stage (A5), phases (B2, B3, B5, B7), and the
deconstruction demolition phase (C1) were excluded due to the uncertainty of information, the
high rate of variance from system to system, and the limited impact of these phases.

Considering a 20-year lifespan for the electric heat pump and natural gas boiler based on
market research and literature review, the activity data in phases A and C were multiplied by
2 to consider the stages of components replacement, while the lifespan for the use phase was
considered 50 years.

All the accessories linked to the HVAC systems have been neglected because to variegate
and hence difficult to be generalised and quantified per building archetypes.

i. Life cycle inventory (LCI) and assessment (LCIA)

In this section, the life cycle inventory analysis is reported followed by the description of the
way such inventory has been transformed in carbon equivalent emissions. It hence explains
the data needed for the calculations, besides the compilation and the quantification of inputs
and outputs throughout the life cycles of the electric heat pump and natural gas boiler.
Moreover, the information regarding the way each process is characterized in terms of
emission factors are provided.

The inventory of materials mass and energy flows has been filled based on two studies
(Jacopo Famiglietti et al. 2022; A Primas 2007) which provide all the relevant flows
dependencies from the HVAC peak power. Such studies report the data per kilogram of
product based on the annual usage of reported by a set of reference industries. Moreover, the
same studies, allow to allocate the mass percentages among the main materials used in such
devices.

Coherently with the goal and scope, the way to model the two kinds of energy generators is
hence sufficiently general to be independent from a specific commercial model.
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Thanks to this empirical numerical relationship, the whole LCI and LCIA phases have been
handled parametrically. Hence, the large number of final energy and peak power variants,
derived from the huge amount of the combinations between building archetypes, orientations,
climates, envelope features and energy system, have been informatically input in the LCA
model for the calculation of the carbon life cycle impact.

The energy needs of buildings for space heating and cooling, domestic hot water, thermal
peak powers, and final energy use, were extracted from previously conducted energy
simulations in section 5, ‘D3.2_parametric_simulation_for_Target’ excel file. The total surface
areas for single-family houses, multi-family houses, and offices were considered as 140 mz2,
314.9 m2 and 29.5 m2 respectively in section 3, table 2, deliverable 2.3. Finally, secondary
data from the Ecoinvent v3.9 (G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., &
Weidema, B. Wernet 2016) inventory database was applied to get the emission factor per
each process providing the input flow.

j. Electric Heat Pump

e Assumptions

The mass flows refer only to the heat pump machine and not to all the equipment and
accessories needed to realise a well-functioning HVAC system.

Nominal Power

Using the energy simulation results of buildings in different climate zones, the nominal heat
input was calculated according to the formula.

Power [kW] = max (out: Peak heat first floor [W] + out: Peak heat ground floor[W]) and (out:
Peak cool ground floor[W] + out: Peak cool first floor[W]) / 1000.

COP (Coefficient of Performance)

Considering the heat pumps market in Europe, typically they have a COP ranging from 3 to 5.
(Arpagaus et al. 2018) For sake of simplicity, and of representing an air-water well performing
heat pump, a yearly average COP of 3.3 has been considered. Various activity data utilized
for the evaluation are detailed in the table below.

Materials mass flows

The amounts of material or energy used are provided as percentages concerning the total
mass of the energy system. The total mass is assessed using equations where nominal power
(in kW) — mass (in kg) relations used to size the mass and energy flows.

Electric driven heat pumps/chillers (air, brine, or water source) masses are obtained using
primary data of 17,666 appliances (range 3 to 40 kW - R2 = 0.56) and primary data of 78
appliances (range from 41 to 1,000 kW - R2 = 0.95), both available from the Italian framework
Conto Termico?.

Mass[kg] = 33.771*e(0.0758*Pnom) for power ranging from 3 kW to 40 kW

1 www.gse.it/servizi-per-te/ efficienza-energetica/conto-termico/documenti, 2020)
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Mass[kg] = 8.330*Pnom + 336.570 for power ranging from 41 kW to 1,000 kW
Refrigerant mass flows

The equation below shows the refrigerant charge per kW formula used to assess the amount
of gas from the capacity of the device (range from 3 to 1,000 kW — R? = 0.62). The equation
was assessed using 16,907 primary data from Conto Termico as a mix of appliances that uses
R134a (n. 22), R410a (n. 10 235), R22 (n. 53), R32 (n. 6517), R290 (n.8), R404a (n. 1), and
R407c (n. 74). (Jacopo Famiglietti et al. 2022)

Mass [kg] = 0.322*P nom %932
Energy needs and consumption, power peaks.

The energy need, use and power peaks for each energy use (space heating and cooling,
domestic hot water, and related peak powers) of each climate zone was calculated based on
previous energy simulations as normalized value of heating load, cooling load and domestic
hot water in [KWh/m?] in two different worst and best cases.

Water consumption

Water consumption of Electric heat pump was calculated based on power as following formula:
Water consumption [kg] = 5.4 * P nom

Transportation

Transportation plays a role in different life cycle stages as explained in the following.

Transporting the virgin material and components from supplier to the manufacture were
carried out under the stage A2 with two different transportations ways which were standing on
Transporting input. Virgin material to the manufacture and Transport component from another
supplier to the manufacture. Transporting packaging from manufacturer to supplier,
transporting product from manufacturer to retail centre and transporting product from retalil
centre to consumer were considered separately under the stage A4. Transporting the waste
material and component from the project site to the plant was considered as stage C2.

In this study for all transportation stages, base line of transportation distance was considered
for Italy. Considering the scale factor according to the area, the distance for another climate
zone were calculated. Table below shows the detailed calculations:

Table 33. scale factor according to the scale of country area

Italy 1.00
Germany 1.18
Spain 1.68
Sweden 1.48
Greece 0.44

Table 34. Transportation distance for different climate zones.
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Italy (Base 300 700 500 50
line)
Germany 355.14 828.67 591.91 59.19
Spain 502.52 1172.54 837.53 83.75
Sweden 444.36 | 1036.84 740.60 74.06
Greece 131.14 306.00 218.57 21.86

All'in all, the system boundaries of material production include extraction of raw materials and
primary components like air fan and electronic components, transport to the manufacturing
plant, production processes, and packaging. The system boundaries for EOL stage (C2-C4)
for the EHP system include transportation from consumer to treatment plant, treatment of the
materials and disposal of residual inert material. Once treated at the sorting plant, waste
materials can either go to landfill, incineration, or recycling/reuse facility.

k. LCldata summary

The details of the different activity data used for the evaluation of electric heat pump are listed

in Table below.

Table 35. activity data of natural gas boiler.

Thermal energy produced in life span energy need*life span*surface

Nominal heat input
Refrigerant gases charge
Lifespan
Surface

Energy needs

Mass

Reinforced Steel
Steel low-alloyed
Copper
Elastomer
Polyvinylchloride
Refrigerant gas (R134a)

Air fan
Electronic components

Water consumption

Emissions of water in air
Emissions of water in water
Lubricating oll
Electricity

calculated
0.322*(power”0.932)
50
SFH:140
MFH: 314.88
OFFICE: 29.5
calculated

33.771*e” (0.0758*power)

57% * mass
15% * mass
17% * mass
0.8% * mass
0.1% * mass
0.322*(power”0.932)

1.90
1

5.4 * power

(15%* Water consumption)/1000
(85% Water consumption)/1000
0.27 * power
14 * power

kWh -
kw Energy simulation
kg Conto Termico
years -
m2
kWh/m2/ly Inserted from
energy simulation
Kg -
kg Primary data,
Keman et al. 2019
kg Primary data,
Keman et al. 2019
kg Primary data,
Keman et al. 2019
kg Primary data,
Keman et al. 2019
kg Primary data,
Keman et al. 2019
kg Famiglietti et al.
2022
kg ecoinvent
kg (Kemna et al 2019)
and Ecoinvent
kg ecoinvent
m3 ecoinvent
m3 ecoinvent
kg ecoinvent
kWh ecoinvent
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Heat
Refrigerant gas (R134a) production

Refrigerant gas (R134a) leakages
Transport input (virgin material)

Transport input (components)
Plastic film
Polystyrene

Corrugated board

transport packaging from manufacturer
to supplier
transport product from manufacturer to
retail center
transport product from retail center to
consumer

Electricity
Refrigerant gas production

Refrigerant gas leakages

Copper

Steel

Plastic

Electronic components

Packaging cardboard

Packaging plastics

Refrigerant gas (R134a)

Transport from consumer to treatment
plant

136.5 * power
3% * 0.322*(power"0.932)

3% * power
Mass* distance

Mass* distance
Normdist (C95,300,150, TRUE)
*5

Normdist (C95,300,150, TRUE)
*5*0.5/1
Normdist (C95,300,150, TRUE)
*5%1/1

Mass (packaging)* distance

Mass (packaging & product) *
distance

Mass (packaging & product) *
distance

(1 / COP) * energy need
2% * 0.322*(power”™0.932) *life
span
4% * 0.322*(power”0.932) *life
span

97%* mass, recycling

3% * mass, landfill
97% * mass, recycling

3%* mass, landfill
70%* mass, recycling

30%* mass, landfill
67%* mass, recycling

33% * mass, landfill
83% * mass, recycling

6% * mass, incineration

11% * mass, landfill
32% * mass, recycling

23% * mass, incineration

44% * mass, landfill
20% * mass, vent into air

80% * mass, recycling
Mass*distance

I. LCl emissions factors summary

Title “Guide IWG 5 on setting new targets for 2025, 2030”
EURAC

Version:
Date

MJ
kg

kg

tkm

tkm

kg
kg

kg

tkm
tkm

tkm

kWh
kg

kg

December 2023

ecoinvent
ecoinvent

ecoinvent

Keman et al.

Keman et al.

Keman et al.

Keman et al.

Keman et al.

Keman et al.

Keman et al.

Keman et al

2019
2019

2019

2019

2019

2019

2019

. 2019

PEP ecopassport

program

PEP ecopassport

program

Keman et al.

Keman et al.
Keman et al.

Keman et al.
Keman et al.

. 2019
Keman et al.

Keman et al

Keman et al.
Keman et al.

Keman et al.

Keman et al.
. 2019

Keman et al

Keman et al.

. 2019
Keman et al.

Keman et al

Keman et al.

2019

2019
2019

2019
2019

2019

2019
2019

2019
2019

2019

2019
2019

Famiglietti et al.

2021

All analyses were conducted using Open LCA 2.0.0 with the Ecoinvent 3.9 database.

Based on different climate zone, CO. emission factor was considered for electricity

consumption in use phase (B2).
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Inventory Processes

Processes |
Al- Reinforced Steel

Eco invent 3.9 source exact name
market for reinforcing steel | reinforcing steel | Cutoff, U

Al- Steel low-alloyed

market for steel, low-alloyed, hot rolled | steel, low-alloyed, hot rolled | Cutoff, U

Al- Copper

market for copper scrap, sorted, pressed | copper scrap, sorted, pressed |
Cutoff, U

Al- Electronic components

market for electronics, for control units | electronics, for control units | Cutoff, U

Al- Air fan

market for fan, for power supply unit, desktop computer | fan, for power supply
unit, desktop computer | Cutoff, U

A1l- Polyvinylchloride

market for polyethylene, low density, granulate | polyethylene, low density,
granulate | Cutoff, U

Al- Refrigerant gas
(R134a)

market for refrigerant R134a | refrigerant R134a | Cutoff, U

Al- Elastomer

market for tube insulation, elastomer | tube insulation, elastomer | Cutoff, U

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

CO2 eq [kg/kwh]

CO, Emission factor per electricity mix

ATHEN MADRID MILAN BERLIN  STOCKHOLM

Figure 36. CO2 Emission factor per electricity mix.

Table 36. CO2 Emission factor per electricity mix

CO2 Emission factor per

Climate zone o :
electricity mix

Athens 1 0.64926
Madrid 2 0.41668
Milan 3 0.60522
Berlin 4 0.72524
Stockholm 5 0.07908

e Production phase - EHP (A1)

Table 37. Inventor process for manufacturing phase (A1) of EHP.

e Manufacturing phase - EHP (A2)

Table 38. Inventor process for manufacturing phase (A2) of EHP.

Processes

Inventory Processes
Eco invent 3.9 source exact name
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A2- Water consumption market group for tap water | tap water | Cutoff, U

A2- Lubricating oil market for lubricating oil | lubricating oil | Cutoff, U
A2- Electricity gl?trgftfet l(\iroup for electricity, medium voltage | electricity, medium voltage |

market group for heat, district or industrial, natural gas | heat, district or

A2- Heat industrial, natural gas | Cutoff, U

A2- Refrigerant gas
(R134a) production
A2- Emissions of water in

market for refrigerant R134a | refrigerant R134a | Cutoff, U

- water
air ate
A2- Emissions of water in

ssions of wate water
water

A2- Refrigerant gas

(R134a) leakage Ethane, 1,1,1,2-tetrafluoro-, HFC-134a

e Transportation phases - EHP (A3, A4, C2)

Table 39. Inventor process for transportation phases (A3, A4, C2) of EHP.

Inventory Processes

Processes \ Eco invent 3.9 source exact name
A3- transportation of Virgin
material to manufacture Transport, freight train, diesel | transport, freight train | Cutoff, U
A3- transportation of
Components to Transport, freight train, diesel | transport, freight train | Cutoff, U
manufacture

A4- Transport packaging
from manufacturer to
supplier

A4- Transport product from . . .
manufacturer to retail market for transport, freight, lorry 16-32 metric ton, EUROS | transport, freight,

lorry 16-32 metric ton, EURO5 | Cutoff, U
centre

A4- Transport product from | market for transport, freight, lorry 16-32 metric ton, EURQOS5 | transport, freight,
retail centre to consumer lorry 16-32 metric ton, EUROS | Cutoff, U

C2- Transport from
consumer to treatment
plant

market group for transport, freight, light commercial vehicle | transport, freight,
light commercial vehicle | Cutoff, U

market for municipal waste collection service by 21 metric ton lorry | municipal
waste collection service by 21 metric ton lorry | Cutoff, U

e Packaging phase - EHP (A3- Pack)

Table 40. Inventor process for packaging phase (A3-pack) of EHP.

Inventory Processes

Processes \ Eco invent 3.9 source exact name
A3-Pack- Plastic film market for packaging film, low density polyethylene | packaging film, low density
polyethylene | Cutoff, U
A3-Pack- Polystyrene market for polystyrene, expandable | polystyrene, expandable | Cutoff, U
A3-Pack- Corrugated market for corrugated board box | corrugated board box | Cutoff, U
board

e Usephase - EHP (B2)

Table 41. Inventor process for Use phase (B2) of EHP.

Inventory Processes
Processes \ Eco invent 3.9 source exact name
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B2- Electricity electricity, low voltage, residual mix | electricity, low voltage | Cutoff, U
B2- Refrigerant gas refrigerant R134a production | refrigerant R134a | Cutoff, U
production
B2- Refrigerant gas Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
leakage

e EOL phase - EHP (C3)

Table 42. Inventor process for EOL phase (C3) of EHP.

Inventory Processes

Processes Eco invent 3.9 source exact name

C3- Refrigerant gas - treatment of used refrigerant R134a, reclamation | used refrigerant R134a |
recycling Cutoff, U

C3- Refrigerant gas Ethane, 1,1,1,2-tetrafluoro-, HFC-134a

(R134a) - vent into air
C3- Packaging cardboard - | treatment of waste plaster-cardboard sandwich, recycling | waste plaster-

recycling cardboard sandwich | Cutoff, U

C3- Copper - recycling copper scrap, sorted, pressed

C3- Steel - recycling iron scrap, sorted, pressed

C3- Packaging plastics - plastic flake, consumer electronics, for recycling
recycling

e EOL phase - EHP (C4)

Table 43. Inventor process for EOL phase (C4) of EHP.

Inventory Processes

Eco invent 3.9 source

Processes
exact name

C4- Copper - inert landfill copper slag
C4- Steel - inert landfill scrap steel
C4- Plastic - municipal incineration waste plastic, mixture
C4- Plastic - sanitary landfill waste plastic, mixture
C4- Electronic components - municipal incineration waste plastic, consumer electronics
C4- Electronic components - sanitary landfill waste plastic, consumer electronics
C4- Packaging cardboard - municipal incineration waste paperboard
C4- Packaging cardboard - sanitary landfill waste paperboard
C4- Packaging plastics - municipal incineration municipal solid waste
C4- Packaging plastics - sanitary landfill municipal solid waste

m. Natural gas boiler

e Assumptions

Gas boilers are central heating systems heating water. This heated water is then pumped
around the property through pipes and radiators to heat space, and either pumped directly to
taps and showers or stored in a hot water tank for future water usage. This gas is then burned
in the boiler's combustion chamber and warms the water to around 70°C through a heat
exchanger.

By obtaining primary information on the number of components and material types from a
global boiler manufacturer, the Life Cycle Inventory (LCI) of the boiler was completed. Based
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on several publications, further information about manufacturing procedures, input and output
transit, packaging, and end-of-life scenarios was gathered.

In the first step, data preparation was carried out according to the following:

General assumption regarding the surface and life span, were considered like electric heat
pump.

Higher Heating Value (HHV)

The heat content of natural gas might be different in various countries. Therefore, according
to the ‘https://www.world-nuclear.org/’, an average for HHV of natural gas was considered
10.63 [kWh/Nm3] and it was multiplied by CO, emission factor of natural gas consumption for
different climate zones.

Efficiency

In this study, it has been considered that new gas boiler with high quality in Europe typically
have the efficiency of 95%.

Total mass

The quantities of materials or energy utilized in natural gas boiler are presented as
percentages relative to the total mass of the energy system. The assessment of total mass
involves the application of specific equations that incorporate nominal power (in kW) to mass
(in kg) ratios. These ratios serve as scaling factors for the appliances involved.

Natural gas boilers, LPG boilers, and gas water heaters masses are obtained using the
equation provided by Kemna et al. (2019), ranging from 25 to 100 kW - R2 = 0.85:

Mass[kg] = 140.860*In (Pnom)— 415.000

The appliances lower than 25 kW were conservatively evaluated considering a fixed value of
36 kg; the mass was calculated using the equation n. 1 with nominal power equal to 25 kW.

Since the nominal power of studied gas boiler was estimated lower than 25 kW, the total mass
for different cases and climate zones was considered 36 kg.

Energy need

Like the previous procedure for electric heat pump the energy need for natural gas boiler was
calculated.

Electricity/natural gas consumption

In addition to elucidating the CO. emission factors related to electricity consumption within the
electric heat pump section, this segment specifically accounts for the use phase of boilers.
Here, the focus lies on the CO, emission factor associated with natural gas boilers.
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Figure 37. CO2 Emission factor per natural gas.

Table 44. CO2 Emission factor per natural gas

Climate zone

STOCKHOLM

CO; Emission factor per natural

gas

Athens 1 0.5847
Madrid 2 0.8198
Milan 3 0.8377
Berlin 4 0.6394
Stockholm 5 0.7062

Transportation

Transportation activities were characterized similarly to the electric heat pump, employing a
comparable methodology for analysis and definition.

n. LCIldata summary

The details of the different activity data used for the evaluation of electric heat pump are listed

in Table below.

Table 45.activity data of natural gas boiler

Characteristic

Amount

General information

Source

Thermal energy produced
in life span.

Nominal heat input
Efficiency

Lifespan

Energy needs

HHV

Mass

Energy E
need*lifespan*surface kwh

E
calculated k W
0,
gg % year
calculated twﬂ/&nr:gy E
10.63368336 kg

36

nergy simulation

nergy simulation

Assumption
nergy simulation

Components (A1)
Reinforced Steel

15.6% * mass

kg

Primary data, Keman et al. 2019,
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Steel low-alloyed
Aluminium
Elastomer
Polyvinylchloride
ABS

Copper

Electronic components

53.20% * mass

12.80% * mass

0.03% * mass

0.30% * mass

6.50% * mass

9.80% * mass

1.77% * mass

kg
kg
kg
kg
kg

kg

kg

Famiglietti et al 2021b
Primary data, Keman et al. 2019,
Famiglietti et al 2021b
Primary data, Keman et al. 2019,
Famiglietti et al 2021b
Primary data, Keman et al. 2019,
Famiglietti et al 2021b
Primary data, Keman et al. 2019,
Famiglietti et al 2021b
Primary data, Keman et al. 2019,
Famiglietti et al 2021b
Primary data, Keman et al. 2019,
Famiglietti et al 2021b
Assumption based on Kemna et al.

2019.
ecoinvent

Manufacturing process (A2)

As interpolation of ecoinvent data
As interpolation of ecoinvent data

Welding

Water consumption
Emissions of water in air
Emissions of water in water
Wastewater treatment
Electricity

Heat

Hazardous waste
Transport input

0.0222 * Power + 3.7778
6.21 * Power + 119.89
15% * water consumption
2% * water consumption
83% * water consumption
0.59 * Mass
18.54 * Power
0.0011 * Power + 0.1889
Mass (material) * distance
Mass (components) *
distance

kg

m3
m3
m3
kwh
MJ
kg
tkm
tkm

ecoinvent
ecoinvent
ecoinvent
ecoinvent
ecoinvent

Based on ecoinvent data
Keman et al. 2019
Keman et al. 2019

Keman et al. 2019

Plastic film

Polystyrene

Corrugated board

NORMDIST
(mass,300,150, TRUE) *5
NORMDIST
(mass,300,150, TRUE)
*5%0.5/1
NORMDIST
(mass,300,150, TRUE)
*5*1/1

kg

kg

kg

Keman et al. 2019

Keman et al. 2019

Distribution

Keman et al. 2019

Transport from
manufacturer to consumer

Electricity

Natural gas

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Mass (packaging)*
distance
Mass (packaging &
product) * distance
Mass (packaging &
product) * distance

tkm

tkm

tkm

Use phase (B6)

0.0136 * energy needs *
surface * lifespan
[1/ (seasonal efficiciency *
HHV)] * energy needs *
surface * lifespan
0.000000001 * (1 /
seasonal efficiency) *
energy needs * surface *
lifespan*3,6
0.00000015 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000004 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6

kWh

Nm3

kg

kg

kg

Keman et al. 2019

Keman et al. 2019

Famiglietti et al. 2021b

ecoinvent

ecoinvent

ecoinvent
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Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion
Emission to air during the

combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to air during the
combustion

Emission to water during
the combustion

Emission to water during
the combustion
Emission to water during

the combustion

Emission to water during
the combustion

0.00000000001 * (1 /
seasonal efficiency) *
energy needs * surface *
lifespan*3,6
0.0000007 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.05406 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.00003 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000005 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000001 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.00000000003 * (1 /
seasonal efficiency) *
energy needs * surface *
lifespan*3,6
0.000002 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.00002 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.00000001 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000001 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000012 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000002 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.00000002 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000005 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.0000002 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.00000013 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.000000003 * (1 /
seasonal efficiency) *
energy needs * surface *
lifespan*3,6
0.00000005 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6
0.00000005 * (1 / seasonal
efficiency) * energy needs
* surface * lifespan*3,6

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

Title “Guide IWG 5 on setting new targets for 2025, 2030”

Version:
Date

December 2023

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

ecoinvent

79



wr

Document: | Title “Guide IWG 5 on setting new targets for 2025, 2030”

W ' Author: EURAC Version:

Reference: | D3.2 Date December 2023
Copper 97%* mass, recycling kg Keman et al. 2019
3% * mass, landfill kg Keman et al. 2019
Steel 97% * mass, recycling kg Keman et al. 2019
3%* mass, landfill kg Keman et al. 2019
Aluminium 97%* mass, recycling kg Keman et al. 2019
3%* mass, landfill kg Keman et al. 2019
Plastic 70%* mass, recycling kg Keman et al. 2019
30%* mass, landfill kg Keman et al. 2019
Electronic components 67%* mass, recycling kg Keman et al. 2019
33%* mass, landfill kg Keman et al. 2019
Packaging cardboard 83% * mass, recycling kg Keman et al. 2019
6% * mass, incineration kg Keman et al. 2019
11% * mass, landfill kg Keman et al. 2019
Packaging plastics 32% * mass, recycling kg Keman et al. 2019
23% * mass, incineration kg Keman et al. 2019
44% * mass, landfill kg Keman et al. 2019

Transport from consumer to Mass*distance tkm Famiglietti et al. 2021

treatment plant

0. LCl emissions factors summary

e Production phase - EHP (A1)

Table 46. Inventor process for production phase (A1) of NGB.

Al- Reinforced Steel
Al- Steel low-alloyed
Al-  Aluminium

Al- Elastomer

A1l- Polyvinylchloride
Al- ABS

Al- Copper

Al- Electronic
components

steel production, chromium steel 18/8, hot rolled | steel, chromium steel
18/8, hot rolled | Cutoff, U

steel production, low-alloyed, hot rolled | steel, low-alloyed, hot rolled |
Cutoff, U

aluminium ingot, primary, to aluminium, cast alloy market | aluminium,
cast alloy | Cutoff, U

polyethylene production, high density, granulate | polyethylene, high
density, granulate | Cutoff, U

polypropylene production, granulate | polypropylene, granulate | Cutoff,
U

acrylonitrile-butadiene-styrene copolymer production | acrylonitrile-
butadiene-styrene copolymer | Cutoff, U

copper scrap, sorted, pressed, Recycled Content cut-off | copper scrap,
sorted, pressed | Cutoff, U

electronics production, for control units | electronics, for control units |
Cutoff, U
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e Manufacturing phase - EHP (A2)

Table 47. Inventor process for manufacturing phase (A2) of NGB.

Processes

Inventory Processes

A2- Welding

\ Eco invent 3.9 source exact name
brazing solder production, cadmium free | brazing solder, cadmium free
| Cutoff, U

A2- Water consumption

market for tap water | tap water | Cutoff, U

A2- Wastewater

treatment of wastewater from pig iron production, wastewater treatment

treatment | wastewater from pig iron production | Cutoff, U

A2- Electricity electricity production, medium voltage, petroleum refinery operation |
electricity, medium voltage | Cutoff, U

A2- Heat market for heat, district or industrial, natural gas | heat, district or

industrial, natural gas | Cutoff, U

A2- Hazardous waste

hazardous waste, for incineration

in water

A2- Emissions of water Water
in air
A2- Emissions of water Water

e Transportation phases - EHP (A3, A4, C2)

Table 48. Inventor process for transportation phases (A3, A4, C2) of NGB.

Inventory Processes

Processes

A3- transportation of
Virgin material to

\ Eco invent 3.9 source exact name
transport, freight train, diesel | transport, freight train | Cutoff, U

manufacture

A3- transportation of @ transport, freight, lorry >32 metric ton, EUROS5 | transport, freight, lorry
Components to | >32 metric ton, EUROS5 | Cutoff, U

manufacture

A4- Transport packaging
from manufacturer to
supplier

transport, freight, light commercial vehicle | transport, freight, light
commercial vehicle | Cutoff, U

A4- Transport product
from manufacturer to
retail centre

transport, freight, lorry 16-32 metric ton, EURO5 | transport, freight, lorry
16-32 metric ton, EUROS5 | Cutoff, U

consumer to treatment
plant

A4- Transport product | transport, freight, lorry 16-32 metric ton, EUROS5 | transport, freight, lorry
from retail centre to 16-32 metric ton, EUROS5 | Cutoff, U

consumer

C2- Transport from | market for municipal waste collection service by 21 metric ton lorry |

municipal waste collection service by 21 metric ton lorry | Cutoff, U

e Packaging phase - EHP (A3- Pack)

Table 49. Inventor process for packaging phase (A3-pack) of NGB.

Inventory Processes

Processes Eco invent 3.9 source exact name
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Corrugated | corrugated board box production | corrugated board box | Cutoff, U

packaging film production, low density polyethylene | packaging film,

low density polyethylene | Cutoff, U

A3-Pack- Polystyrene
U

e Use phase - EHP (B2)

Table 50. Inventor process for Use phase (B2) of NGB.

B2- Electricity

B2- Natural gas

B2- Emission to air during the combustion - Acetaldehyde

B2- Emission to air during the combustion - Acetic acid
B2- Emission to air during the combustion - Benzene
B2- Emission to air during the combustion -
Benzo(a)pyrene

B2- Emission to air during the combustion - Butane
B2- Emission to air during the combustion - Carbon
dioxide, fossil

B2- Emission to air during the combustion - Carbon
monoxide, fossil

B2- Emission to air during the combustion - Dinitrogen
monoxide

B2- Emission to air during the combustion -
Formaldehyde

B2- Emission to air during the combustion - Mercury
B2- Emission to air during the combustion - Methane,
fossil

B2- Emission to air during the combustion - Nitrogen
oxides

B2- Emission to air during the combustion - PAH,
polycyclic aromatic hydrocarbons

B2- Emission to air during the combustion - Particulates,

<2.5um

B2- Emission to air during the combustion - Pentane
B2- Emission to air during the combustion - Propane
B2- Emission to air during the combustion - Propionic
acid

B2- Emission to air during the combustion - Sulfur
dioxide

B2- Emission to air during the combustion - Toluene
B2- Emission to air during the combustion - Nitrate
B2- Emission to air during the combustion - Nitrite
B2- Emission to air during the combustion - Sulfate
B2- Emission to air during the combustion - Sulfite

polystyrene production, expandable | polystyrene, expandable | Cutoff,

electricity voltage transformation from
medium to low voltage | electricity, low
voltage | Cutoff, U

market for natural gas, low pressure |
natural gas, low pressure | Cutoff, U
Acetaldehyde

Acetic acid

Benzene

Benzo(a)pyrene

Butane
Carbon dioxide, fossil

Carbon monoxide, fossil
Dinitrogen monoxide
Formaldehyde

Mercury
Methane, fossil

Nitrogen oxides

PAH, polycyclic aromatic hydrocarbons
Particulates, < 2.5 um

Pentane

Propane

Propionic acid

Sulfur dioxide

Toluene

Nitrate

Nitrite

Sulfate
Sulfite
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e EOL phase - EHP (C3)

Table 51. Inventor process for EOL phase (C3) of NGB.

C3-Aluminium -
Recycling
C3- Copper - Recycling

C3- Steel - Recycling

C3-Packaging plastics -
Recycling

C3-Packaging
cardboard - Recycling
C3- plastics - Recycling

aluminium scrap, post-consumer, Recycled Content cut-off | aluminium
scrap, post-consumer | Cutoff, U

copper scrap, sorted, pressed, Recycled Content cut-off | copper scrap,
sorted, pressed | Cutoff, U

iron scrap, sorted, pressed, Recycled Content cut-off | iron scrap,
sorted, pressed | Cutoff, U

polyethylene terephthalate production, granulate, amorphous, recycled |
polyethylene terephthalate, granulate, amorphous, recycled | Cutoff, U
waste paperboard, sorted, Recycled Content cut-off | waste paperboard,
sorted | Cutoff, U

waste plastic, consumer electronics, sorted, Recycled Content cut-off |
waste plastic, consumer electronics, sorted | Cutoff, U

e EOL phase - EHP (C4)

Table 52. Inventor process for EOL phase (C4) of NGB.

C4- Copper - landfill

C4- Steel - landfill
C4- Aluminium - landfill

C4- Plastic - landfill

C4- Electronic
components - landfill

C4- Electronic
components -
incineration

C4- Packaging
cardboard - incineration
C4- Packaging
cardboard - landfill

C4- Packaging plastics -
incineration

C4- Packaging plastics -
landfill

p. Results

e Parametrisation

treatment of copper slag, residual material landfill | copper slag | Cutoff,
U

treatment of scrap steel, inert material landfill | scrap steel | Cutoff, U
treatment of waste aluminium, sanitary landfill | waste aluminium |
Cutoff, U

treatment of waste plastic, mixture, sanitary landfill | waste plastic,
mixture | Cutoff, U

treatment of waste plastic, consumer electronics, sanitary landfill, wet
infiltration class (500mm) | waste plastic, consumer electronics | Cutoff,
U

treatment of waste plastic, consumer electronics, municipal incineration
| waste plastic, consumer electronics | Cutoff, U

treatment of municipal solid waste, incineration | municipal solid waste |
Cutoff, U

treatment of municipal solid waste, sanitary landfill | municipal solid
waste | Cutoff, U

treatment of municipal solid waste, incineration | municipal solid waste |
Cutoff, U

treatment of municipal solid waste, sanitary landfill | municipal solid
waste | Cutoff, U

Given the scope of the work, about mapping the European building stock environmental
impacts for different climates, building and energy systems typologies, once the HVAC LCI
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and LCIA parametric model have been set up, a parametrisation has been defined to
informatically enable the calculation of a wide spectrum of LCI and LCIA variants. In other
words, following the same methodology as explained up to now, a set of parameters have
been inserted into the Open LCA model. Such parameters have been then varied
automatically via a python script, based on a “Design of Simulation” (DoS). This is the list of
the different calculation variants to be assessed: for each of this, all the parameters get their
value depending on the climate, building, envelope, and energy system types. This DoS is
reported in the following table and figure.

Table 53. defined parameter in python script for building energy systems.

NP
LS

SURF

ENERGYNEED
SCOPEHP

DA3

DA31

DB1

DC2

MASSPACK
CONTROL_EL_MIX_GR
CONTROL_EL_MIX_DE
CONTROL_EL_MIX_ES
CONTROL_EL_MIX_IT
CONTROL_EL_MIX_SE
MASSNGB

HHV

SCOPNGB
CONTROL_GAS_GR
CONTROL_GAS_DE
CONTROL_GAS_ES
CONTROL_GAS_IT
CONTROL_GAS_SE

Nominal power

Life Span

Surface

Energy Need

COP of electric heat pump

Transformation distance from supplier to manufacture
Transformation distance from manufacture to retail centre
Transformation distance from retail centre to consumer
Transformation distance from consumer to disposed plant
Mass of packaging

Emission factor of electricity.Greece

Emission factor of electricity.Germany

Emission factor of electricity.Spain

Emission factor of electricity.Italy

Emission factor of electricity.Sweeden

Mass of natural gas boiler

higher heating value

efficiency of natural gas boiler

Emission factor of gas.Greece

Emission factor of gas.Germany

Emission factor of gas.Spain

Emission factor of gas.Italy

Emission factor of gas.Sweeden

[Kw]

year

m2
[kWh/m2y]

[Km]
[Km]
[Km]
[Km]
kg

kg
[KWh/Nm3]
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Figure 38

. Defined parameter in python script for building energy systems.

For sake of readability, in this paragraph the HVAC related GWP impacts are reported and
discussed only for best and worst cases (so minimum and maximum energy use) per each
climate and per each building type.

Table 54. The amount of CO2 eq. [kg] of electric heat pump during the life span of the system.

SFH

MFH

OFFICE

Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst

339.52
405.54
249.28
439.93
252.34
532.87
441.98
500.61
420.10
437.45
521.20
718.21
388.31
778.72
364.92
899.63
713.64
904.79
795.52
975.25
200.93
198.00
211.97
224.76

63,344
106,428
35,491
75,400
57,835
157,409
75,040
179,961
11,675
18,740
121,635
180,908
65,436
121,397
97,896
256,022
114,176
272,835
19,127
36,130
24,491
28,710
12,764
16,690

679.04
811.08
498.56
879.86
504.69
1,065.74
883.95
1,001.21
840.20
874.90
1,042.40
1,436.42
776.62
1,557.44
729.84
1,799.27
1,427.27
1,809.59
1,591.04
1,950.49
401.87
396.01
423.93
449.53

25.84
32.13
26.68
32.38
29.18
34.67
29.90
34.35
29.51
34.14
36.43
39.26
46.83
64.43
32.92
41.50
49.43
50.09
60.65
61.06
23.79
23.82
30.37
30.74

64,389
107,677
36,266
76,752
58,622
159,042
76,397
181,497
12,965
20,087
123,235
183,102
66,648
123,798
99,025
258,762
116,366
275,599
21,575
39,118
25,118
29,328
13,430
17,396
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Figure 39. CO2 ¢q. emission of phase A of electric heat pump
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Regarding the high amount of CO,_eq. in climates 4, 3 and 1, it should be noted that the CO2
emission factor of electricity consumption for these climate zones were located on the higher
values range with the amounts of 0.7, 0.6 and 0.6 respectively. Conversely, in Sweden
(Climate 5, Stockholm) the emission factor for the electricity mix is very low, resulting in a very
decarbonise use phase thanks to this kind of energy system.
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Figure 40. CO2 eq. emission of phase B of electric heat pump
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Figure 41. CO2 eq. emission of phase C of electric heat pump
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Figure 42. Total CO2 emission for whole life span of electric heat pump

About the C stage results of the EHP (Figure 11), refrigerant emissions and leakage are the
most contributing. They are directly related to the power of the building energy system, given
the model used for the calculation. Hence, considering the peak heating and cooling from
energy modelling, the calculated nominal power for EHP in climate zones 2 and 5 is notably
high, standing at 17.63 [W] and 17.55 [W] respectively.

Finally, considering the whole life cycle carbon results of Error! Reference source not
found., and the previously reported graphs, it is clear that the use phase (B1) is the most
contributing stage. This said, the highest peaks are due to combination of high energy uses
and national electricity grid emission factors.
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* NGB

In this section, a comprehensive analysis of the life cycle stages and their respective
contributions to the impact category of Climate Change was conducted for the natural gas
boiler, recognizing its significant importance within this context.

Table 55. The amount of CO2 eq. [kg] of Natural gas boiler during the life span of the system.

17 Best 259 44,249 518 7 45,032
Worst 259 73,031 519 7 73,815
> Best 270 78,939 540 13 79,762
Worst 273 132,572 546 13 133,404
SEH 3 Best 262 82,272 523 9 83,066
Worst 286 146,881 571 9 147,747
4 Best 266 71,756 531 10 72,563
Worst 266 172,417 532 10 173,226
5 Best 269 83,869 538 12 84,687
Worst 270 178,679 540 12 179,500
1 Best 268 87,173 537 7 87,984
Worst 270 138,117 540 7 138,933
> Best 278 138,484 557 13 139,332
Worst 284 232,357 569 13 233,223
MEH 3 Best 267 156,812 535 9 157,623
Worst 273 256,996 546 9 257,824
4 Best 277 145,622 554 10 146,463
Worst 277 299,432 555 10 300,274
5 Best 282 166,672 564 12 167,530
Worst 282 306,624 565 12 307,483
1 Best 248 3,187 497 7 3,938
Worst 249 5,782 497 7 6,534
> Best 248 5,575 497 13 6,332
Worst 249 12,233 498 13 12,993
OFF 3 Best 248 6,729 496 9 7,482
Worst 249 16,695 497 9 17,450
4 Best 248 8,632 496 10 9,386
Worst 249 15,791 497 10 16,547
5 Best 248 11,313 497 12 12,070
Worst 249 17,631 498 12 18,389
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Figure 43. CO2¢q. emission of phase A of Natural gas boiler.
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Figure 44. CO2 eq. emission of phase B of Natural gas boiler.

Given that the total mass of natural gas boilers with a nominal power lower than 25 kW remains
constant and set at 36 kg, the CO; emissions in stage A, predominantly associated with the
total mass of the building energy system, remain largely consistent across all cases.
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Figure 45. CO2 ¢q. emission of phase C of Natural gas boiler.

Certainly, the office function stands out for its notably lower nominal power and energy
requirements, resulting in a comparatively reduced amount of CO, emissions compared to
other functions. However, the climate zones exhibiting the highest CO, emission factors for

CO, eq [kg] of whole life span

300000
250000

w® 200000

=,

® 150000

o

O 100000
50000

0

BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST
BEST

WORST

SFH MFH OFF

Figure 46. Total CO2 emission for whole life span of Natural gas boiler

electricity consumption (zone 4) and natural gas consumption (zones 3, 4, and 5) contribute
significantly to the overall emissions, aligning with their elevated emission rates.

In conclusion, the hierarchy of emissions is apparent: climate zone 5 occupies the top position
due to its high energy demand for heating and domestic hot water, coupled with considerable
nominal power and a relatively elevated CO;, emission factor for natural gas consumption.
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Following closely, climate zones 4 and 3 rank at the second and third levels, respectively, in
this emission hierarchy.

e Comparison between the energy system

This section reports a comparative analysis of the total CO, emissions over the entire lifespan
of two building energy systems assessed in the previous paragraphs.

It is important to highlight that a direct comparison is not possible given the two different
functional units. Specifically, the EHP system is able to deliver heating, DHW and cooling,
while the NGB system only space heating and DHW. Nevertheless, for sake of relevance, the
target audience and technical readers might want to closely look at the two-energy system
whole life cycle performance.

With this aim, a simplified impact evaluation of the B1 stage of the cooling energy use has
been done and summed on top of the NGB scenario. The main assumption done is to deliver
the cooling energy need via a chiller with COP 3.3. The A and C stages related to this cooling
need has been neglected given the not so relevant CO,_eq values calculated and reported
before.
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Figure 47. Comparison between CO2 emission of EHP and NGB during the whole life span

The most relevant highlight is that without such cooling evaluation in the NGB scenario, in
climate 1 (Athens) and 4 (Berlin), the NGB whole life cycle CO, emissions are lower than the
EHP scenario. Of course, main players behind this, besides the additional energy use for
cooling, are the emission factors of the electricity mix and natural gas.
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Table 56. Comparison between CO2 emission of EHP and NGB during the whole life span.

Function Climate zone Case Cohee, [elinoe (iE)

SFH

MFH

OFFICE

1

Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst
Best
Worst

Best
Worst

64,389.30
107,676.75
36,266.12
76,752.37
69,224.96
115,211.52
76,396.53
181,497.16
12,965.10
20,086.88
123,235.04
183,101.90
66,648.46
123,797.59
137,953.70
210,085.60
135,759.29
275,599.47
21,574.91
39,117.50
25,118.39
29,328.33
13,430.47
17,395.73
19,672.34
27,236.02
17,046.02
21,985.74

2,929.37
3,302.26

45,031.62
73,814.84
79,762.26

133,403.89

83,066
147,675
72,563.41

173,225.90

84,687.13

179,500.24

87,984.36

138,933.43

139,331.75

233,222.69

157,623.31

257,823.77

135,402.00

257,174.62

167,530.38

307,482.73

3,937.91
6,534.00
6,332.40
12,992.53
7,482.29
17,450.05
9,386.33
16,546.92

12,069.58
18,388.83
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» Refrigerants contribution

The kind of studied refrigerant for the electric heat pump is R134a which is a widely used
refrigerant in domestic refrigerators with a very high global warming potential (GWP100) of
approximately 1430. The immense R134a consumption is therefore causing 50 severe
environmental issues such as global warming. (X., Chiong, M. C., Jiang, X., Yu, L. J., Chen,
X., Muhieldeen, M. W., ... & Wong, K. Y. Fang 2023)

For better comprehension, the table below illustrates the CO;emissions of refrigerants across
all the buildings studied.

Table 57. the amount of CO2 emission due to the use of refrigerant(R134a) In EHP.

1 Best 37.00 78.97 8.47
Worst 38.99 85.46 9.93
2 Best 29.71 66.01 8.93
Worst 42.85 91.52 12.11
3 Best 22.58 48.66 7.13
Worst 33.64 72.52 10.19
4 Best 32.29 82.34 7.91
Worst 35.14 83.40 10.27
5 Best 32.92 91.63 9.02
Worst 37.46 91.14 11.25

According to the carried-out analysis on the climate change [CO-eq], it was understood that
the most portion of this variation is related to the refrigerant emissions. One part of these
emissions released in the production phase of EHP. Refrigerant selection is based on energy
efficiency, safety, reliability, and technical performance, which is why non-flammable HFCs
such as R-410A and R-134a continue to be widely used in heat pumps. Direct refrigerant
emissions occur during the equipment lifetime (annual losses due to gradual leaks for non-
hermetic systems), end-of-life disposal losses and failure losses (rare event). Therefore, to
manage this issue the new generation of refrigerant should be used. As an example of new
generation of refrigerant, R-454b is an HFO (Hydro Olefin) refrigerant made by blending the
single component R-32 refrigerant with R-1234yf giving some unique advantages. R-454b
also has a lower GWP of 466 compared to R-32 at 675 and has an Ozone Depletion Potential
(ODP) of zero. Next generation refrigerants deliver improvements in the Coefficient of
Performance (COP), the ratio of useful heating or cooling provided to work required or energy
usage of the compressor. (G. H Hundy 2016)

In another case, R-513a is another representative of the new generation of refrigerants which
is Non-flammable replacement for R-134a (the refrigerant utilized in the EHP at issue), which
has no impact on capacity, near-zero ODP and 55% lower GWP (631 vs. 1430). While the
theoretical efficiency drop is about 2%, if used as a drop-in, the actual impact on EHP
efficiency has been about 4-6%, depending on application. Another alternative with even
greater potential to reduce the GWP would be R1234yf (GWP <1), if available this would lower
the GWP of the associated system by over 99%. The choice of replacement might be
influenced by the acceptable flammability risk for the specific project, as R513a is non-
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flammable however R1234yf has low flammability (as defined in 1ISO:817). R514a (GWP <1)
IS another potential alternative in low pressure heat pumps/chillers but cannot be used for
high pressure systems. (G. H Hundy 2016)

PAST TRANSITIONAL NEXT-GENERATION
CFCs HCFCs & HFCs HFOs & HFO Blends
R-11, R-12, R-113 R-22, R-123, R-134a, R452B, R-452A,
& others R-245fa, R-404A, R-513A, R514A,
R407C, R410A R-1233zd, R-1234yf,
& others R-1234ze & others
_>-
Low ODP Reduced GWP
or no ODP orfow G\W/P

Figure 48.Refrigerant development. (G. H Hundy 2016)

7. Life cycle cost (LCC) evaluation

A Life Cycle Cost (LCC) analysis of the building retrofit packages, which were also assessed
through energy simulations and Life Cycle Assessment, has been performed. For each energy
simulation evaluating the benefits of various retrofit technologies, the investment costs have
been estimated and a Life Cycle Cost assessment with a 50-year timeframe has been
calculated. This comprehensive study aimed to provide insights into the economic aspects of
building retrofit solutions and their long-term sustainability, considering both the initial
investment and the maintenance costs over the life cycle of these technologies.

In the next paragraph, the methodology and the outcomes of the Life Cycle cost evaluation
are presented.

a. Methodology

In order to perform the LCC assessment for each renovation package, the investment cost of
each solution has been previously calculated. This cost is based on lItalian sources (e.g.,
“Elenco prezzi informativi per OPERE CIVILI EDILI"). To pass from lItalian based costs to the
other European countries’ costs, a European construction cost index has been exploited.

Once the investment costs for each EU Country were defined, the yearly maintenance costs
have been estimated with a fixed percentage on the initial investment., differentiating between
maintenance costs for the envelope and for the HVAC systems. These costs have been
actualized and the LCC value after 50 years has been calculated.

The scheme below (Error! Reference source not found.) shows the calculation process.
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Figure 49. Scheme for LCC calculation

b. Cost database

In order to calculate the investment cost for each renovation package, a database of costs
has been defined. Considering the high number of technologies evaluated and aiming at
providing a preliminary cost for each EU country, it has not been possible in the framework of
this work to look for national building construction material/systems database of costs. Hence,
as a main starting point for costs, an Italian database has been used, namely the so-called
“Elenco prezzi informativi per OPERE CIVILI EDILI” for the Province of Bolzano. When no
data for a specific system or technology were found on this source, other commercial sources
have been used. All the costs mentioned are including material and installation costs.

For some renovation packages including the insulation of walls or roofs, price for square meter
of insulation is not changing under a certain thickness of added insulation. This is due to the
fact that, although the energy renovation is considering the addition of small thicknesses of
insulation panels (e.g. 5cm), no cost item has been found for that specific amount. Hence the
cost used for such solutions has been kept equal to the one found, generally for thicker
insulations (e.g. 10 cm), and the costs for those interventions have been assumed the same.

Renovation package costs that have been taken into account are related to:

- Walls

- Windows

- Roofs

- Shading systems (and its control system)
- HVAC systems

In order to provide a cost in each archetype, unitary costs per square meter (in the case of
walls, windows, roofs) or per technology (in the case of shading control and HVAC systems)
have been multiplied respectively for the square meter of the related surface and for the
number of technologies needed depending on the number of windows or in relation to the
heated floor areas.

In this way, for instance, the number of heating boilers or heat pumps is different in the
multifamily respect to the single-family archetype.

95



Document: | Title “Guide IWG 5 on setting new targets for 2025, 2030”
Author: EURAC Version:
Reference: | D3.2 Date December 2023

N
=
»

BUILDINGS

For office archetype, both roof and HVAC systems have not been included in the calculation
since the study is focusing on a reference room and not on a building archetype. Hence, it
was not possible to take into account a realistic roof and HVAC system sizing.

Cost database used is reported in ANNEX 1.

The costs presented are representative of the specific period of the writing of this report and
can be affected by changes due to market trends.

e Transportation costs estimation

Together with the costs related to technologies used in each renovation package, the costs
connected to the transportation of materials to the building site have been estimated.

In order to have this value representative for each Country, the source provided by Eurostat
on average distance travelled per tonne of loads® has been used. This indicator provides
information on the average distance travelled per tonne [km/tonne] in each Member State and
at EU level. The indicator is calculated separately for national, international and total transport.
For total transport, national and international tonne-kilometres for laden journeys are added
and then divided by the total tonnes transported. For the estimation of transport costs, the total
transport values have been used (Error! Reference source not found.) and multiplied by the
tonnes for technologies included in each renovation package (only including weight of different
walls, windows and roofs structures). The calculation related to the specific weights of
envelope parts [kg/m?] has been provided by the LCA calculation tool and the final weight for
each package extrapolated using archetypes surfaces.

Table 58. Average distances per tonnes of materials in different EU Countries

EU 141.3
Belgium 122.5
Bulgaria 218.9
Czechia 138.9
Denmark 86.7
Germany 99.3
Estonia 167.2
Ireland 75.9
Greece 73

Spain 168
France 106.3
Croatia 158.1

Italy 144.3

Cyprus 24.6

Latvia 180.2
Lithuania 533.7
Luxembourg 146.1
Hungary 182.9
Netherlands 96.6

2 https://ec.europa.eu/eurostat/statistics-
explained/index.php?titte=Road_freight_transport_by journey_characteristics
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Austria 68.7
Poland 240.8
Portugal 223.3
Romania 198.3
Slovenia 234.1
Slovakia 195.8
Finland 125.5
Sweden 100.4
Norway 91.5
Switzerland 422

In order to derive a total cost for transportation, the national average values for distances
travelled per tonne of material have been multiplied by a European averaged cost for
transportation, namely 1.6 €/km3.

e Cost calculation in each EU country

Once the database related to Italian market was defined for each component or technology
used in the renovation packages, a conversion to other EU countries’ costs had to be
implemented.

To do so, the Construction Costs Index* has been used; this index provides an overview on
how construction costs develop across Europe and how construction costs in a given country
or region compare to the overall European construction cost index, or the indices of other
countries or regions. Table below (Error! Reference source not found.) shows the cost
indexes used by this study.

Table 59.Construction cost indexes for EU Countries

Austria 1.0067
Belgium 0.8929
Bulgaria 0.4869
Croatia 0.5500
Cyprus 0.6029
Czech Republic 0.6111
Denmark 1.4538
Estonia 0.5933
Finland 1.1404
France 1.0387
Germany 0.9662
Greece 0.6346
Italy 0.9363
Hungary 0.5324

3 https://trans.info/european-road-transport-rates-rise-further-see-where-it-has-been-more-severe-
250003
4 https://constructioncosts.eu/cost-index/
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Ireland 0.7918
Latvia 0.5790
Lithuania 0.5872
Luxembourg 0.9821
Malta 0.7958
The Netherlands 0.8200
Poland 0.6561
Portugal 0.5033
Romania 0.4640
Slovakia 0.5168
Slovenia 0.8000
Spain 0.7052
Sweden 1.3418
Country Cost Index
Austria 1.0067

Applying a proportionality factor to the Italian related index and costs, by using the values in
the table above, the costs related to other EU countries have been defined.

* Investment costs calculation

The first step of the LCC analysis has been the calculation of the investment costs. This is the
sum between envelope costs (including renovation walls, windows, roofs and shading control
system), HVAC technology costs and transportation costs. Hence, by using the construction
cost indexes and the factors related to the average distances per tonne of material, investment
cost estimation per each renovation package has been calculated in each EU Country.

e Cost actualization

Once the investment costs have been estimated, in order to perform an LCC analysis, the
costs actualization to the reference year has been calculated.

The actualization of costs has been referred to a 50-years-long analysis, meaning that the
initial investment cost plus the maintenance costs for each renovation package have been
evaluated on a 50-years period, also takin into account an year-by-year actualization of the
cost due to interest and inflation rates.

» Yearly maintenance cost envelope & HVAC

Yearly maintenance costs have been taken into account, distinguishing between envelope
related maintenance and HAVC systems related maintenance.

The yearly maintenance costs have been set as 1.5% of the envelope investment costs,
according to 1ISO 15686-5, 2017.

The yearly maintenance for HVAC systems, set to 2.33% of the investment costs related to
HVAC systems, has been derived from a weighted average on maintenance costs for each
component of a deep retrofit representative solution taken from (Gubert, et al., 2024).
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e Actualization parameter

Together with the maintenance costs, the 50-year LCC analysis has taken into account the
EU nominal interest rate and inflation costs rate, combined in order to provide the real interest
cost rate (Error! Reference source not found.).

Table 60. Actualization parameters used for LCC analysis

SOURCE: https://it.euronews.com/2023/10/26/la-banca-
Nominal Interest rate EU 0.04% centrale-europea-concede-una-tregua-ai-tassi-dinteresse-
invariati-tra-il-4-e-il-4
SOURCE: https://italy.representation.ec.europa.eu/notizie-
0.06% ed-eventi/notizie/previsioni-economiche-di-estate-2023-
) rallentamento-della-crescita-con-linflazione-calo-e-un-
mercato-2023-09-11 it

Inflation costs rate EU

Real interest costs rate
(= Nominal Interest rate — -0.02%
Inflation costs rate)

The above-mentioned rates have been used in order to calculate the net present value after
50-years using the following equation:

@)
where:

- Cisinvestment cost including the maintenance costs (evaluated as a percentage of
the investment cost)

- risthe real interest rate

- tis the reference period of the analysis

a. Results LCC analysis

The result of the LCC evaluation is a matrix including all the possible combination for
renovation packages in 27 EU Countries, and providing both the investment cost as well as
the LCC after 50 years, including envelope, HVAC and transportation costs Error!
Reference source not found.1.

The total number of possible costs combination brings to 43936 cases for each of the 27
Countries.

Table 61. Considered cases for costs calculation

SHADING HVAV

ARCHETYPE WALLs WINDOWSs ROOFs SYSTEMs  SYSTEMs COUNTRIES
8 (no
3 (SFH, 19 (1_0 for 9 (no rqof HVAC
office 8 renovation 2 ; 27
MFH, OFF) archetype) for offices) calculation
for office)

All the values will be included in the main matrix, together with energy and LCA outputs
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e Conclusions LCC analysis

The described methodology allowed to estimate the LCC of the simulated scenarios in the
three archetypes for each EU Country. The initial estimation was based on Italian costs (mainly
taken by the “Elenco prezzi informativi per OPERE CIVILI EDILI” for the Province of Bolzano)
and then converted to other Countries’ costs using a European Cost Index.

The evaluated period for the LCC has been 50 years, and maintenance of both envelope
related partes, as well as technology integrated in the renovation packages, have been
estimated as yearly percentage of the initial investment costs.

Transportation costs have been also estimated using a Eurostat source providing average
distance travelled per tonne of loads.

The results of this study are strongly connected to the costs sources used. Of course, these
are dependent on the historical period an on the differences that may be found in different
Countries’ markets.

Future developments of this work will focus on defining a more flexible strategy in order to
collect, possibly in an automatized way, European costs for construction materials and works.
For instance, the database of costs for this LCC calculation could be connected with third-
parties databases. Otherwise, averaged costs based on regional price lists could be used for
each Country.

8. Repository Description

The repository of results coming from the parametric simulation work provides results in the
KPIs thematic area for the four building typologies in the five climate zones. The outcomes of
the simulation concerning to the renovation options offer calculated outcomes to assess and
enhance building performance. This section outlines the steps to effectively utilize the obtained
simulation results for targets analysis and subsequent decision-making.

The Excel document (D3.2_parametric_simulation_for_Target), generated from the
parametric simulation outcomes for the renovation scenarios, includes extensive information
concerning the energy efficiency of different building archetypes, climate regions, construction
components, and HVAC systems. This file is a resource for examining and comparing the
energy usage among different building components under specific circumstances.

The excel file includes inputs and outputs from parametric simulation as shown in Figure. 8.
The input parameters are archetype, climate zone, building envelope component includes
wall, roof, and window, infiltration rate, shading control logic, and HVAC system. For office
buildings, since the geometry is considered to be parametric and different orientation is
considered, window orientation is another parameter an input. The outputs include heating in
kWh per year, cooling in kWh per year, heating and cooling normalized by floor area kWh/m2
per year, peak heat and peak cool in W.

The calculation of energy savings considering various building renovation scenarios is carried
out as follows: by selecting different input options as renovation alternatives, the post-
renovation energy consumption can be determined. Following this, corresponding to the same
renovation option, a baseline is chosen. A comparison of the energy consumed for these two
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implementation of such specific renovation measures.

Conclusion

This report presents the technical summary of extensive work conducted under project IWG5,
aimed at defining renovation strategies for residential and office buildings in the EU based on
the baselines presented in D2.3. The initial phase involved establishing the fundamental
parameters in the climate zone determination process detailed in T2.3. Within this report, a
detailed examination of the most suitable technologies and building systems and variations
for inclusion in renovations is conducted across five distinct European climate zones, crucial
considerations for designers undertaking renovation projects. Primarily, it encompasses an
initial evaluation of energy consumption, highlighting the potential benefits of renovation
packages across diverse contexts and various building archetypes. Additionally, the report
examines Life Cycle Assessment (LCA) and Life Cycle Cost (LCC) analyses through proposed
renovation strategies.

Performing the parametric model simulations enables us to understand the various
combinations of buildings and systems and the impacts resulting from the proposed renovation
methods in D2.3, and choose the best suitable option based on many requirements. The
analysis is mainly targeted to central and local authorities managing territory governance to
let them have a figure of the renovated building performance and can also support building
asset managers in strategizing the renovation plans for their portfolios.

The simulation environment developed in this report is adaptable, serving future technological
advancements and additional building components. Essentially, it allows for simulations
encompassing a broader spectrum of materials, constructions, technologies, and HVAC
systems. The outcomes derived from Taskforce activities can be computed using the defined
parameters within this simulation environment to enhance the database.

It is important to note that this report showcases results based on weather data files for both
2020 and 2050, aiming to account for the influence of climate change over the building's
lifespan and assess the building's ability to adapt to these changes. Additionally, the
evaluation of building renovation in this report is conducted via calculations of CO2 emission
equivalents. Moreover, the modeling environment can be adjusted to utilize more
sophisticated estimated weather data for simulations.
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