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Abstract

Two life cycle assessments are conducted for the comparison of the construction and use
of a school built after the Norwegian building code, TEK10, and a passive school built
after the Norwegian Standard NS 3701.

Data from Environmental Product Declarations (EPDs) and ecoinvent is used. The
NORDEL electricity mix is used for Norwegian production and electricity consumption.
SimaPro 8.0 is used to process the data, and the ReCiPe method, hierarchist midpoint
version 1.06 is used for the impact assessment. The largest environmental impacts from
the production of building materials is from concrete, insulation, and cladding. Com-
paring the LCA results of the passive house school to the same school built to standard
reveals a 16% reduction in climate change impacts. The environmental impacts associ-
ated with the use phase are lower for the passive school relative to the standard school.

The total life cycle climate change impacts per m2 useful floor area is 1.2 tons CO2 eq
for the passive school and 1.46 tons CO2 eq for the TEK10 school. The delivered energy
for electricity and heating for the passive school was estimated to be 44 kWh/m2, and
the cumulative energy consumption for the passive house is 27 GJ eq per m2, and is
9% lower than the energy demand of the TEK10 school over the same lifetime. Share
of impacts from construction, waste, and maintenance were significant including 32% of
climate change emissions, 55% of terrestrial acidification and 46% of particulate matter
formation.

The overall conclusion is that it is environmentally beneficial to build and operate a
passive school compared to a school following the TEK10 building standard.
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Chapter 1

Introduction

In 1987 the Brundtland report defined sustainable development as, “development that
meets the needs of the present without compromising the ability of future generations to
meet their own needs” [9]. In order to see sustainable development in action, business
as usual will be unsuitable. A tool to put sustainability into practice is to map the en-
vironmental damages associated with everyday activities, and assess what changes must
be made to lessen their burden. Educational services are an essential part of modern
society, and schools are needed in order to carry out these services. The objective of this
study is to assess the environmental costs and benefits of building a school to the passive
house standard.

Buildings are complex industrial products with a long service lifetime. There are already
many efforts to control and manage the quality of buildings (building codes, product stan-
dards, automated ventilation and lighting), but holistic approaches have played a minor
role, especially in the design stage. However, it is precisely the design phase that allows
the greatest opportunities for choosing benefits with the potential to last for decades.
The environmental impact of a building starts with upstream processes, which include
the mining of materials and fuels, transportation, and the production, manufacturing
and packaging of building materials and components. In order to achieve low energy
use in operation, a tight building envelope is needed that usually contributes to energy
use via embodied energy. The embodied energy plays an important role in the potential
environmental damages.

This study is a contribution to the growing movement in Norway to construct build-
ings with a low environmental impact. The thesis is broken up into a literature review,
methodology, inventory analysis, impact analysis, interpretation, and conclusion.
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Chapter 2

Literature Review

The intention behind this literature review is to provide the theoretical basis of life
cycle assessment and its role in the construction industry. Trends and challenges in
building life cycle assessment are discussed in order to provide a context of the challenges
faced in the later analyses. Benchmarks both within Norway and internationally are
pinpointed in order to contextualize this study. Since a project related to the thesis was
not performed, a detailed literature review of all aspects of the inventory and impact
analysis was performed.

2.1 Life Cycle Assessment

Life cycle assessment (LCA) is a process whereby the material and energy flows of a
product system are quantified and evaluated. LCA studies generally consist of four
phases: goal and scope definition, life cycle inventory (LCI), impact assessment, and in-
terpretation of results. The goal and scope defines the purposes, audiences, and system
boundaries. The LCI involves data collection and calculations to quantify material and
energy inputs and outputs of a system. The impact assessment evaluates the significance
of potential environmental impacts based on the LCI. Environmental impacts in general
include emissions and waste into the environment, and the consumption of resources like
land and materials. Figure 2.1 shows that each phase requires interpretation before pro-
ceeding to the next to ensure high quality results [26,60,64].
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Figure 2.1: LCA framework based on ISO 14040 [13]

In the 1990s a standard definition of LCA was agreed upon through workshops and
the publication of several handbooks and scientific papers. The Society of Environmen-
tal Toxicology and Chemistry (SETAC) started playing a leading and coordinating role
by bringing LCA practitioners together and harmonizing LCA framework, methodology,
and terminology, resulting in the SETAC Code of Practice. From 1994 the International
Organization for Standardization (ISO) became involved as well, harmonizing methods
and procedures even further through the ISO 14040 standard series, first published in
1997. The standards created a general methodological framework, which made it easier
to compare different LCAs. Even with agreement on the framework, ISO never aimed at
defining exact methods by stating "there is no single method for conducting LCA". The
European Union identified LCA as the best framework for assessing the potential environ-
mental impacts of products and established the European Platform on LCA (EPLCA)
in 2003. The EPLCA has facilitated the development of the European reference Life
Cycle Database (ELCD) and the International reference Life Cycle Data System (ILCD)
Handbook, which both conform to the ISO 14040 series [10, 12].

In the impact assessment, midpoint or endpoint environmental indicators are chosen as
seen in Figure 2.2. Midpoints make the decision process more complicated, because it
leads to many different impact categories which makes the drawing of conclusions with
the obtained results complex. The endpoint indicators are based on the damage-oriented
approach, aimed at evaluating the environmental consequences with reference to wider
areas of concern, such as human health and ecosystem quality. Endpoints involve both
physical and social aspects and have a weaker scientific basis. They introduce subjec-
tive value choices and uncertainty and there is less international consensus on them. ISO
14040 recommends using midpoint indicators and that is what is used in this analysis [10].
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Figure 2.2: Midpoint and endpoint indicators in LCA

Interest in LCA from government and industry has increased markedly since the begin-
ning of the 21st century. An indication of its growing importance is the emergence of
Environmental Product Declarations (EPDs). An EPD is a set of quantified environmen-
tal data for a product with pre-set categories of parameters based on the ISO 14040 series.
This system makes it easier for designers to choose eco-friendly products or materials.

BS EN 15804 provides a core set of Product Category Rules (PCRs) for the Europe-wide
generation of EPD for construction products. PCRs define the methods for the collec-
tion of data, the calculation of environmental impact, and how the information should
be presented. PCRs define how LCA should be conducted for a particular product cat-
egory, as well as the specifications for the Environmental Product Declaration (EPD),
thereby standardizing the methodology and enabling products within that category to
be compared to each other. By defining the specific rules for collecting, analyzing and
reporting data on a given product type, PCRs ensure manufacturers present their prod-
ucts in a harmonized way and ensure purchasers a reliable basis for comparing product
performance data. PCRs should comply with all relevant ISO standards, include open
consultation and input from all interested parties, be based on at least one LCA from
the relevant product category, be harmonized across different EPD programs, and be
reviewed by an expert or panel with knowledge of LCA methodology and experience in
the relevant sector [3].

EPDs are verifiable, accurate, non-misleading environment information created by man-
ufacturers in the building and construction industry in order to clearly outline the en-
vironmental performance of their products. EPDs in Norway are published as cradle to
gate, cradle to gate with options, or cradle to grave [48].
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2.2 LCA in the Building Sector

LCA was introduced to the construction industry in the 1980s and was marked by diverg-
ing methods, approaches, terminologies and results. There was a clear lack of scientific
discussion and the technique was often used for market claims with doubtful results,
which prevented LCA from becoming a generally accepted and applied analytical tool.
In the last decade, there has been some effort to rectify LCA’s misuse and introduce
consensus. In 2003, SETAC published a state-of-the-art report ’Life-Cycle Assessment in
Building and Construction’, highlighting the differences between the general approach of
LCA and LCAs of buildings. Standardization was continued by ISO and the European
Committee for Standardization (CEN). ISO published four standards describing a frame-
work for investigating sustainability of buildings and the implementation of EPDs. CEN
is developing standards for assessing the economic, environmental, and social aspects for
both new and existing construction projects. Since these standards are very recent, few
studies have been executed according to them.

Life cycle analyses of whole buildings are essential to identify and evaluate how key
design parameters will influence a building’s environmental performance. Compared to
other products, buildings are more difficult to evaluate because they are material dense,
have complex functions, and temporally dynamic due to limited service life of building
components and changing user requirements. Thus many LCA studies are not directly
comparable because of varying system boundaries, functional units, and assumptions.

Impacts are highly inter-dependent in each phase of a building’s lifetime. The selection
of construction materials can decrease the heating requirement, but might also increase
the embodied energy, transport-related impacts, or affect the service lifetime of the whole
building. Figure 3 illustrates the environmental inputs and outputs during a building’s
lifetime.
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Figure 2.3: Environmental impact of a building through its lifetime [32]

Construction-related software tools and databases provide standardized assessment mod-
els and inventory data to aid these analyses. The spectrum ranges from from individ-
ual product assessments to whole building assessment and rating systems. Trusty and
Horst [73] suggest three main levels for LCA related tools.

1. Level 1 focuses on individual products or simple assemblies and includes tools such
as SimaPro and GaBi

2. Level 2 includes whole-building decision support tools like Athena Eco-Calculator
and LCA in Sustainable Architecture

3. Level 3 covers whole-building assessment systems and frameworks, such as the
BREEAM and LEED rating systems

It is advantageous to utilize complementary tools, even those in the same classification
level [73].

Evaluation of environmental impacts of construction and buildings involves more than
the simple aggregation of individual product and material assessments. Previous build-
ing LCAs have been based on either generalized building information or only addressed



20 CHAPTER 2. LITERATURE REVIEW

certain subsets of the total building such as structural materials or embodied energy.
Consequently, recent studies have attempted to assess complete buildings, building sys-
tems, and construction processes so that differences that might arise between results from
a complete inventory LCA of a building and the results from a partial LCA can be avoided.

Uncertainty in building LCA calculations manifests in multiple ways:

1. The long lifespan of the entire building (50-100 years) and consequently a lower
predictability of uncertainty variables

2. A shorter lifespan of some elements and components

3. The use of many different materials and processes

4. The unique character of each building

5. The varying distances to factories e.g., German timber used in Norwegian buildings

6. The evolution of functions over time because of maintenance and retrofitting

7. The long lifespan and dependence of user behavior thereby requiring more assump-
tions, resulting in larger uncertainties, potentially influencing the credibility of the
results [10].

Huijbregts et al. [37] expressed concern regarding various uncertainties related to LCA
and presented a methodology to quantify parameters, scenarios, and model uncertainty
simultaneously. The study considered uncertainties arising from variations in functional
units, system boundaries, allocation methods, product life span, impact categories, and
scenario uncertainty through temporal and geographic heterogeneity as scenario uncer-
tainty. Model uncertainties arise from lack of data, steady state assumptions, ignoring
nonlinearities in processes, overlooking interactions among pollutants, and not taking into
account the sensitivity of the receiving environment. The authors used a Monte Carlo
simulation to quantify parameter uncertainty and applied various decision settings for
quantification of scenario and model uncertainty. The authors suggested improvements
to the proposed methodology through a more systematic analysis of scenario and model
uncertainty and recommended development of LCI databases with built-in spatial and
uncertainty information [10,12].

2.3 SimaPro
SimaPro is the world’s leading LCA software among industry, research institutes, and
consultants in more than 80 countries. It is used to model and analyze complex product
life cycles in a systematic and transparent way, following the ISO 14040 series recom-
mendations. All results can be traced back to their origin with a few mouse clicks. You
can easily zoom into the "hotspots" or the area of attention. All datasets are harmonized
regarding structure, nomenclature and fit well with the life cycle impact assessment meth-
ods. [21,30,59]

The ecoinvent Center is the world’s leading supplier of robust and transparent life cycle
inventory (LCI) data. ecoinvent v3 is the main database in SimaPro and contains over
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10,000 processes. The impact assessment method of choice for this study is ReCiPe,
which has 18 impact categories at the midpoint (problem oriented) level and three end-
point (damage oriented) categories. [59].

Figure 2.4: The school assembly within SimaPro

SimaPro is a material-level LCA tool. As shown in Figure 2.4, products are defined
in an assembly, which contains a list of materials and production processes, as well as
transportation processes. Assemblies do not contain environmental data and instead
link production processes that contain such data. Once you define a product assembly,
SimaPro can immediately calculate the inventory (LCI) results. This is a list of all raw
material extractions and emissions that occur in the production of the assembly and the
materials and processes that link to it. SimaPro allows you to specify the results as one
table or per emission, so that one can look more closely at one (like CO2). Although the
inventory results are detailed, it is not easy to interpret long lists of substances, so a user
can define the impacts by midpoint or endpoint indicators as defined by the ISO 14044
series.

2.4 Passive House
The Passive House is the world’s leading standard in energy efficient construction. The
concept was originally developed by Professor Bo Adamson and Dr. Wolfgang Feist at
the Passive House Institute in Germany in the 1980s; the first passive house was built
in Darmstadt-Kranichstein in 1990. A passive house has a very low energy consumption
compared to conventional houses and its design is based on the goal of reducing heat
loss to an absolute minimum; common features are shown in Figure 2.5. It is named
so because it adopts the most passive measures to reduce energy demand, such as extra
insulation, exemplary airtightness and heat recovery. The main requirement for passive
structures after the German standard is that the annual heating requirement does not
exceed 15 kWh/m2 year. With the average heating load of standard buildings in Central
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Europe being approximately 100 kWh/m2, energy saved on heating is 85% compared
to conventional standards of new dwellings. The Passive House Institute characterizes
different climate conditions based on a color code for Europe (see Appendix 10.1). Tech-
nical solutions and architectural standard were developed for each of these locations. A
global definition of the Passive House Standard, applicable for all climates has been de-
veloped. As of 2014 there are 50,000 residential and non-residential passive buildings in
existence worldwide, and over 5,500 certified according to strict Passive House Institute
criteria [22,40,54,65,70].

Figure 2.5: Common Passive House Features [2]

The Passive House Institute performed an extensive research project on passive schools
in Germany using studies, simulations, measurements, and evaluations of several passive
house standard schools. The result is that most of the criteria of passive standard housing
can also be used for schools. As in housing, it is assumed that it is possible to cover heat-
ing by heating ventilation air. In schools there are considerably higher air changes (and
internal loads) in operation time and the power requirement is not a significant limitation
as in housing (it is essential that it is sufficient to heat the classrooms before classes begin
in the morning, there a much lower need than in homes). During operating time there
are major differences between homes and schools, but over time the internal loads and
airflow values are comparable. This is considered as a contributing factor for the maxi-
mum heating demand of 15 kWh/m2/year to also be used as a criterion for schools [19,24].

Although it is possible to heat with ventilation air in passive schools, it is generally not
recommended in the report. The benefits are only present if groups of rooms share a
reheating register. This becomes less beneficial with myriad uses. Many of the evaluated
projects had therefore heated with a few centrally located radiators. One of the results
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is that heavy building elements (thicker walls, more insulation throughout) are used to a
greater advantage in schools than in residential buildings [19].

2.5 Norwegian Context
Key features of the Norwegian energy policy in buildings is to ensure that consumption
does not increase, but remain stable at about 80 TWh until 2020 through regulation and
retrofitting. The target for 2040 is to reduce the annual energy supply to the operation
of buildings by 40 TWh compared to the current level [43,54].

Norway’s affiliation with the European Union through the EEA Agreement means that
EU Directives providing guidelines for the formulating of national regulations in the con-
struction and connected disciplines also apply to Norway. Norwegian building authorities
are thus under obligation to include the EU regulations in Norway’s legislation and reg-
ulations, as well as practice them in accordance with their intention. Norway has agreed
to do this to avoid technical trade blockage across the national borders.

Norway is legislating in line with the EU Renewable Energy Directive, setting targets
of a 20% reduction in greenhouse gas emissions, 20% renewable energy and 20% energy
efficiency by 2020 (the so-called 202020 - Targets for 2020) [54].

The Ministry of Local Government and Regional Development (KRD) is the central
building authority, whereas the responsibility for overview planning is placed under the
Ministry of the Environment. The SINTEF Building and Infrastructure journal ‘Byg-
gforsk kunnskapssystemer’ is published by SINTEF Byggforsk (BKS). The journal series
is the most complete source of technical journals on construction and the solutions satisfy
the functional requirements of Norwegian building code. The Norwegian Building Author-
ity (DiBK) recommends the use of Byggforskserien to document a building project [11].

NS 3701 sets general requirements for heat loss, heating demand, cooling demand and
energy demand for lighting. It sets the absolute minimum for building elements, com-
ponents, technical systems and leakage rates. NS 3701 must be paired with calculations
- putting together a building with passive components does not necessarily mean that
the whole meets the passive house criteria. There is no minimum U-value of roofs, walls
and floors but there are requirements for heat loss in the whole building as a whole (via
transmission and infiltration). NS 3701 requires that the energy need is calculated using
climate data for the place where the building is erected. NS 3701 requires the fulfillment
of thermal comfort must be documented with calculation at design outdoor temperature
summer conditions [44].

The Planning and Building Act is central to all land management and construction in
Norway. Technical regulations included in the Planning and Building Act (TEK) are
routinely revised and contain general requirements regarding the buildings’ function and
services, with only a few detailed provisions. It is up to the customer and contractor to
prove that the selected solutions meet the requirements of the regulations. The technical
regulations of TEK state that the manufacturer must ensure that the goods’ properties
have been documented before they are sold or applied in structures. The current revision
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is TEK 2010, or TEK10, which came into effect in July of that year. The passive house
standard includes 11 building categories from TEK10 [61].

The argument from Norwegian construction experts is that the original German standard
has not been made for the Nordic climate, and that the requirements for insulation would
be unmanageable if an absolute limit of 15 kWh/m2 year should be applied. Norwegian
lawmakers modified the standards by distinguishing between residential and commercial
buildings, the building’s size and annual mean temperature. In Norway the passive stan-
dard for residential buildings NS3700 was established in April 2010. Like the German
standard, it requires that heating demand not exceed 15 kWh/m2 per year for buildings
larger than 250 m2, with permission given to higher heating for homes in cold climates
(labelled as low-energy buildings). NS 3701 is the standard for non-residential buildings.
Both standards establish requirements according to area, type of building and climate.

Table 2.1 shows the upper limits for energy use and U-values under NS 3701 compared
to TEK10. The minimum requirement for the U-value of windows applies as average for
all windows / window fields in the building.

Table 2.1: Key minimum requirements for passive and TEK10 school buildings [19, 53]

NS 3701 TEK10
Annual energy requirement 120 kWh/m2 120 kWh/m2

Maximum annual heating requirement 15 kWh/m2/year
Maximum annual cooling requirement 0 kWh/m2/year
Maximum CO2 Emissions 20 kg/m2/year
U-Value outer walls ≤ 0.15 W/(m2 K) ≤ 0.18 W/(m2 K)
U-value floor ≤ 0.15 W/(m2 K) ≤ 0.15 W/(m2 K)
U-value roof ≤ 0.13 W/(m2 K) ≤ 0.13 W/(m2 K)
U-value windows ≤ 0.80 W/(m2 K) ≤ 1.20 W/(m2 K)
U-value doors ≤ 0.80 W/(m2 K) ≤ 1.20 W/(m2 K)
Normalized thermal bridge ≤ 0.03 W/(m2 K) ≤ 0.06 W/(m2 K)
Efficiency heat exchanger ≥ 80% ≥ 80%
SFP factor ventilation systems ≤1.5 kW/(m3/s) ≤2.0 kW/(m3/s)
Leakage rate at 50 Pa ≤ 0.60 h−1 ≤ 1.50 h−1

The main difference between a passive house and a building constructed to TEK10 is the
amount of insulation and precision. To build a passive house correctly, a high degree of
accuracy by architects, consulting engineers, and builders is required. A passive house
has higher costs because it can take longer to construct and some of its components, like
windows with lower U-vales, are more expensive [45].

Electricity Mix
Electricity is used in the production of the different materials and in the operation of the
schools. Emissions from electricity generation must be included in the LCA. Norway is
a part of a Nordic electricity exchange NordPool [77]. The breakdown of the NORDEL
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electricity mix in Table 2.2 is taken from Grann [29], which reflected the energy mix in
2009.

Table 2.2: NORDEL Electricity Mix [29]

Electricity source Denmark Finland Norway Sweden Total
Share

Hard Coal 45.7% 19.1% 0 0.7% 9%
Oil 4.0% 0.7% 0% 1.3% 1.1%
Natural Gas 24.5% 14.8% 0.3% 0.5% 6%
Hydropower 0.1% 17.9% 98.5% 40.1% 48.1%
Wind Power 17.2% 0.1% 0.3% 0.6% 2.1%
Cogen Wood, Allocation
Exergy

4.5% 11.8% 0.3% 4.4% 4.8%

Cogen with Biogas engine,
Allocation Exergy

0.6% 0% - 0.1% 0.1%

Peat - 7.6% - 0.5% 1.8%
Industrial Gas - 0.6% 0% 0.5% 0.4%
Nuclear - 26.7% - 50.5% 25.6%
NORDEL Production share 10.2% 21.6% 29% 39.3%

SIMIEN
SIMIEN is a Norwegian simulation program for calculating energy and power consump-
tion and indoor air quality in buildings. It evaluates inputted parameters against building
codes and energy labeling, calculates energy needs, validates indoor air quality, and deter-
mines the needed size of heating systems, ventilation and space cooling. A useful output
is the calculation of net energy consumption and the energy supplied to the building over
a year, with duration curves for heating and cooling (see Section 10.5 to see the types of
outputs SIMIEN produces). The building is evaluated against the design requirements
(TEK10) and passive and low energy criteria and design codes (NS 3700/NS 3701). It
evaluates the energy measures, energy limits and minimum.

2.6 The EE-TC-IAC Dilemma
In school buildings, classrooms are the most used functional space, occupy the largest
area, and host the largest part of daily activities and occupants. One of the dominant
features of a classroom is its high occupancy density, which results in very large values of
the internal heat sources as well as of the internal emissions of body odors, water vapor
and CO2, causing an increasing concern for the indoor air quality for students.

School buildings are allotted one of the lowest CO2 emissions and energy use for heating
and cooling in the Norwegian building code. Energy conscious design of school buildings
should address the energy efficiency-thermal comfort-indoor air quality dilemma (EE-
TC-IAQ). This is the phenomenon where either improving the thermal comfort or indoor
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air quality will hinder goals for energy efficiency. Previous studies have argued that con-
ventional LCA overlooks important indoor environmental problems that affect human
health. There are currently no tools to include indoor climate issues as an impact cate-
gory in LCA due to methodological differences in LCA, materials emissions assessment
(MEA), and indoor climate assessment (ICA) [7, 12,80].

Extensive natural or controlled ventilation, intended to remove internally generated con-
taminants without active heating or cooling, is rarely sufficient for required thermal
comfort conditions. Most of the literature concerned with energy performance of school
buildings is devoted not to indoor thermal conditions, but to savings via specific features
such as utilization of solar energy and construction features such as thermal insulation
and heating, ventilation, and air conditioning (HVAC) performance. When modeling
energy use, assumptions about thermal comfort, indoor air quality, occupancy, internal
loads, and architectural features are case-specific and thus make it hard for comparison [7].

Jonsson [42], Hellweg [34], and Assefa [5] all argue that conventional LCA overlooks
important indoor environmental problems, focusing on energy use over other impacts.
The studies concluded that human health effects during the operation phase need to be
considered in environmental analysis more routinely. Zeiler et al. [80] measured relative
humidity, temperature, and CO2-concentrations and performed surveys of perceived com-
fort of two zero emission schools and two traditional schools over two years in wintertime.
The zero emission buildings did not have a satisfactory IAQ, implying the standard for
IAQ must be improved upon.

2.7 International Context
Buildings play a major role in the consumption of energy and materials all over the
world. The construction industry has depleted two-fifths of global raw stone, grail, and
sand, one-fourth of virgin wood. Worldwide it consumes 40% of total energy and 16%
of fresh water annually. The building sector accounts for 50% of the European Union’s
final energy consumption. The European Roadmap to 2050 plans to reduce greenhouse
gas emissions 80-95% below 1990 levels. Over the next decade, an estimated $500 billion
USD must be invested annually in low-carbon technologies for the building sector to make
to conform to the EU [18].

Cabeza et al. [12] summarized and organized the literature on life cycle assessment (LCA),
life cycle energy analysis (LCEA) and life cycle cost analysis (LCCA) in the building sec-
tor. They focused on studies carried out for environmental evaluation of buildings and
building-related industries and sectors including construction products, construction sys-
tems and individual buildings. The review shows that most LCAs and LCEAs are carried
out for buildings that have been designed and constructed as low energy buildings, with
few studies on traditional buildings. Most studies were from developed countries, pri-
marily North America and Europe, with no studies from Africa and only one from South
America. The functional unit is not mentioned in all studies; usually those performing
a LCA or LCEA of whole buildings do not identify it; in addition there is no agreement
from the overview on the functional unit to be considered. Half the studies considered a
50 year service lifetime, the others choosing a lifetime anywhere from 25-100 years.
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Table 2.3: Previous School Building LCA Studies

Current
study (2014)

Scheuer et al.
[64] (2003)

Dimoudi et
al. [17] (2008)

Varun et al.
[75] (2012)

Bilec et al.
[72] (2013)

Building
Purpose

School
building

University
building

Average
school build-
ing

University
building

University
Building

System
Boundaries

Construction,
Use

All phases Use Construction,
Use

Construction

Location Norway USA Greece India USA
Lifetime 50 75 N/A 50 50
Total Area
(m2)

494 7300 275 3960 2262

Floors 3 6 2 3 3

In this paper, the main focus lies on LCAs of entire school buildings. This way the
contribution to the total impact of different products, processes and life cycle stages
becomes more clear and environmental hotspots can be identified. The results reveal more
about building concepts in general and less about the chosen materials. In these cases,
the entire building is the functional unit, but with great differences in building properties,
size, location, impact methods, etc. Therefore results are not directly comparable with
the example studies in Table 2.3, but still trends can be identified.

Materials
The combination of a large number of materials and products in one building makes LCA
data collection far more challenging than for most single product applications. Each ma-
terial has its own distinct life cycle and interacts as part of an assembly or system.
Moreover, production processes for a component of a building are much less standard-
ized than most single products because of the unique character of each building. There
is limited quantitative information about the environmental impacts of the production
and manufacturing of construction materials, or the actual process of construction and
demolition, making environmental assessments of the building industry challenging

The earliest building energy consumption accounting only considered the direct energy
consumption in the construction and operation process of buildings. Along with the
introduction of the life cycle concept, some researchers began to consider the indirect
energy consumption which occurred during material production where major indirect en-
ergy consumption is caused. By tracing some key inputs into a material, such as energy
sources of the electricity used or the extraction processes for the raw materials, a larger
system boundary is achieved.

Embodied energy is the energy utilized during the manufacturing phase of the building.
It is the energy content of all the materials used in the building and technical instal-
lations, and energy incurred at the time of erection/construction and renovation of the
building. Energy content of materials refers to the energy used to acquire raw materials
(excavation), manufacture and transport to the building site.
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Han et al. [31] quantified the embodied energy consumption for two multi-building
projects in Beijing, China using a hybrid method of process and input-output analy-
sis. The accuracy of the assessment depended upon the Bill of Quantities (BOQ), which
quantifies the work of all the inputs to construction by documenting the quantity and
price of each item and then assigning each item to a production sector, where a cor-
responding embodied energy intensity was found in the input output database. Steel
products accounted for more than 30% of the overall embodied energy consumption of
construction followed by concrete products like cement and plaster.

Blengini and Carlo [8] found a large materials-related impact for a passive home with
a 70 year lifetime in Italy. Materials in the building envelope had the highest relative
contribution, with maintenance operations also playing a major role. However, there was
a need for more reliable data on the actual service duration of several materials. The
analysis stated that there is no single item or aspect that dominates the life cycle im-
pacts, but several are equally important in determining the overall sustainability of the
home. The authors recognize the many case-specific features of the study, like the locally
adopted construction techniques, the behavioral pattern of Italian citizens, site-specific
climate conditions, local regulations and the Italian energy mix. Thus they concluded
that the results should not be generalized.

Scheuer et al. [64] analyzed a university building in Michigan, USA with a lifetime of 75
years. Construction materials were responsible for 94% of the life cycle embodied energy
(the rest being energy embodied in replacement materials). The largest contributors were
steel, cement and sand used in the excavation, foundation, and structure. This was due
to their large mass and not necessarily the energy used in their production. Aluminium,
mostly used for window frames, was also significant because of its energy intensity. The
study concluded that if all other parameters are kept constant, replacing conventional
building material by low-carbon emitting material improves environmental performance
significantly.

Dutil et al. [20] outlined the history behind the methodological thinking for zero emission
and passive buildings. The study critiques the guidelines for the design of sustainable
building practices and the LCA in practice. Weaknesses were found through unsteady
environmental indicators over time, the need to differentiate between primary and sec-
ondary energy consumption, and the need for more post-occupancy evaluation to deter-
mined achieved thermal comfort.

Energy
The energy performance of buildings is a major concern for the European Union in the at-
tempt to meet the Kyoto commitment. As a result, the European Directive 2002/91/EC
on the Energy Performance of Buildings was formed and since its implementation the
number of passive and low energy non-residential buildings has increased significantly [76].

As of 2011, typical annual heating use for European school buildings was reported as 31
kWh/m2 in Greece, 96 kWh/m2 for Ireland, 192 kWh/m2 for Slovenia, 157 kWh/m2 for
the UK, and 197 kWh/m2/year in Flanders [4,35]. The average annual energy consump-
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tion of 15 schools in Argentina was 123 kWh/m2 while 87% of the primary and secondary
schools were characterized as low emission buildings. According to the Natural Resources
Canada, the average annual energy consumption of schools in Canada was 472 kWh/m2,
and there are examples of low energy buildings like a 2300 m2 school with actual energy
consumption of 72 kWh/m2. As of 2009 the yearly net winter heat requirement for a
standard building in Italy was 110 kWh/m2 [35].

Thewes et al. [71] reviewed the energy consumption of 68 Luxembourg schools built
between 1996-2011, representing the first cohort of buildings constructed to a thermal
energy requirement. It was found that energy consumption varied substantially depend-
ing on the building’s technical installations (ventilation, lighting systems). Almost all
schools constructed after 2005 consumed less than 100 kWh/m2 and often less than 50
kWh/m2 thermal energy. Of all buildings analyzed, the lowest one was a very airtight,
low-energy school with low U-values. The decrease in thermal end energy consumption
after 2005 was due to a new regulation becoming effective, providing financial support
to construct new public passive and low-energy buildings. The author found that pas-
sive and low-energy schools saved an average primary energy of only 17–37% compared
to standard buildings and had a higher electricity consumption. The study concluded
that passive or low-energy buildings had a smaller positive environmental impact than
thought, though new building design led to the most energy-efficient school buildings to
consume 50% less primary energy than the mean value of all new school buildings.

The space heating demand of buildings has decreased by improved insulation, reduced
air leakage and by heat recovery from ventilation air. Even with gains through material
choices and building design, the actual amount of energy used in buildings is often dif-
ferent from the calculated or expected energy use. The difference depends on the final
realization of the construction and the technical installations, the actual weather condi-
tions, and the utilization of the technical installations that affect interior temperature
and ventilation rate [4]. In a study by Hirst and Goeltz [36] of the difference between
the calculated and actual energy use, an energy audit was performed on North American
homes and it was found that on average only two-thirds of the expected energy saving
was actually realized.

Scheuer et al. [64] measured the primary energy consumption for heating, cooling, venti-
lation, lighting and water consumption. The primary energy intensity over the buildings
life cycle was calculated to be 316 GJ/m2. Production of materials and transportation to
the site accounted for 2.2% of life cycle energy consumption, while HVAC and electricity
alone accounted for 94.4%. Building demolition and transportation of waste, accounts
for only 0.2% of life cycle primary energy consumption. Results showed that the opti-
mization of the operation phase should be emphasized during the design.

Sartori and Hestnes [63] performed a literature survey of 60 cases from nine countries
regarding buildings’ life cycle energy use. Case studies on buildings built according to
different design criteria (conventional, low energy and zero energy), and holding all other
conditions constant, showed that low energy buildings induced both a net benefit in total
life cycle energy demand and an increase in the embodied energy. s

In order to achieve a better understanding of the interplay between embodied and oper-
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ating energy and its effect on the total energy needs, Winther and Hestnes [79] compared
five versions of the same dwelling with different insulation levels, different ventilation
strategies, and different energy saving equipment in Norwegian conditions. They found
that in the long run the operational energy is more important than the embodied energy.
Feist [12] compared a passive solar and a zero energy dwelling and found that the former
achieved a lower total energy use per m2 during its lifetime. The latter was equipped
with advanced technical installations, causing its embodied energy to be so high that it
exceeded life cycle energy use of its counterpart.

Despite these historical cases, from most of the available literature, one can conclude that
the operational phase contributes more than 80-85% share in the total life cycle energy of
building. Therefore, future efforts should be focused on reducing the operational phase,
even at some cost to other less significant phases [12,20,67].



Chapter 3

Methods

In this section the characteristics of the case study are introduced. The compiled life
cycle inventory necessary to carry out the LCA is described. The chosen environmental
indicators are presented.

3.1 Case Description
Grefsen U3 was a high school that is being rehabilitated to become an elementary school
for 420 students. The existing buildings on site will be rehabilitated, and a new building
will be added. The construction and operation of the new building, Building 6, is the
focus of this study. In order to analyze the school building in the Norwegian context,
data from another school project with similar goals was used. Stasjonsfjellet School is
also located in Oslo and Hjellnes Consult took part in both projects. Both schools are to
be rehabilitated to the passive house standard [28].

Weather Characteristics
The school buildings are located in Oslo, Norway. The landscape, weather conditions,
and environment are essential conditions in the basic planning and development of the
buildings. The Norwegian Meteorological Institute is responsible for obtaining average
weather values. Table 3.1 describes weather conditions factored into energy calculation
for Oslo [61]. The outdoor design temperature is defined as a location’s lowest mean
temperature for three continuous days over a 30 year period and is the starting point to
calculate the thermal power needed for a building.

Table 3.1: Weather Characteristics for Oslo

Annual mean temperature ( ◦C) 6.3
Annual mean solar radiation (W/m2) 110
Annual mean wind speed (m/s) 2.2
Number of days with snow covered ground 102
Outdoor design temperature ( ◦C) -20

31
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Site Characteristics
Table 3.2 compares the dimensions of the two schools in regards to floor area, and area
of walls, windows, and doors. As Figure 3.1 shows, both schools are located in the
same city so many of the same design considerations regarding weather, materials, and
transportation apply.

Table 3.2: Site Characteristics

Grefsen U3 Stasjonsfjellet
Total Floor Area 494 m2 629 m2

External Wall Area 611 m2 205 m2

Windows and Doors Area 69.5 m2 117 m2

Figure 3.1: Locations of the two schools

(a) Grefsen (b) Stasjonsfjellet

Figure 3.2: Building Orientation

In Figure 3.2 it can be seen that both buildings of focus (marked in black) are a part
of a larger school complex. The new building at Stajsonsfjellet (Building D) is much
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larger than Building 6, and has many more functions as it included more classrooms
and has hallways, bathrooms, and office space. Both new buildings are part of a larger
rehabilitation project; Grefsen U3 began rehabilitation in August 2012 and is planned to
be finished in the fall of 2014, while Stasjonsfjellet rehabilitation began in 2010 and also
will finish in the fall of 2014.

3.2 System Boundaries
The flow sheet of the system (see Figure 3.3) is created to give an overview of how the
various life cycle stages interact. In this study, the construction and use of the building
is modeled. End of life management is not considered because of the lack of information
and transportation is included in all categories [69].

Maintenance and 
Replacement 

Operation (energy 
and water services) 

1 m2 School in Use 
Lifetime: 50 years  

Electricity 
Production 
NORDEL 

Construction 

Raw material 
extraction 

Manufacturing of 
construction 
materials and 
components 

Water Treatment 

End of Life 
Management 

Unsorted Waste 

Incineration Plant Sorting Plant Landfill 

Recycled materials 
and components 

Energy Recovered 

Figure 3.3: System Boundaries

3.3 Functional Unit
The functional unit was chosen so that the buildings are comparable over the same lifetime
and providing the same service. The functional unit is defined as:

50 years of 1 m2 utilized floor space (BRA) of the school building, including
the construction, maintenance, and operational energy.

The functional unit is used for both LCAs. The presentation of results on a per square
meter utilized floor space basis, enabling comparison to other studies.
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3.4 Data Sources
Material inventory data was obtained through the project documents of each school, in-
cluding estimates, plans, and specifications provided by Hjellnes Consult. Materials were
allocated to a representative LCI unit process within SimaPro 8.0, with preference first
given to the ecoinvent v3 database. If a unit process was not available from the EPDs,
another process from ecoinvent was selected based on the best possible information of
the unit process description, boundary considerations, and installed product use.

Bodil Motzke, an environmental consultant from Undervisningsbygg Oslo KF, provided
EPDs for the Stasjonsfjellet school project. Undervisningsbygg is now in the final stage
of calculating the greenhouse gas emissions from the materials used at Stasjonsfjellet. For
Grefsen U3 no calculations of greenhouse gases were done nor were EPDs collected for the
materials because the project started up before this process became standard procedure
in Norway [47].

All the materials listed in Table 3.3 had EPDs available for use in modeling of Grefsen
school. It is marked with an X where an EPD was applied from the Stasjonsfjellet project
to Grefsen and where new EPDs were collected. If a product had a lifetime that was not
according to the functional unit, its data was adjusted to reflect a 50 year lifetime. For
comparability to LCA data in SimaPro a sensitivity analysis is performed in Section 5.3.
The reliability and consistency of EPDs are discussed in Chapter 6 and 7.

Table 3.3: EPDs used in both schools

EPD Manufacturer Unit Stasjonsfjellet Grefsen
Concrete Unicon 1 m3 X X
Ceiling Tiles Gyptone 1 m3 X
Door Lock TrioVing 1 unit X
Fireboard 15mm Gyproc 1 m2 X X
Insulation Rockwool 1 m2 X X
Iso3 Board Moelven 1 m X X
Linoleum Flooring ERFMI 1 m2 X X
Masonry Mortar Weber 1 kg X
Mineral Wool Glava 1 m2 X X
Moisture Barrier Icopal 1 m2 X
Plasterboard 12.5mm Gyproc 1 m2 X X
Hard Plasterboard 13mm Norgips 1 m2 X X
Plasterboard 13mm Norgips 1 m2 X X
Planed Structural Timber Treindustrien 1 m3 X
Roofing Isola 1 m2 X
Sheathing Board 9.5mm Gyproc 1 m2 X X
Standard Gluelam Beam Moelven 1 m3 X X
Steel Beam w/ Polyetenduk Norgips 1 lm X X
Steel Beam Norgips 1 lm X X
Roofing/Wind Barrier Hunton 1 m2 X
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3.5 Environmental Indicators
The following energy and environmental indicators were adopted in accordance with the
EPDs:

• Global warming potential, GWP, in kg CO2 equivalents, 100 years.

• Depletion potential of the stratospheric ozone layer, ODP, in kg CFC-11 equivalents,
20 years.

• Acidification potential of land and water sources, AP, in kg SO2 equivalents.

• Eutrophication potential, EP in kg PO4 equivalents.

• Formation potential of tropospheric ozone photochemical oxidants, POCP, in kg
C2H4 equivalents.

• Abiotic depletion potential for non-fossil fuels, ADP, in Sb equivalents [50].

Not all EPDs included ADP in their reports, so it was included when listed.

EPDs also included an energy impact in megajoules (MJ) (see Appendix 10.5). Since the
EPDs had various ways of listing the energy mix used, all energy in EPDs were modeled
using the NORDEL electricity mix.





Chapter 4

Life Cycle Inventory Analysis

In this section the inventory of materials is described and categorized according to build-
ing component. This includes energy used on site, the foundation, flooring, roof, walls
(inner and outer), windows and doors, waste during construction, and transportation to
site. The inventory was built within SimaPro 8.0 using information from the EPDs and
processes within the software. The architectural drawings were made by Heggelund and
Koxvold [33]. To build the assembly within SimaPro, the structure from Dahlstrøm [15]
was used as a framework.

4.1 Construction phase

Energy used in construction equipment

No information about the type of equipment, the number of workers, the tools needed, or
the energy requirements of the equipment was available for the study. The best available
data from Dahlstrøm [15] was adapted to this study. Based on that study it is assumed
an excavator and crane were used. An air compressor, saw, and other electrical tools like
screwdrivers and drills are used. The machinery was assumed to burn diesel gas and the
energy for tools was electricity. The transportation of workers to site and the hours they
worked were not included.

37
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Facade

(a) Technical Drawing

(b)

Figure 4.1: Architectural Drawings and Picture, Facade
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Figure 4.1 displays the information available for the facade of the building. It was un-
known if paint was used, and since not other information was obtained it was not included
in the model.

Foundation
Figure 4.2 presents the technical drawing from Hjellnes of the foundation wall. Details
from the drawings and notes of these documents were used to compile the elements of
the foundation in Table 4.1.

Figure 4.2: Technical Drawing of Foundation

Table 4.1: Material quantities in the foundation

Component Material Quantity Unit
Foundation Concrete 37.5 m3

Insulation 23 m3

Steel Beams 164 lm
Moisture Barrier 4.8 kg
Crushed Stone 8530 kg

EPDs were used for the concrete and moisture barrier, and the rest were ecoinvent pro-
cesses “polystyrene, extruded (XPS), at plant; gravel”, “crushed, at mine”; “reinforcing
steel, at plant”, and “extrusion, plastic film”.

Flooring
Table 4.2 lists the elements in the flooring that was drawn in Figure 4.3. Concrete was
modeled using an EPD and its weight was calculated using a density of 2400 kg/m3 (see
Appendix 10.3). The wood element was labeled Massivtre’ in the architectural drawings.
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Figure 4.3: Architectural Drawing of Flooring

The emergency exit was a Plannja Combideck, made of steel and aluminum. The di-
mensions and weight of the stairwell was calculated using technical drawings from the
engineering department at Hjellnes and information from data sheets from the manu-
facturer. The emergency exit was assumed to have steel railings on the staircases and
both were assumed to be the process “steel, low-alloyed, at plant”. The walkway and
fencing were modeled using “galvanized steel sheet, at plant” and “aluminum sheet, semi
finished’ since no EPDs were available.

Table 4.2: Material quantities in the floors

Component Material Quantity Unit
First Floor Linoleum Flooring 103 m2

Concrete 26 m3

Concrete slabs 2.1 m3

Second and Third Floors Linoleum Flooring 207 m2

Crushed Stone 16146 kg
Acoustic Plates 207 m2

Gravel 8.3 m3

Solid wood 47.6 m3

Stairwell Steel walkway 144 kg
Chain link fencing 80 m2

Steel steps 16 m2

Aluminium railing 55 kg

Roofing
The roof (see Table reftab:roof) consists of an outer roofing, plywood, structural timber,
fireproof insulation, regular insulation, and a wind barrier. EPDs were available for most
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elements, and the OSB board was represented by “oriented strand board, at plant” and
the plywood “plywood, outer use, at plant”.

Table 4.3: Material quantities in the roof

Component Material Quantity Unit
Roof Isola Roofing 120 m2

Plywood 4 m3

Gluelam Beams 9.6 m3

Mineral Wool 120 m2

Insulation 120 m2

OSB 120 m2

Wind Barrier 120 m2

The roofing system materials were estimated using architectural and technical drawings.
The exterior roofing was made by Isola, the insulation rock wool and Glava for the
mineral wool, and Hunton made the under roofing. The area it covers was estimated
by the information in SIMIEN and manual calculations. The parapet, which refers to
the crowning element surrounding the top of the roof, was not inventoried because of
lack of information in the drawings. No information on the roof gutters was found in
the drawings, so it was used they were made of aluminum with no surface finish. The
required length was calculated manually and its weight found on the Plannja website [57].
The method for processing the aluminum is assumed to be sheet rolling.

Figure 4.4: Architectural Drawing of Roof

Exterior Walls
The material quantities used in the exterior walls is presented in Table 4.4 and were
estimated using the drawing in Figure 4.5.
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Table 4.4: Material quantities in the exterior walls

Component Material Quantity Unit
External Wall Exterior Cladding 432 m2

Metal perforated sheet 16 m3

Gravel 4 kg
Gluelam Beams 62.73 m3

Vapor Barrier 432 m2

Insulation 401.46 m2

Iso 3 Beam 67.2 m

The exterior wall composed 89% of the outer surface. The outermost element, Weber
Aquapanels, was modeled using the process “fibre cement facing tile, small format, at
plant”. Gravel was used around the openings for the doors, and it was modeled using the
process “gravel, crushed, at mine”.

The load supporting structure for the school was solid wood (massivtre). The wooden
studs were manufactured by Moelven in Norway. The material inventory for the exterior
wall system is provided in Table 4.4. It was assumed that the beams in the walls for both
buildings had 600 mm spacing, which is common in the construction industry.

A rough estimate for the total surface area of external walls requiring moisture barrier
and wind barrier was estimated manually. This involved measuring the total area of
external walls and subtracting the (estimated) fraction of exterior wall area covered by
windows. The vapor barrier is assumed to be made of polyethylene with a density of 0.5
kg/m2 [38].

Interior Walls
The material quantities used in the interior walls is shown in Table 4.5 and were esti-
mated from the architectural drawings. The inside of the building on each floor has a
classroom and a meeting room, with the basement completely open. The total manu-
ally calculated area of the inner walls, 143 m2, is just 23% of the area of the exterior walls.

Table 4.5: Material quantities in the inner walls

Component Material Quantity Unit
Interior Wall Hard Plasterboard 247 m2

Plasterboard 247 m2

Steel Beams 88 lm
Insulation 143 m2

EPDs were used for all elements of the inner walls. Both plasterboards were from the
manufacture Gyproc, the steel beams Norgips, and the Insulation Rockwool. The hard
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Figure 4.5: Architectural Drawing of Outer Wall

and standard plasterboard were layered on either side of the insulation and beams. See
Table 3.3 and Appendix 10.3 to see the characteristics and densities of the elements.

Windows and doors
Figure 4.6 shows the best available information for the overall window design. Win-
dows were adapted from Dahlstrøm [15], who analyzed a 1230 x 1480mm passive house
standard window. Since these were not the exact dimensions of the average window at
Grefsen (1200 x 1400mm), the reference windows were simply scaled down.

Figure 4.6: Architectural Drawing of Outer Wall

Windows covered 11% of the outer surface and the functional unit for each was one
window or door with a U-value of 0.8 cradle to grave. EPDs were found for door leaves
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and locks for Grefsen, and the frame was assumed to be wood and a process for it found in
SimaPro. The 11 doors were made with glass and aluminum. Due to a lack of inventory
data on aluminum framed doors, they were created in SimaPro using information from
Dahlstrøm and EPDs. The doors are assumed to come from a Norwegian producer,
Nordic Dørfabrikk.

Waste During Construction (WDC)

In the present study, waste generated during construction has been assumed to amount
to 10% of total materials in line with Melvær [46]. Since there is no information on
exact quantities of materials this was applied to all elements in construction. All waste
is assumed to be transported to a waste treatment plant located 50km from Grefsen U3
in line with the Product Category Rules about construction [50].

Transport

In SimaPro transport of materials to the site is assumed to be done by a “20-28 ton
lorry, fleet average”. Materials with EPDs used the production location referenced, and
for materials where it was not known production closest to Oslo was assumed. Distance
estimations were made using Google maps. According to NPCRs transport from the
site to product warehouses in Norway must be included in EPDs and for Norwegian
manufacturers this is set to at least 50km [50]. Appendix 10.4 lists the transport distances
for all the materials used in the study.

4.2 Use phase

Energy System

Under NS 3701 it is required for heating systems of passive houses to get a significant
share of its energy source from non electric and non-fossil energy. This can be district
heating systems, heat pumps, pellet/wood/bio-stoves, or a biogas system [53]. Primary
energy use for Grefsen was electricity and heat generated from a heat pump. The heat
pump accounted for 90% of the space heating, none of the water heating, and 90% of the
ventilation heating. Direct electricity accounts for 10% of the space heating, 100% of the
hot water and ventilation cooling. Of the delivered energy 28% came from the heat pump
and 82% from direct electricity. The heat pump generates more energy than is delivered
to it. See Appendix 10.2 to see the technical drawing of the heating system for the entire
Grefsen U3 school.

COWI AS is responsible for the energy calculations and information from their work was
used to input data into SIMIEN to model the both schools. The total net energy required
for both is presented in Table 4.6.
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Table 4.6: Energy budget by installation

Energy budget Passive
(kWh/m2/y)

TEK10
(kWh/m2/y)

1a Space Heating 14.7 33.6
1b Ventilation Heat (thermal batteries) 4.7 5.3
2 Hot water (tap water) 10.1 10.1
3a Fans 4.5 4.4
3b Pumps 1.5 1.8
4 Lighting 10.6 10.6
5 Technical Equipment 7.1 7.1
6a Space Cooling 0.0 0.0
6b Ventilation Cooling 3.4 3.4
7 Total Net Energy 56.6 76.3

Electricity

The annual energy consumption for the passive house was simulated in the program
SIMIEN. See Chapter 10 for the monthly energy needs for the passive standard build-
ings. The electricity was modeled in SimaPro using the NORDEL mix, medium voltage.

The annual simulated energy requirements for TEK10 is based on the NS 3031, while the
passive house is based on NS 3701. The simulated net required energy as presented is not
the same as delivered electrical energy and the difference is presented in Table 4.7 while
Figure 4.7 shows the breakdown of energy by installation. The passive school will have a
much lower expected space heating requirement because of its tight building envelope. It
is possible that the delivered energy and energy need are different because in both models
the heat pump covers the difference in energy need internally.

Table 4.7: Total Energy requirements, TEK10 vs. Passive

Annual Delivered Energy Annual Energy need
Passive 21652 kWh 27592 kWh

43.8 kWh/m2 56.6 kWh/m2

TEK10 37689 kWh 26595 kWh
76.3 kWh/m2 53.8 kWh/m2
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Figure 4.7: Yearly energy impacts

Maintenance
The maintenance of the products listed in Table 4.8 were modeled within SimaPro. Fur-
niture, interior decoration, electronic equipment and other furnishing are not included in
the study because of lack of information in the architectural and technical drawings.

Table 4.8: Description of maintenance by building element

Element Lifetime
(year)

Lifecycle
(n)

Elements replaced

Doors 30 2 Door leaf
Flooring 30 2 All
Heat Pump 20 3 All
Roof 30 2 Top level roofing, rain

gutter, roof guard
Windows 30 2 All



Chapter 5

Life Cycle Impact Assessment

This chapter presents two life cycle assessments of Grefsen U3 for the comparison of the
construction and use of the school built after the Norwegian building code, TEK10, and
the passive standard built after the Norwegian Standard NS 3701. The total impacts
are presented and aggregated into four categories: Construction (year 0), Waste During
Construction (year 0), Maintenance (years 1-50), and Operation (years 1-50). Normal-
ization is used through this section as it is an interpretation aid to better understand the
relative magnitude of an impact. Each midpoint impact category has its own units and
measures different damages, so it is not possible to compare them directly.

47
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5.1 Life Cycle Results

Midpoint Indicators
The total impacts for constructing, maintaining, and operating both schools are shown in
Table 5.1. The total impacts and impacts per functional unit, m2 of useful floor area, are
presented side by side. The passive school over its lifetime has a climate change impact
of 594 tons CO2 equivalents (eq) and the TEK10 school 724 ton CO2 eq. The passive
house saves 130 tons CO2 over the lifetime of 50 years compared to building the same
school to building code, which is equivalent to 7.3 kg CO2 eq per day.

The total life cycle climate change impacts per m2 useful floor area is 1.2 tons CO2 eq for
the passive school and 1.46 tons CO2 eq for the TEK10 school. The cumulative energy
consumption for the passive house is 27 GJ eq per m2, and is 9 % lower than the energy
demand of the TEK10 school over the same lifetime. The energy demand for the passive
house is 152 kWh/m2/year and the TEK10 school 168 kWh/m2/year.

Table 5.1: Life cycle impacts for the passive and TEK10 schools

Total Per m2 floor
Passive TEK10 Passive TEK10 Unit

Climate Change
(CC)

593901 723974 1202 1465.5 kg CO2 eq

Ozone Depletion
(ODP)

2.6 2.64 0.005 0.005 kg CFC-11
eq

Human Toxicity
(HT)

180520 217431 365.4 440 kg 1.4-DB
eq

Photochemical
oxidant formation
(POCP)

850 1005 1.7 2 kg
NMVOC
eq

Particulate matter
formation (PMF)

578.5 670 1.2 1.3 kg PM10
eq

Terrestrial acidifi-
cation (TA)

1240.5 1423 2.5 2.9 kg SO2 eq

Freshwater eu-
trophication (FE)

70 90.5 0.1 0.2 kg P eq

Marine eutrophica-
tion (ME)

40 49 0.1 0.1 kg N eq

Terrestrial ecotoxi-
city (TECO)

276 330 0.6 0.7 kg 1.4-DB
eq

Freshwater ecotoxi-
city (FECO)

2466.5 2887 5 5.8 kg 1.4-DB
eq

Marine ecotoxicity
(MECO)

2488 2963 5 6 kg 1.4-DB
eq

Metal depletion
(MD)

20861 26650 42 54 kg Fe eq

Cumulative energy
demand (CED)

13510 15911 27.4 32.2 GJ eq
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Figure 5.1 shows the life cycle impacts for Grefsen U3 over a 50 year lifetime. Impacts
are distributed among Construction, Waste during Construction (WDC), Maintenance,
and Operation. Operation accounts for roughly 59% of climate change, 32% from Con-
struction, 6% from Maintenance, and 2% from WDC for the passive house school. The
TEK10 school climate change impact was 65% for operation, 26% for Construction, 6%
for Maintenance, and 2% for WDC. The passive school has a higher material input than
the TEK10 school and therefore the Construction phase is a larger share of impacts.
When the Operation phase is excluded, Construction accounts for 78% of the passive
school impact, WDC 6%, and Maintenance 16%.

The TEK10 school has a much larger impact during Operation than the passive school.
Seeing as the Construction phase has a smaller relative impact, it can be concluded that
it is worthwhile to invest the material and precision that is required for passive house
standard in order to reduce climate change emissions over the building’s lifetime.
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Figure 5.1: All impacts of the building system, normalized. The magnitude of impacts on the right are per m2.
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Figure 5.2 compares the lifecycle impacts for the categories used in EPDs; the EPDs all
used the same impact assessment methods. The passive school has higher climate change
impacts in the Construction phase for all impacts, the highest being in the freshwater
eutrophication impact with a difference of 11%. To see a breakdown of impacts in each
Construction category see Appendix refsec:construction. The TEK10 school has a larger
impact in Operation almost all categories, varying from a 4% difference in human toxicity
impacts to a 29% difference in freshwater eutrophication. The WDC and Maintenance
have nearly similar impacts.
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Figure 5.2: Select impacts of the building system, normalized
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Annual Impacts
Figure 5.3 presents the yearly climate change impacts, per year (kg CO2/m2/year) and
accumulated through the lifetime of the two scenarios (kg CO2/m2). The highest impacts
occur during construction; 29% of impacts for the passive house and 22% for the TEK10
house occur in year 0. The passive house has 21 kg more CO2 eq higher impacts during
the first year because of the extra material and energy used in the building envelope.
Each year the TEK10 school has 5 kg more CO2 eq than the passive school. In year 3,
the TEK10 has a higher accumulated impact. Over the entire lifetime, the passive school
has an average impact of 22 kg CO2/m2/year and the TEK10 school 27 kg CO2/m2/year.
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Figure 5.3: Annual and accumulated climate change impacts over time

Another way to look at the annual impacts is that in year 0, the passive school has
an embodied energy of 114 kWh/m2 and the TEK10 school 105 kWh/m2. With an
operational energy use of 4 and 5 kWh/m2 respectively for each school, it takes 30 years
for the passive school and 20 for the TEK10 school to surpass the initial embodied energy
inputted.
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Endpoint Indicator
As discussed in Chapter 2.1, an endpoint indicator is a straightforward way to present
results. The three endpoint categories are normalized, weighted, and aggregated into a
single score endpoint indicator is provided in Figure 5.4. To make better sense of the
endpoint impact, Figure 2.2 from the Literature Review can help to understand that the
endpoint indicator is divided into three categories:

1. Human Health, expressed as the number of years of life lost and the number of years
lived disabled. These are combined as Disability Adjusted Life Years (DALYs) and
its unit is years.

2. Ecosystems, expressed as the loss of species over a certain area, during a year.

3. Resources surplus costs, expressed as the surplus costs of future resource production
over an infinitive timeframe (assuming constant annual production), considering a
3% discount rate. The unit is $2000 USD.
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Figure 5.4: Endpoint indicator, Passive vs TEK10

Figure 5.5 further desegregates the endpoint indicator for the three categories. DALYs are
made up of climate change affecting human health, human toxicity, particulate matter
formation, and ionizing radiation. Species per year impact is calculated using climate
change affecting ecosystems, terrestrial ecotoxicity, land occupied by agricultural activity,
land occupied by people, and land transformed for human use. Although it is part of
the category, the passive school had no impact on species per year through impacts to
terrestrial acidification, freshwater eutrophication, or freshwater and marine ecotoxicity
so it was not included in Figure 5.5. Economic damage was entire due to fossil depletion
with no contribution from metal depletion.
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Figure 5.5: Endpoint indicator per damage for the passive school



5.1. LIFE CYCLE RESULTS 55

Primary Energy Use versus Embodied Energy
Primary energy use was assessed using the Cumulative Energy Demand (CED) v1.08
method in SimaPro. The aim of primary energy assessments are to understand how
energy use is used throughout the supply chain taking into account both direct and
indirect energy use [29].

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

Tot
al 

N
on

-re
new

ab
le,

 fo
ss

il 

N
on

-re
new

ab
le,

 nucle
ar

 

N
on

-re
new

ab
le,

 biom
as

s 

Ren
ew

ab
le,

 biom
as

s 

Ren
ew

ab
le,

 w
in

d, s
ola

r, g
eo

th
e 

Ren
ew

ab
le,

 w
ate

r 

Direct Energy 

Indirect Energy 

13510   4190    4831   0.003       1654        121        2714

Figure 5.6: Direct and indirect energy use for Grefsen U3 per resource. The magnitude
of impacts are expressed in GJ.

In Figure 5.6 direct energy is that which is used in Operation, and indirect that used in
Construction, WDC, and Maintenance. When all energy is accumulated, direct energy
accounts for 67% of the lifecycle energy use in the passive school. This is in line with
Figure 5.1; Operation dominates impacts in the passive school.

The fossil fuel impact is due to contributions from hard coal from the Western EU, off-
shore natural gas produced in Norway and Russia, and peat from NORDEL. For impacts
from nuclear energy, uranium from North American sources is a large contributor. For
the biomass impact, the construction was a large contribution to the domination of the
category. The Leca blocks used the basement wall and the Weber Aquapanels and Rock-
wool in the outer walls were the large contributors. Electricity from an offshore wind
power plant accounted for 97% of the direct energy impact for Renewable, wind, solar,
and geothermal. The direct energy impact from Renewable, water consists of electricity
from hydropower sources from Europe in general, followed by Finland and Switzerland.
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5.2 Advanced Contribution Analysis

In order to better understand which processes and stressors contribute to the various im-
pact categories, an advanced contribution analysis has been performed. This will pinpoint
which processes must be of focus in order to improve upon the environmental impacts
of the passive school. The ReCiPe, hierarchist, midpoint method v1.06 was used. The
processes and stressors with the highest impact were traced in SimaPro and studied more
closely. The operation phase dominates the impacts and it is excluded from this analysis
so the non-electrical impacts can be studied. Where impacts from both schools from
substances are very similar, the percentage breakdown is combined.

Each table shows the relative contribution of each processes and stressors in each impact
category. For stressors, the compartment to which the stressor is released (air, water,
soil) is shown.

Climate Change

Table 5.2: Relative contributions to climate change

Process Contribution
Passive TEK10

Concrete 22% 17%
Hard coal, burned in power plant 13% 13%
Polystyrene, extruded (XPS), HFC-134a blown, at
plant

9% 7%

Gyptone Ceiling Tiles 6% 7%
Stressors Compartment
Carbon dioxide, fossil Air 50% 49%
Carbon Dioxide Air 25% 29%

We see in Table 5.2 that concrete has the largest share of climate change emissions in
both the passive (22%) and TEK10 (17%) schools. This is due to the large relative share
in which it is used; it accounts for 60% of the building envelope of the passive school.
The hard coal is used in the production of the fuel used in the lorry that goes to and
from the construction site. The extra insulation needed for the passive standard school
is evident in Table 5.2.
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Photochemical Oxidant Formation

Table 5.3: Relative contributions to photochemical oxidant formation

Process Contribution
Passive TEK10

Diesel, burned in building machine 10% 9%
Polystyrene, expandable, at plant 10% 8 %
Electricity, at cogen 9% 9%
Concrete 7% 9 %
Standard Gluelam beam 7% 6%
Hard Coal, burned in power plant 5% 5%
Clinker, at plant 3% 3%
Stressors Compartment
Nitrogen Oxides Air 67%
Non-methane volatile organic compounds (NMVOC) Air 14%
Sulfur Dioxide Air 8%

We see in Table 5.3 that elements in the construction energy, transportation, and con-
struction are the largest contributors to POCP. The electricity and diesel were the largest
contributor to Nitrogen oxides, the polystyrene used in the windows to the NMVOCs,
and the gluelam beam to the sulfur dioxide.

Ozone Depletion

Table 5.4: Relative contributions to ozone depletion

Process Contribution
Passive TEK10

Gyptone Ceiling Tiles 78% 80%
Refrigerant R134a, at plant 21% 19.5%
Stressors Compartment
Methane, trichlorofluoro-, CFC-11 Air 78% 80%
Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113 Air 21% 19%

Although ozone depleting material is illegal in many countries, construction products still
contribute to this impact and are reported in the EPDs [51]. Presented in Table 5.4 is
the ozone depletion impact, which was affected mostly by the ceiling tiles, which is one
of many EPDs were the stressor methane was used as the equivalent impact. The next
impact, refrigerant, is used in the heat pump and also is the largest contributor to the
other dominant stressor, ethane.
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Terrestrial Acidification

Table 5.5: Relative contributions to terrestrial acidification

Process Contribution
Passive TEK10

Linoleum Flooring 20% 19%
Standard Gluelam beam 8% 8%
Concrete 7% 5%
Flat glass, uncoated, at plant 6% 6%
Polystyrene, expandable, at plant 6% 5%
Stressors Compartment
Sulfur dioxide Air 68%
Nitrogen oxides Air 25%

Terrestrial acidification in Table 5.5 was dominated by the flooring from the European
manufacturing association ERFMI. A possible explanation for its large share of impacts is
that it needed to be replaced while the other products listed did not. Acidification impacts
in the EPDs were accounted for using sulfur dioxide, thus it is the largest stressor with
68% of the impact.

Freshwater Eutrophication

Table 5.6: Relative contributions to freshwater eutrophication

Process Contribution
Passive TEK10

Disposal, spoil from coal mining, in landfill 42% 41%
Disposal, spoil from lignite mining, in surface landfill 29% 31%
Disposal, sulfidic tailings, off-site 13% 13%
Stressors Compartment
Phosphate Water 94%
Phosphorus Water 5%

Table 5.6 shows the main contributors to freshwater eutrophication were from disposal of
fuels that were used in the production of insulation, plastics, and windows. This disposal
accounted for 84% of the passive school impacts and 85% of the TEK10 school impacts.

Phosphate and Phosphorus account for 99% of the stressors associated with freshwater
eutrophication. As the EPDs listed their impacts in Phosphate equivalents, this makes
sense.
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Human Toxicity

Table 5.7: Relative contributions to abiotic depletion potential

Process Contribution
Passive TEK10

Gyproc Plasterboard 12.5mm 53% 51%
Disposal, spoil from coal mining, in surface landfill 8% 8%
Disposal, sulfidic tailings, off-site 8% 8%
Disposal, wood ash mixture, pure 5% 5%
Stressors Compartment
Antinomy Air 50%
Manganese Water 21%
Phosphorus Soil 7%

Table 5.7 illustrates the elements with the highest impact on human toxicity account for
74% of impacts for the passive school and 72% of impacts for the TEK10 school. Wood
ash impacts are because of the incineration of wood, both from the furnace used in timber
production and the end of life treatment of wood products. The EPD for plasterboard
included the Antinomy (Sb) impacts per m2 (see Appendix 10.7), therefore this element
was the highest contributor to both projects. The plasterboard was used in the same
amounts for both the passive and TEK10 schools.
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5.3 Sensitivity Analysis

A sensitivity analysis is performed to see how the model changes when different param-
eters are set.

Different Electricity Mixes

The electricity mix for all EPDs and energy used for operation are changed to Norwe-
gian (NO) and European (RER) for comparison. All electricity mixes account for the
transmission network and direct SF6-emissions to air and are at a medium voltage. The
NORDEL network has a capacity of 345 TWh, the RER mix 291 TWh, and NO mix 107
TWh. In Figure 5.7 all impacts are normalized to the passive school using the NORDEL
electricity mix for each impact category.

Almost all ecoinvent processes refer to European average technology (termed ‘RER’ in
ecoinvent). The European electricity mix (RER) includes the EU27 and Norway and
Switzerland and assumptions about the transmission data are based on Swiss data. The
largest contributors to the RER’s climate change impact was hard coal and lignite burned
in Germany followed by hard coal burned in Spain and Poland.

As of 2012 the Norwegian electricity mix had hydropower as its main energy source
(96%). A share of about 2% of the electricity is imported from Denmark, Finland, the
Netherlands, Russia and Sweden [41]. Natural gas from the NORDEL mix was also large
contributor to the climate change impact. The impacts in every category are consequently
much less when using the NO mix. As shown in Figure 5.7, the climate change impact
was reduced by 43% for the passive house, 64% of the freshwater eutrophication, and the
ecotoxicity on average 75%. The renewable natural of the NO mix means that the fossil
depletion impact was reduced by 76% and the water depletion impact by 87%.

As to whether Norway should consider switching its local power source from NORDEL
to NO, the problem formulation considered by Dahlstrøm [15] is relevant. If the school
and the surrounding area is the only recipient of the hydropower energy, it means the
electricity production and consumption is nearly emission free. However, the hydropower
plan can sometimes producer more or less energy than the area needs, and hence connec-
tion to the national grid is needed to cover the school’s need. If the hydropower plant
is only producing for Grefsen’s region, then less electricity from the hydropower plant is
available on the national grid and more electricity must be generated elsewhere, probably
with an environmental burden. Thus there is no difference between consuming the local
NO mix or getting power from the national grid that uses the NORDEL mix. The goal
for the future of the electricity mix should be to have a lower energy need for buildings
and use the highest share of renewable energy as possible.
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Figure 5.7: Different electricity mixes normalized to NORDEL
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Using Only ecoinvent Processes
Currently EPDs in Norway are not integrated into SimaPro. As a result, the manual
input of each EPD can possibly affect the output from SimaPro. To test this, nearly all
products in the two models were inputted as ecoinvent processes. No similar processes
were found for Iso3 studs, Windows with the correct U-value, or linoleum flooring, so the
EPDs were used.

We see in Figure 5.8 the ecoinvent passive and TEK10 schools normalized to the original
passive and TEK10 schools. The most dramatic differences occur in agricultural and
urban land occupation as well as natural land transformation. The EPDs do not have
information on these impacts, and thus a much better sense of the ecosystem damages
occurring with the minerals, timber, and metal used in the school are available using
ecoinvent processes. There is a large reduction in ozone depletion, 68% for the passive
school and 72% for the TEK10 school. Since the EPDs had specific ODP impact in-
cluded, the ecoinvent processes do not accurately reflect the actual impacts. The same
can be said for the climate change impact, where ecoinvent processes resulted in a 13%
in impacts for the passive schools and 11% for the TEK10 school. There is almost no
difference (+/-2%) in the ecotoxicity categories, and the water and metal depletion.

There are advantages to using only ecoinvent processes. The ecoinvent database has de-
tailed upstream processes, by-products, and wastes associated with a given construction
product. The benefit of switching all products used in the building to ecoinvent is to
increase the credibility and acceptance of the results since ecoinvent is used worldwide.
However, many important products used in the school like flooring and passive standard
windows are unavailable in the current ecoinvent database, so a trade-off must be made
for every product modeled in the program.

In the interest of improving the application of LCA of schools in Norway, it can be
concluded that is better to use Norwegian products rather than use ecoinvent processes.
Another possibility is to change processes within ecoinvent to reflect Norwegian conditions
so that a more robust supply chain is reflected in the LCA and there is less room for
error. Bribián et al. [39] argues that it is important to extend and harmonize the existing
inventory databases of construction materials to the characteristics of the construction
industries in each country. Ultimately, as it is said by ecoinvent itself, their datasets
are intended as background data for LCA studies where case-specific foreground data is
supplied by the LCA practitioner.

Uncertainty
There are two types of uncertainty, the uncertainty of the data and of the methodol-
ogy [58]. The data used in this study and the uncertainty associated with it will be
discussed in this section.

The existence of uncertainties in input data and modeling is often mentioned as a crucial
drawback to a clear interpretation of LCA results. In the models for Grefsen U3, assump-
tions were made in each component and this affects the accuracy of results. This was
due to a lack of a bill of quantities that would specify how much material was used in the
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construction as well as given better detail for information like technical equipment, the
heating and ventilation system, and tools and energy used in excavation and construction.

Building Envelope

Since no bill of quantities was available, the makeup of the building envelope was discerned
from architectural and technical drawings. By manually calculating the amount of needed
material smaller elements were most likely overlooked. For some elements of the building,
like cladding and the heating system, substitutes for what may have actually been used in
the building were found since information on them was unavailable. Accordingly there is
is a fair amount of uncertainty about the completeness of the accounting of the building
envelope.

Functional Unit

According to ISO 14044, systems should be compared using the same functional unit
and equivalent methodological considerations, such as performance, system boundary,
data quality, allocation procedures, decision rules on evaluating inputs, and outputs and
impact assessment [26]. This study chose m2 of useful floor area, but as Forsberg [27]
points out it does not take into considering inner climate, even if IAQ is a difficult quality
to measure quantitatively. As each study is a case-by-case analysis, uncertainty is brought
in even when a certain functional unit is chosen.

Energy Mix

With information from technical drawings of the heating system (see Appendix 10.2,
information from COWI to build the SIMIEN models, and many options for the electricity
mixes in SimaPro, the energy system and operational energy in the building is fairly
certain.

Transportation

Transport distances were estimated based on assumed production locations, the given lo-
cations in ecoinvent, or from information from the EPDs. Although uncertainty has been
reduced by research on probable production locations, there is still significant uncertainty
involved.

Comparison

Through research little information was available about previous LCA studies of schools in
Norway. Relevants theses by other Industrial Ecology students were referenced [15,29,46]
for framework and interpretation, but those studies focused respectively on a home, an
apartment complex, and a much larger university hospital building. With different user
needs, locations, and system boundaries, comparison to them is ill-advised.
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Figure 5.8: Impact Analysis with ecoinvent normalized to passive
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Interpretation

It is difficult and sometimes unfitting to compare LCA results to others as discussed in
Section 2.2. However, trends can be identified overall in the building sector to further
the use of LCA of non-residential buildings in Norway.

The heat energy requirement is calculated with SIMIEN and does not fully take into
account the high uncertainty related to people’s habits. Therefore it would be interesting
after a few years to compare simulated data with field measurements [8]. This would
involve expanding the current study to become a dynamic LCA (DLCA), which has re-
cently been written about by Collinge [14] to evaluate tradeoffs of energy saving scenarios
and indoor air quality.

Modeling within SimaPro presented many challenges. The software was not immediately
understandable, and guidance from Hjellnes was required in order to build the model.
When defining a product, the amount had to be one if it were to be counted higher up
in the assembly, as shown in Figure 6.1.

Figure 6.1: Input of a product or component into SimaPro

The program does not have processes that are in compliance with low energy and passive
standards. Consequently components like windows must be researched and built manually
within the system, and this case-by-case input makes comparisons difficult and increases
the risk for calculation error. The processes available in ecoinvent did not always exactly
reflect reality for building products. There are no processes that are similar enough to
linoleum flooring and ceiling tiles, so these products must be built within SimaPro by
hand and thus data from higher up the supply chain is not as accurate as ecoinvent
processes. In SimaPro, if an input was to be changed, like changing from NORDEL to
NO electricity mix, all products that used that input had to be manually changed. This
tedious task allowed for human error if one product was passed over accidentally.

65



66 CHAPTER 6. INTERPRETATION

Without national statistics about the life cycle impacts of materials and energy use of
schools, a robust comparison is not possible. However, it is recorded that the average
school building built after 2000 uses 150 kWh/m2/year in the operational phase [66]. Gref-
sen U3 built after the passive house standard uses 63% less energy at 56.6 kWh/m2/year
and the school built to TEK10 a 50% relative reduction at 76.3 kWh/m2/year. The cu-
mulative energy demand of the building is 27 GJ/m2 - this is lower than Scheuer, where
the university building required 316 GJ/m2 [64].

As discussed in the literature review, TEK10 and NS 3701 are differentiated by the
amount of insulation and precision needed in construction. Most of the components of
the building were similar for the models. The largest differentiation came about through
infiltration losses, the normalized thermal bridges in the buildings, and the U-values for
windows and doors.

The Norwegian EPDs are inconsistent and they completeness of the data changes from
manufacturer to manufacturer. Thus it was challenging to input the data manually into
SimaPro. Although both systems (EPD and SimaPro) are maintained by a validation
and review system, they are not yet integrated for the Norwegian context and there are
no guidelines to how to apply EPDs to SimaPro individually. The next big industry trend
should be the ability to upload product EPDS into any LCA software.

The simulation program SIMIEN provided a detailed analysis of the energy system. It
took into account weather characteristics, orientation, the components in the building
envelope and their U-values, infiltration, ventilation, hours of operation, and compared
the simulated results against both NS 3031 and NS 3701 within the program. It would be
ideal if SIMIEN could be integrated with SimaPro to better depict the carbon emissions
associated with different electricity mixes, since in SIMIEN this is not adjustable.



Chapter 7

Limitations and Future Work

The limitations for this study were very similar to those faced in Grann [29]. Limitations
included the uncertainty due to the lack of a bill of quantities, human error, manual
calculation, and product supplier uncertainty. The composition of all components were
assessed using architectural and technical drawings and literature search. Human error
manifests through for example, manual calculation of material quantities and the hand-
written explanation of building elements in the architectural drawing. For example, in
one drawing the thickness of insulation was mislabeled. The material densities applied in
this study have been taken from EPDs or generic sources and this adds uncertainty into
the model. Transport distances were estimated since the actual supplier for various prod-
ucts was unknown. An inventory was compiled using EPDs and regional producers to
the Oslo market. However, this is not necessarily correct because other factors like price,
design, quality, or functionality could be a more important factor in choosing suppliers.
With some products, like concrete, these factors are not as important, so this assumption
varies across products [29].

The variation among EPDs in level of detail introduced uncertainty. The systems for
describing products in governed by PCRs, but not all EPDs used in the building were
alike. In Appendix 10.7 two current EPDs from different product categories are included
for reference. The Gyproc Plasterboard EPD lists energy by primary, renewable, and
non-renewable, while the Glava EPD provides better detail on its source, and thus better
modeling of its impact in the Norwegian context. Breakdown of impacts during each
phase of the Glava product allow for transparency and changes if needed.

There is the possibility of future work with this study both with the methodology and
the scope of this subject. It would be interesting to pair this study with a life cycle
costing (LCC) of the two buildings with the energy use and impacts results to see if the
extra material and precision required for the passive school would mean higher costs over
its lifetime. This assessment used a process-based accounting method for materials and
energy. The input–output analysis method was not used, and a further study can make
use of input-output analysis to identify if there were truncation errors and provide sensi-
tivity analysis of the material energy intensity. Input-output analysis could also provide
hotspots in construction, use, and disposal on the national level for school buildings and
could be a tool in educational infrastructure planning.

The simulation program, SimaPro, is best suited for LCA of product systems. It was
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chosen in this study due to its availability, and a future study in which the example
school is analyzed using the Level II or III programs as described in Section 2.2 would
be useful. One of the biggest improvements this could have on the current study is the
integration of the materials LCI and thermal performance of the school. This will be
important for future school building designers who would be able to link LCA directly to
an architectural drawing program.

In all, the results of this LCA provide a critical look at the common tools to perform
environmental impact assessment in Norway. It contributes to investigating the life cycle
impacts of educational services and can be used to correlate indoor air quality and building
design.



Chapter 8

Conclusion

An ideal building would be inexpensive to build, last forever with modest maintenance,
but return completely to the earth when abandoned [6]. This environmentally idealistic
vision has not been achieved yet and work to map the environmental damages related
to buildings must continue. In order to do that, LCA must be commonly recognized as
the definitive method of determining the relative environmental merits of building designs.

This thesis contributes to the growing body of literature for LCA of public buildings in
Norway. The cumulative energy consumption for the passive school is 27 GJ eq per m2,
and is 11% lower than the energy demand of the TEK10 school over the same lifetime.
Put in another way, the lifecycle energy consumption of 150 kWh/m2/year over a 50
year lifetime, and was found to be in line with results for school buildings presented in
the literature. The energy use from the operation phase of the building had the highest
impacts for most of the indicators.

69





Bibliography

[1] Norebo. http://www.norebo.no/.

[2] 1element. What is a passive house?

[3] Architecture 2030. Product Category Rules. http://architecture2030.org/about/.

[4] Miimu Airaksinen. Energy use in day care centers and schools. Energies, 4(6):998–
1009, 2011.

[5] G. Assefa, M. Glaumann, T. Malmqvist, B. Kindembe, M. Hult, U. Myhr, and
O. Eriksson. Environmental assessment of building properties—Where natural and
social sciences meet: The case of EcoEffect. Building and Environment, 42(3):1458
– 1464, 2007.

[6] David Bainbridge. Sustainable building as appropriate technology in Building without
Borders: Sustainable Construction for the Global Village. New Society Publishers,
2004.

[7] Rachel Becker, Itamar Goldberger, and Monica Paciuk. Improving energy perfor-
mance of school buildings while ensuring indoor air quality ventilation. Building and
Environment, 42(9):3261 – 3276, 2007.

[8] Gian Andrea Blengini and Tiziana Di Carlo. The changing role of life cycle phases,
subsystems and materials in the (LCA) of low energy buildings. Energy and Build-
ings, 42(6):869 – 880, 2010.

[9] G. Brundtland. Our Common Future. Technical report, United Nations World Com-
mission and Development on Environment, (UNWCED), Oxford University Press:
Oxford, UK, 1987.

[10] Matthias Buyle, Johan Braet, and Amaryllis Audenaert. Life cycle assessment in the
construction sector: A review. Renewable and Sustainable Energy Reviews, 26(0):379
– 388, 2013.

[11] SINTEF Byggforsk. Om byggforskserien, April 2014.

[12] Luisa F. Cabeza, Lídia Rincón, Virginia Vilariño, Gabriel Pérez, and Albert Castell.
Life cycle assessment (LCA) and life cycle energy analysis (LCEA) of buildings and
the building sector: A review. Renewable and Sustainable Energy Reviews, 29(0):394
– 416, 2014.

[13] European Commission Joint Research Center. International Reference Life Cycle
Data System (ILCD) Handbook: General guide for Life Cycle Assessment - Detailed
guidance. Institute for Environment and Sustainability, first edition, 2010.

71



72 BIBLIOGRAPHY

[14] William O. Collinge, Amy E. Landis, Alex K. Jones, Laura A. Schaefer, and
Melissa M. Bilec. Dynamic life cycle assessment: framework and application to an in-
stitutional building. The International Journal of Life Cycle Assessment, 18(3):538–
552, 2013.

[15] Oddbjørn Dahlstrøm. Mastersoppgaven: LCA of a Single- Family Residence built
to Passive House Standard. Master’s thesis, NTNU, 2011.

[16] The Sawmill Database. Sawmills in Norway. http://www.sawmilldatabase.com/.

[17] A. Dimoudi and P. Kostarela. Energy monitoring and conservation potential in
school buildings in the C climatic zone of Greece. Renewable Energy, 34(1):289 –
296, 2009.

[18] Manish Kumar Dixit, José L. Fernández-Solís, Sarel Lavy, and Charles H. Culp.
Identification of parameters for embodied energy measurement: A literature review.
Energy and Buildings, 42(8):1238 – 1247, 2010.

[19] Klinski-M. Haase M.-Mads M. Dokka, T.H. Kriterier for passivhus- og lavenergibygg
- Yrkesbygg. Technical Report 42, SINTEF Byggforsk, 2009.

[20] Yvan Dutil, Daniel Rousse, and Guillermo Quesada. Sustainable buildings: An ever
evolving target. Sustainability, 3(2):443–464, 2011.

[21] Building Ecology. Life Cycle Assessment software.
http://be.dev.netcorps.org/sustainability/life-cycle-assessment/life-cycle-
assessment-software/simapro-life-cycle-assessment-software.

[22] Dr. Wolfgang Feist. 15th Anniversary of the Darmstadt - Kranichstein Passive House.
http://www.passivhaustagung.de/, September 2006.

[23] Flowcrete. Isocrete K-Screed. United Kingdom, June 2012.

[24] Research Group for Cost-efficient Passive House Phase II. Passive House Schools.
Protocol 33, Passive House Institute, Darmstadt, 2006.

[25] CAP’EM (Cycle Assessment Procedure for Eco-Materials). Eco-material definition.
http://www.capem.eu/capem/en/6941-results.html, 2010.

[26] International Organization for Standardization. ISO 14044: Environmental Manage-
ment - Life Cycle Assessment - Requirements and Guidelines. First edition, 2006.

[27] Anna Forsberg and Fredrik von Malmborg. Tools for environmental assessment of
the built environment. Building and Environment, 39(2):223 – 228, 2004.

[28] FutureBuilt. Stasjonsfjellet Skole, April 2014.

[29] Blane Grann. A Building Information Model (BIM) Based Lifecycle Assessment of
a University Hospital Building Built to Passive House Standards. Master’s thesis,
NTNU, 2012.

[30] M.Sc. Guiyuan Han and Ph.D. Jelena Srebric. Life Cycle Assessment tools for
Building Analysis. http://www.engr.psu.edu/phrc/Publications/RB0511-Life-cycle



BIBLIOGRAPHY 73

[31] M.Y. Han, G.Q. Chen, Ling Shao, J.S. Li, A. Alsaedi, B. Ahmad, Shan Guo, M.M.
Jiang, and Xi Ji. Embodied energy consumption of building construction engineering:
Case study in e-town, beijing. Energy and Buildings, 64(0):62 – 72, 2013.

[32] D.J. Harris. A quantitative approach to the assessment of the environmental impact
of building materials. Building and Environment, 34(6):751 – 758, 1999.

[33] Heggelund and Koxvold. Drawings, Details, and Floor Plans for Building 6, Grefsen
U3. Email correspondance, February 2014.

[34] Stefanie Hellweg, Evangelia Demou, Martin Scheringer, Thomas E. McKone, and
Konrad Hungerbühler. Confronting Workplace Exposure to Chemicals with LCA:
Examples of Trichloroethylene and Perchloroethylene in Metal Degreasing and Dry
Cleaning. Environmental Science and Technology, 39(19):7741–7748, 2005. PMID:
16245853.

[35] Patxi Hernandez, Kevin Burke, and J. Owen Lewis. Development of energy per-
formance benchmarks and building energy ratings for non-domestic buildings: An
example for Irish primary schools. Energy and Buildings, 40(3):249 – 254, 2008.

[36] E. Hirst and R. Goeltz. Comparison of actual energy savings with audit predictions
for homes in the north central region of the U.S.A. Building and Environment,
20(1):1 – 6, 1985.

[37] Mark A. J. Huijbregts, Wim Gilijamse, Ad M. J. Ragas, and Lucas Reijnders. Eval-
uating uncertainty in environmental life-cycle assessment. a case study comparing
two insulation options for a dutch one-family dwelling. Environmental Science and
Technology, 37(11):2600–2608, 2003.

[38] Icopal. Icopal producter. http://www.icopal.no/AboutIcopal/Adresser.aspx.

[39] Alfonso Aranda Usón Ignacio Zabalza Bribián, Antonio Valero Capilla. Life cycle
assessment of building materials: Comparative analysis of energy and environmental
impacts and evaluation of the eco-efficiency improvement potential . Building and
Environment, 46(5):1133–1140, 2011.

[40] Passive House Institute. Welcome to Passipedia! http://passipedia.org, 2014.

[41] Frischknecht Rolf Stucki Matthias Itten, Rene. Life Cycle Inventories of Electricity
Mixes and Grid. Paul Scherrer Institut (PSI) and ESU Services, May 2013.

[42] Åsa Jönsson. Is it feasible to address indoor climate issues in LCA? Environmental
Impact Assessment Review, 20(2):241 – 259, 2000.

[43] Kristine Fiksen Karin Ibenholt. Energieffektivisering i eksisterende bygg. Technical
report, Vista Analyse/THEMA Consulting, December 2011.

[44] Lavenergiprogrammet. Standarder for energibruk i bygninger.
http://www.lavenergiprogrammet.no/standarder/category147.html.

[45] Lavenergiprogrammet. Hva er et passivhus?
http://www.lavenergiprogrammet.no/dette-er-passivhus/category123.html, May
2014.



74 BIBLIOGRAPHY

[46] Martin Sveinssønn Melvær. Life-cycle assessment of a multi-family residence built
to passive house standard. Master’s thesis, NTNU, March 2012.

[47] Bodil Motzke. Email correspondance. February 2014.

[48] NBS. Environmental Product Declaration of building materials.

[49] Norgips. Norgips aquapanels.

[50] EPD Norway. Product category rules: Windows and doors. Technical report,
Næringslivets Stiftelse for Miljødeklarasjoner, 2012.

[51] EPD Norway. Product category rules: Wood and wood-based products for use in
construction. Technical report, Næringslivets Stiftelse for Miljødeklarasjoner, 2013.

[52] Hamar Pukk og Grus. Produkter Brynsåsen.

[53] Kommunal og moderniseringsdepartementet. Forskrift om tekniske krav til byggverk
(Byggteknisk forskrift TEK10). http://lovdata.no/dokument/SF/forskrift/2010-03-
26-489, July 2010.

[54] Kommunal og moderniseringsdepartementet. KRDs arbeidsgruppe for energieffek-
tivisering av bygg. Technical report, Regjeringen, 2010.

[55] Tormod Ørdal. Email correspondance. Sto Norge AS.

[56] Plannja. Plannja combideck 45. http://www.plannja.se/husfabriker/produkter/ovriga-
profiler/plannja-combideck-45/.

[57] Plannja. Plannja takrennesystem. http://www.plannja.no/privat-
forhandler/produkter/takrennesystem/, March 2014.

[58] Pré. Introduction to LCA with SimaPro 8, 5.1 edition, November 2013.

[59] Pré. All About SimaPro. http://www.pre-sustainability.com/all-about-simapro,
2014.

[60] T. Ramesh, Ravi Prakash, and K.K. Shukla. Life cycle energy analysis of buildings:
An overview. Energy and Buildings, 42(10):1592 – 1600, 2010.

[61] SINTEF Energy Research. Energy Management in Buildings. NTNU, third edition,
2007.

[62] Rockwool. Tunge etasjeskillere.

[63] I. Sartori and A.G. Hestnes. Energy use in the life cycle of conventional and low-
energy buildings: A review article. Energy and Buildings, 39(3):249 – 257, 2007.

[64] Chris Scheuer, Gregory A Keoleian, and Peter Reppe. Life cycle energy and envi-
ronmental performance of a new university building: modeling challenges and design
implications. Energy and Buildings, 35(10):1049 – 1064, 2003.

[65] Joachim Seehusen. Strid om passivhus i Sverige.
http://www.tu.no/bygg/2014/04/28/mener-det-jukses-med-passivhus?, April
2014.



BIBLIOGRAPHY 75

[66] Statistisk sentralbyrå (SSB). Energibruk i tjenesteytende næringer, 2011, endelige
tall. https://www.ssb.no/entjeneste, 2011.

[67] Aashish Sharma, Abhishek Saxena, Muneesh Sethi, Venu Shree, and Varun. Life
cycle assessment of buildings: A review. Renewable and Sustainable Energy Reviews,
15(1):871 – 875, 2011.

[68] Steelway. Steel handrails and guardrails. http://www.steelway.co.uk/SW-steel-
handrails-guardrails-guidlines.php.

[69] Anders Hammer Strømman. Methodological Essentials of Life Cycle Assessment,
Chapter 3. NTNU, Trondheim, August 2010.

[70] The International Passive House Association (iPHA). About Us.
http://www.passivehouse-international.org/index.php?, March 2014.

[71] Andreas Thewes, Stefan Maas, Frank Scholzen, Danièle Waldmann, and Arno
Zürbes. Field study on the energy consumption of school buildings in Luxembourg.
Energy and Buildings, 68, Part A(0):460 – 470, 2014.

[72] Cassandra L. Thiel, Nicole Campion, Amy E. Landis, Alex K. Jones, Laura A.
Schaefer, and Melissa M. Bilec. A materials life cycle assessment of a net-zero energy
building. Energies, 6(2):1125–1141, 2013.

[73] Horst S. Trusty, W. LCA Tools around the world. Building Design and Construction,
November 2005.

[74] Unicon. Hvor mye veier betong? http://www.unicon.no/.

[75] Varun, Aashish Sharma, Venu Shree, and Himanshu Nautiyal. Life cycle environ-
mental assessment of an educational building in Northern India: A case study. Sus-
tainable Cities and Society, 4(0):22 – 28, 2012.

[76] B. Wauman, H. Breesch, and D. Saelens. Evaluation of the accuracy of the imple-
mentation of dynamic effects in the quasi steady-state calculation method for school
buildings. Energy and Buildings, 65(0):173 – 184, 2013.

[77] BoP. Weidema, Niels Frees, and Anne-Merete Nielsen. Marginal production technolo-
gies for life cycle inventories. The International Journal of Life Cycle Assessment,
4(1):48–56, 1999.

[78] Weland. Product handbook. http://www.weland.no/.

[79] B.N. Winther and A.G. Hestnes. Solar Versus Green: The Analysis of a Norwegian
Row House. Solar Energy, 66(6):387 – 393, 1999.

[80] Wim Zeiler and Gert Boxem. Net-zero energy building schools. Renewable Energy,
49(0):282 – 286, 2013. Selected papers from World Renewable Energy Congress -
{XI}.





Chapter 9

Glossary

Declared unit: Quantity of a building product for use as a reference unit in an EPD,
based on LCA, for the expression of environmental information needed in information
modules. Example: Mass (kg), Volume (m3)

Demolition energy: Energy required at the end of the buildings” service life to demol-
ish it and to transport the material to landfill sites and/or recycling plants.

Direct energy: Direct energy is consumed in various on-site and off-site operations like
construction, prefabrication, transportation and administration.

Dynamic LCA (DLCA): An approach to LCA which explicitly incorporates dynamic
process modeling in the context of temporal and spatial variations in the surrounding
industrial and environmental systems.

Eco-material: An ecological building material/product is a material/product with no
heavy negative environmental impact and with no negative health impact.

Embodied energy: Energy content of all the materials used in the building and tech-
nical installations, and energy incurred at the time of new construction and renovation
of the building.

End-use energy: Energy measured at the final use level. Feedstock energy: Heat of
combustion of raw material inputs, such as wood or plastics, to a system. Generally
expressed as gross calorific value.

Function unit: Quantified performance of a product system for a building product for
use as a reference unit in a LCA.

Indirect energy: Indirect energy is mostly used during the manufacturing of building
materials, in the main process, upstream processes and downstream processes and during
renovation, refurbishment, and demolition.

Indoor climate assessment (ICA): Addresses the indoor climate in non-industrial
buildings with a focus on health effects on the building occupants.

77



78 CHAPTER 9. GLOSSARY

Initial embodied energy: The sum of the energy embodied in all the material used in
the construction phase, including technical installations.

International reference life cycle data system (ILCD): ILCD consists of the ILCD
Handbook and the ILCD Data Network. It provides governments and businesses with a
basis for assuring quality and consistency of life cycle data, methods and assessments.

Life cycle assessment (LCA): Compilation and evaluation of the inputs, outputs and
the potential environmental impacts of a product system throughout its life cycle.

Life cycle cost (LCC): The total discounted dollar cost of owning, operating, main-
taining, and disposing of a building or a building system over a period of time.

Life cycle cost analysis (LCCA): An economic evaluation technique that determines
the total cost of owning and operating a facility over a period of time.

Life cycle inventory (LCI): Phase of life cycle assessment involving the compilation
and quantification of inputs and outputs for a product throughout its life cycle.

Life cycle impact assessment (LCIA): Phase of life cycle assessment aimed at under-
standing and evaluating the magnitude and significance of the potential environmental
impacts for a product system throughout the life cycle of the product.

Life cycle interpretation: Phase of life cycle assessment in which the findings of either
the inventory analysis or the impact assessment, or both, are evaluated in relation to the
defined goal and scope in order to reach conclusions and recommendations.

Low-energy building or simply low-energy: Refers to a building built according to
special design criteria aimed at minimizing the building’s operating energy.

Materials Emissions Assessment (MEA): Analysis of emissions that may affect hu-
man health (primarily VOCs) from building materials during the use phase.

Operating energy: Energy required for maintaining thermal comfort and day-to-day
maintenance of a building. Energy for HVAC (heating, ventilation and air conditioning),
domestic hot water, lighting, and for running appliances.

Passive house: A type of low-energy building; design is oriented to make maximum ex-
ploitation of passive technologies (eventually adopting also some active solar technology).

Primary energy: Energy measured at the natural resource level. It is the energy used to
produce the end-use energy, including extraction, transformation and distribution losses.

Product category: Group of building products that can fulfill equivalent functions.

Recurring embodied energy: The sum of the energy embodied in the material used
in the rehabilitation and maintenance phases.
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Reference service life: Service life of a building product that is known or expected
under particular set, i.e. a reference set, of in-use conditions and that may form the basis
of estimating the service life under other in-use conditions. Applied in the functional unit.

Total embodied energy: The sum of both initial and recurring embodied energies.

Total energy: The sum of all the energy used by a building during its life cycle (total
embodied energy plus operating energy multiplied by lifetime).
[12,14,25,42,50,63]
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Chapter 10

Appendix

10.1 Passive House Weather Criteria

(a) Regional Context

(b) Conditions in Norway

Figure 10.1: Climate Conditions for Passive House Standard in Norway
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10.2 Heating System

Figure 10.2: Heat Pumps for Building Complex (left) and heating system for Building (right)
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10.3 Material Densities

Material Unit Weight Source
Wood
Plywood kg/m2 5.5 Norebo [1]
Gluelam Beams kg/m3 470 EPD Moelven
OSB Board kg/m3 620 Norebo
Ceiling tiles kg/m3 330 EPD Gyptone
Acoustic Barrier kg/m2 9 Rockwool [62]
Metals
Steel handrails kg/m 3.85 Steelway [68]
Steel Beams kg/m 0.66 EPD Norgips
Metal Walkway kg/m2 8.9 Plannja [56]
Steel Steps kg/m2 42 Weland [78]
Minerals
Concrete kg/m3 2400 Unicon [74]
Crushed Stone kg/m3 1300 Hamar Pukk og

Grus [52]
Concrete Slabs/Screed/Påstøp kg/m3 1800 Flowcrete [23]
Fiber cement facing tile kg/m2 16 Norgips [49]
Other Materials
Under Roofing/Wind Barrier kg/m2 10.2 EPD Hunton
Linoleum Flooring kg/m2 2.9 EPD ERFMI
Mineral Wool kg/m3 16.5 EPD Glava
Moisture Barrier kg/m2 0.5 EPD Icopal
Insulation kg/m3 29 EPD Rockwool
Top Roofing kg/m2 4.7 EPD Isola
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10.4 Transportation Distances

Material Supplier Producer
Location

Value
(in km)

Mode Source

Concrete Unicon Sjursøya 11 Lorry EPD
Leca Blocks Weber Oslo 6 Lorry Assumed
Ceiling Tiles Gyptone Askim 61 Lorry EPD
Fireboard 15mm Gyproc Fredrikstad 100 Lorry EPD
Plasterboard 12.5mm Gyproc
Sheathing Board 9.5mm Gyproc
Insulation Rockwool Moss 65 Lorry EPD
Heat Pump SGP Olso 19.1 Lorry Assumed
Iso3 Board Moelven Oslo 6 Lorry Assumed
Standard Gluelam Beam Moelven
Linoleum Flooring ERFMI
Mineral Wool Glava Askim 61 Lorry EPD
Moisture Barrier Icopal Oslo 17 Lorry Website [38]
Hard Plasterboard 13mm Norgips Sävsjö,

Sweden
465 Lorry EPD

Plasterboard 13mm Norgips
Steel Beam Norgips
Steel Steps/Railing Plannja Frogner 26 Lorry Assumed
Plywood Treindustrien Oslo 11.6 Lorry The Sawmill

Database
[16]

Planed Structural Timber Treindustrien
Roofing Isola Porsgrunn 161 Lorry EPD
Roofing/Wind Barrier Hunton Gjøvik 136 Lorry EPD
Windows Nordan Moi 454 Lorry Dahlstrøm

[15]
Glass Facade Sto Linköping,

Sweden
438 Lorry Email [55]

10.5 SIMIEN Models



SIMIEN
Resultater årssimulering

Simuleringsnavn: ÅrssimuleringGrefsenPassive
Tid/dato simulering: 13:12 3/6-2014
Programversjon: 5.014
Brukernavn: Student
Firma: Undervisningslisens
Inndatafil: C:\Users\jenskrho\Downloads\Grefsen - Nybygg - Passive.smi
Prosjekt: Grefsen nybygg
Sone: Grefsen

SIMIEN; Resultater årssimulering Side 1 av 26

Energibudsjett
Energipost Energibehov Spesifikt energibehov

1a Romoppvarming 7275 kWh 14,7 kWh/m²

1b Ventilasjonsvarme (varmebatterier) 2342 kWh 4,7 kWh/m²

2   Varmtvann (tappevann) 4979 kWh 10,1 kWh/m²

3a Vifter 2201 kWh 4,5 kWh/m²

3b Pumper 741 kWh 1,5 kWh/m²

4   Belysning 5240 kWh 10,6 kWh/m²

5   Teknisk utstyr 3494 kWh 7,1 kWh/m²

6a Romkjøling 0 kWh 0,0 kWh/m²

6b Ventilasjonskjøling (kjølebatterier) 1679 kWh 3,4 kWh/m²

Totalt netto energibehov, sum 1-6 27952 kWh 56,6 kWh/m²

Levert energi til bygningen (beregnet)
Energivare Levert energi Spesifikk levert energi

1a Direkte el. 17738 kWh 35,9 kWh/m²

1b El. Varmepumpe 3830 kWh 7,8 kWh/m²

1c El. solenergi 0 kWh 0,0 kWh/m²

2   Olje 0 kWh 0,0 kWh/m²

3   Gass 0 kWh 0,0 kWh/m²

4   Fjernvarme 0 kWh 0,0 kWh/m²

5   Biobrensel 0 kWh 0,0 kWh/m²

Annen energikilde 84 kWh 0,2 kWh/m²

Totalt levert energi, sum 1-6 21652 kWh 43,8 kWh/m²



SIMIEN
Resultater årssimulering

Simuleringsnavn: ÅrssimuleringGrefsenPassive
Tid/dato simulering: 13:12 3/6-2014
Programversjon: 5.014
Brukernavn: Student
Firma: Undervisningslisens
Inndatafil: C:\Users\jenskrho\Downloads\Grefsen - Nybygg - Passive.smi
Prosjekt: Grefsen nybygg
Sone: Grefsen

SIMIEN; Resultater årssimulering Side 4 av 26

Årlig energibudsjett

1a Romoppvarming 26,0 %

1b Ventilasjonsvarme 8,4 %

Tappevann 17,8 %

Vifter 7,9 %

3b Pumper 2,7 %

4   Belysning 18,7 %

5   Teknisk utstyr 12,5 %

6b Ventilasjonskjøling 6,0 %

Totalt netto energibehov, sum 1-6 27952 kWh
6b Ventilasjonskjøling (kjølebatterier) 1679 kWh
6a Romkjøling 0 kWh
5   Teknisk utstyr 3494 kWh
4   Belysning 5240 kWh
3b Pumper 741 kWh
3a Vifter 2201 kWh
2   Varmtvann (tappevann) 4979 kWh
1b Ventilasjonsvarme (varmebatterier) 2342 kWh
1a Romoppvarming 7275 kWh



SIMIEN
Resultater årssimulering

Simuleringsnavn: ÅrssimuleringGrefsenPassive
Tid/dato simulering: 13:12 3/6-2014
Programversjon: 5.014
Brukernavn: Student
Firma: Undervisningslisens
Inndatafil: C:\Users\jenskrho\Downloads\Grefsen - Nybygg - Passive.smi
Prosjekt: Grefsen nybygg
Sone: Grefsen

SIMIEN; Resultater årssimulering Side 7 av 26

Månedlig netto energibehov

1a Romoppvarming
1b Ventilasjonsvarme
Tappevann
Vifter
3b Pumper
4   Belysning
5   Teknisk utstyr
6a Romkjøling
6b Ventilasjonskjøling
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SIMIEN
Resultater årssimulering

Simuleringsnavn: ÅrssimuleringGrefsenTEK10
Tid/dato simulering: 18:38 30/5-2014
Programversjon: 5.014
Brukernavn: Student
Firma: Undervisningslisens
Inndatafil: C:\Users\jenskrho\Downloads\Grefsen - Nybygg -TEK10.smi
Prosjekt: Stasjonsfjellet nybygg
Sone: Grefsen

SIMIEN; Resultater årssimulering Side 1 av 25

Energibudsjett
Energipost Energibehov Spesifikt energibehov

1a Romoppvarming 16615 kWh 33,6 kWh/m²

1b Ventilasjonsvarme (varmebatterier) 2603 kWh 5,3 kWh/m²

2   Varmtvann (tappevann) 4979 kWh 10,1 kWh/m²

3a Vifter 2197 kWh 4,4 kWh/m²

3b Pumper 886 kWh 1,8 kWh/m²

4   Belysning 5240 kWh 10,6 kWh/m²

5   Teknisk utstyr 3494 kWh 7,1 kWh/m²

6a Romkjøling 0 kWh 0,0 kWh/m²

6b Ventilasjonskjøling (kjølebatterier) 1675 kWh 3,4 kWh/m²

Totalt netto energibehov, sum 1-6 37689 kWh 76,3 kWh/m²

Levert energi til bygningen (beregnet)
Energivare Levert energi Spesifikk levert energi

1a Direkte el. 18858 kWh 38,2 kWh/m²

1b El. Varmepumpe 7653 kWh 15,5 kWh/m²

1c El. solenergi 0 kWh 0,0 kWh/m²

2   Olje 0 kWh 0,0 kWh/m²

3   Gass 0 kWh 0,0 kWh/m²

4   Fjernvarme 0 kWh 0,0 kWh/m²

5   Biobrensel 0 kWh 0,0 kWh/m²

Annen energikilde 84 kWh 0,2 kWh/m²

Totalt levert energi, sum 1-6 26595 kWh 53,8 kWh/m²



SIMIEN
Resultater årssimulering

Simuleringsnavn: ÅrssimuleringGrefsenTEK10
Tid/dato simulering: 18:38 30/5-2014
Programversjon: 5.014
Brukernavn: Student
Firma: Undervisningslisens
Inndatafil: C:\Users\jenskrho\Downloads\Grefsen - Nybygg -TEK10.smi
Prosjekt: Stasjonsfjellet nybygg
Sone: Grefsen

SIMIEN; Resultater årssimulering Side 4 av 25

Årlig energibudsjett

1a Romoppvarming 44,1 %

1b Ventilasjonsvarme 6,9 %

Tappevann 13,2 %

Vifter 5,8 %
3b Pumper 2,4 %

4   Belysning 13,9 %

5   Teknisk utstyr 9,3 %

6b Ventilasjonskjøling 4,4 %

Totalt netto energibehov, sum 1-6 37689 kWh
6b Ventilasjonskjøling (kjølebatterier) 1675 kWh
6a Romkjøling 0 kWh
5   Teknisk utstyr 3494 kWh
4   Belysning 5240 kWh
3b Pumper 886 kWh
3a Vifter 2197 kWh
2   Varmtvann (tappevann) 4979 kWh
1b Ventilasjonsvarme (varmebatterier) 2603 kWh
1a Romoppvarming 16615 kWh



SIMIEN
Resultater årssimulering

Simuleringsnavn: ÅrssimuleringGrefsenTEK10
Tid/dato simulering: 18:38 30/5-2014
Programversjon: 5.014
Brukernavn: Student
Firma: Undervisningslisens
Inndatafil: C:\Users\jenskrho\Downloads\Grefsen - Nybygg -TEK10.smi
Prosjekt: Stasjonsfjellet nybygg
Sone: Grefsen

SIMIEN; Resultater årssimulering Side 7 av 25

Månedlig netto energibehov

1a Romoppvarming
1b Ventilasjonsvarme
Tappevann
Vifter
3b Pumper
4   Belysning
5   Teknisk utstyr
6a Romkjøling
6b Ventilasjonskjøling
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10.6 Relative Construction Impacts
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Figure 10.3: Construction impacts of the passive school relative to the TEK10 impact
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10.7 Examples of EPDs



NEPD 223 Gyproc GN13 1/5   2011 

                                                                                                           

                                  

 
 

 
 
Manufacturer: 
Gyproc AS 
Habornveien 59, 1630 Gamle Fredrikstad, Norway 
Organisation no. NO 951699403 
ISO 14001: NS-EN-ISO 14001:2004 Certificate 008 
EMAS: EMAS Registered 
Place of manufacture: Fredrikstad, Norway 
Market area: Norway 

 
 
Contact person: Jon A. Gjerløw 
Telephone: +69357500 
Fax: +4769357501 
e-mail: jon.gjerlow@saint-gobain.com 

 
Product information: 
Scope:     Cradle to grave   
Year of study:    2010 
Expected service life of building:  60 years 
Service life of product:   60 years 
Thickness:    12,5 mm 
Functional unit (FU):   m

2
 installed plasterboard with expected service life of 60 years 

 
Product description: 
Gyproc plasterboards consist of an aerated gypsum core encased in, and firmly bonded to, strong paper liners. The Gyproc GN 
13 Normal plasterboard contains a glass-fibre reinforced core with added dimension stabilizing minerals. Gyproc GN 13 Normal 
is used as cladding for internal walls and ceilings, and can be used in all types of buildings. Suitable for most applications where 
normal fire, structural and acoustic levels are specified. The plasterboards have tapered long edges and short edges sawn 
straight. 

 
 
Product specification: 

Material Part % Quantity (kg/FU) 

Gypsum 95.2 8.57 

Paper liner 3.9 0.35 

Additives 0.9 0.08 

SUM 100 9 

 
 
Environmental Indicators:   

Climate Change – Global Warming 2,66 kg CO2 equiv. 
Energy use 45,7 MJ 
Recycled materials 33 % 
Indoor air classification (Classification according to EN 15251:2007) M1  

 

 
ENVIRONMENTAL DECLARATION, ISO 14025 & ISO 21930 

  

 

Gyproc Plasterboard 12,5 mm, GN13 

NEPD NO: 223E 
Approved according to ISO14025, §8.1.4: 11.11.2011 
Valid until :       11.11.2016 

Verification of data: 
Independent verification of data and other environmental 
information has been carried out by Senior Research Scientist 
Anne Rønning in accordance with ISO14025, §8.1.3 

Declaration compiled by: 
Vikki Holme and Jon Gjerlow 

PCR: 
NPCR010 Building boards 

About EPD: 
EPDs from program operators other than the Norwegian EPD 
Foundation may not be comparable 

A critical review has been carried out by Michaël Medard 
(Saint-Gobain) in accordance with ISO 14044 clause 6 



NEPD 223 Gyproc GN13 4/5   2011 

 

2 Representative environmental impacts of plasterboard GN13 in relation 
with NPCR 010 

 
All these impacts are reported or calculated in accordance with NPCR 010 §8.2 and § 9.4 of the Saint-Gobain PCR 
and the data below are derived from the process of life cycle analysis. The units of reference are defined by NPCR 
010 §5.1 and the totals per functional unit (FU) are related to the Typical Life Time (TLT) of the product i.e. 60 
years. 
 

N
o
 Flow Units Production Transport Implementation Utilisation End of life 

Total 
per FU 

1 
Consumption of energy 
resources:               

 Total primary energy MJ 41.57 2.14 1.79 0.00 0.2138 45.7 

 Renewable energy MJ 4.38 0.0050 0.3694 0.00 0.0006 4.75 

 Non-renewable energy MJ 37.20 2.13 1.42 0.00 0.2132 41.0 

2 
Resource depletion 
(ADP) 

kg 
antimony 
equivalent 

(Sb) 

0.0160 0.0010 0.0005 0.00 0.0001 0.0177 

3 Water consumption  Litre 9.52 0.1665 0.7804 0.00 0.0202 10.5 

4 

Solid waste:        

Recovered waste (total) kg 0.0549 4.730E-07 0.0265 0.00 5.790E-08 0.081 

Eliminated waste:        

Dangerous waste kg 0.0440 4.171E-05 0.0005 0.00 5.103E-06 0.0446 

Non dangerous waste kg 0.0304 4.050E-05 0.4931 0.00 9.00 9.5 

Inert waste kg 1.4321 7.067E-05 0.0419 0.00 8.641E-06 1.474 

Radioactive waste kg 2.277E-05 2.795E-05 5.595E-06 0.00 3.421E-06 0.000060 

5 Climate change kg CO2 

equivalent  
2.39 0.17 0.08 0.00 0.02 2.66 

6 Atmospheric acidification  kg SO2 
equivalent 

0.0112 0.0016 0.0003 0.00 0.0001 0.0133 

7 Air pollution  m
3
 130.69 16.80 6.30 0.00 1.74 156 

8 Water pollution  m
3
 1.06 0.1832 0.4947 0.00 0.6717 2.41 

9 Destruction of 
stratospheric ozone layer 

N/A N/A
1
 N/A

1
 N/A

1
 N/A

1
 N/A

1
 N/A

1
 

10 Formation of 
photochemical ozone 

kg ethylene 
equivalent 

0.0009 0.0002 4.182E-05 0.00 2.232E-05 0.00120 

Another indicator (non-standard NF P01-010) 

11 Eutrophication g PO4 
3-
 

equivalent 
0.98 0.0021 0.0430 0.00 0.5874 1.61016 

 
Electricity model:  Production of electricity in Norway (2004), predefined in TEAM (CO2 factor: 1.03954 g/MJ). 
 
 
See "Guide to Reading" Note 1



NEPD nr.: 221E ver 2
Approved according to ISO 14025:2006, 8.1.4
Approved:  11.01.2013 Verification leader:
Valid until:  11.01.2018                             

Verification Internal     External   X

The declaration has been prepared by
Thale Plesser, SINTEF Building and Infrastructure

Manufacturer
Glava AS, www.glava.no
Addr.: Nybråtveien 2, 1801 Askim, Norway
Phone: +47 69 81 84 00   E-mail: post@glava.no
Org.nr.: NO-912 008 754
ISO 14001-certified: Yes
Contact person: John A. Bakke, +47 951 47 820

About EPD

PCR
PCR for insulation material, NPCR 012:2012

Environmental indicators      Cradle to gate

Global warming 0,74 kg CO2-eq./DU 0,76 kg CO2-eq./FU

Energy consumption 18,9 MJ/DU 19,5 MJ/FU

Amount of renew. energy 24,3 % 23,6 %

Indoor air TVOC < 0,8 µg/(m
2
 h)

Chemicals

Scope and expected marked area
Declared unit (DU):

Expected service life:

Scope: The declaration is cradle to grave.
Year of study: 2012.
Year of data: Production and emission data for Glava AS at Askim in 2011.
Expected market area: Norway.

Product description

Product specification

Composition of the final product Table 1
Material Part [weight] Per DU

Silicate glass 95,0 % 0,589 kg

Hardened, urea modified phenol formaldehyde resin 4,4 % 0,027 kg

Dust binding oil 0,6 % 0,004 kg

SUM 100 % 0,62 kg

Environmental Product Declaration ISO 14025

Glava glass wool

EPD from other program operators than the Norwegian EPD Foundation may not be 

comparable.

Independent verification of data has been carried out by Marte Renaas, Rambøll in 

accordance with EN ISO 14025:2010, 8.1.3

1m2 glass wool insulation insulation material with a thickness that gives a declared thermal 

resistance of R = 1 m
2
 K/W. This is achieved by using a product with a thickness of 35 mm, a λD of 

0,0035 W/mK and a density of 16,5 kg/m
3
.

Set equal to the reference service life of the building, i.e. 60 years. The service life of the product is >> 

60 years.

The insulation is mainly manufactured from recycled glass (75%). The product is used to insulate against cold, heat, fire and 

sound. They can be used in buildings, industrial installations, road, rail and marine constructions. The glass wool is elastic and 

can be compressed to 1/5 of the volume in use.

                  Cradle to grave

The finsihed product contains no chemicals on the REACH candidate list or the Norwegian priority list.

NEPD 221E rev2 Glava glass wool 1 / 6



Energy and resources

Primary energy

Table 3. Energy consumption specified for the different energy carrier and life cycle stages

Unit

Raw 

materials    

A1

Transport     

A2

Production     

A3

Total

A1-A3

Transport

A4

Installation

A5

Total

A4-A5

Non-renewable primary energy

Fossil MJ 5,11 0,526 3,73 9,37 0,328 0 0,328

Nuclear MJ 0,568 0,032 4,35 4,95 1,90E-02 0 1,90E-02

Non-renewable, biomass MJ 2,87E-06 1,48E-06 4,21E-06 0,00 9,80E-07 0 9,80E-07

Renewable primary energy

Renewable, biomass MJ 0,037 1,04E-03 1,96 2,00 6,07E-04 0 6,07E-04

Wind, solar, geothermal MJ 0,010 3,04E-04 0,106 0,12 1,51E-04 0 1,51E-04

Water MJ 0,084 5,46E-03 2,40 2,49 3,39E-03 0 3,39E-03

CO2 factor for the production in Norway is 189 g CO2 equivalents per kWh (NORDEL for 2007)

Table 4. Energy consumption specified for the different energy carrier and life cycle stages

Unit
Use stage

B1-B7

Demolition

C1

Transport

C2

Waste 

processing

C3

Disposal

C4
C1-C4

Non-renewable primary energy

Fossil MJ 0 0 0,041 0 0,190 0,231

Nuclear MJ 0 0 2,36E-03 0 7,02E-03 9,38E-03

Non-renewable, biomass MJ 0 0 1,22E-07 0 3,09E-07 4,31E-07

Renewable primary energy

Renewable, biomass MJ 0 0 7,59E-05 0 2,42E-04 3,18E-04

Wind, solar, geothermal MJ 0 0 1,89E-05 0 5,86E-05 7,75E-05

Water MJ 0 0 4,24E-04 0 1,16E-03 1,58E-03

Table 5. Energy used as raw materials. Product stage and construction process stage.

Parameter Unit

Raw 

materials    

A1

Transport     

A2

Production     

A3

Total

A1-A3

Transport

A4

Installation

A5

Total

A4-A5

Use of renewable primary 

energy excluding 

renewable primary energy 

resources used as raw 

materials

MJ 0,100 5,93E-03 3,24 3,35 3,92E-03 0 3,92E-03

Use of renewable primary 

energy resources used as 

raw materials

MJ 0,031 8,76E-04 1,23 1,26 2,28E-04 0 2,28E-04

Total use of renewable 

primary energy resources
MJ 0,131 6,80E-03 4,47 4,61 4,15E-03 0 4,15E-03

Use of non renewable 

primary energy excluding 

non renewable primary 

energy resources used as 

raw materials*

MJ
Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Use of non renewable 

primary energy resources 

used as raw materials*

MJ
Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Not 

calculated

Total use of non-renewable 

primary energy resources
MJ 5,68 0,558 8,08 14,32 0,347 0 3,47E-01

*non renewable primary energy used as raw material is not calculated because it cannot be separated from non renewable primary 

energy used as energy.
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Emissions and environmental impacts

Table 9. Environmental impacts.

Indicator

Unit

Raw 

materials    

A1

Transport     

A2

Production     

A3

Total

A1-A3

Transport

A4

Installation

A5

Total

A4-A5

Global warming potential kg CO2 eq. 0,236 0,034 0,467 0,737 0,021 0 0,021

Ozone layer depletion 

potential kg CFC-11 eq. 2,01E-08 7,05E-06 1,52E-08 7,09E-06 3,35E-09 0 3,35E-09

Acidification potential for 

soil and water kg SO2 eq. 7,49E-04 2,24E-04 2,97E-03 3,94E-03 1,03E-04 0 1,03E-04

Eutrophication potential kg (PO4)
3-

 eq. 3,84E-04 4,70E-05 8,04E-04 1,24E-03 2,68E-05 0 2,68E-05

Photochemical ozone 

creation potential kg C2H4 eq. 8,13E-05 7,05E-06 1,05E-04 1,93E-04 3,22E-06 0 3,22E-06

Abiotic depletion potential 

for non fossil resources kg Sb eq. 9,12E-05 1,47E-07 1,73E-06 9,31E-05 1,00E-07 0 1,00E-07

Abiotic depletion potential 

for fossil resources MJ 5,11 0,526 3,73 9,37 0,328 0 0,328

Table 10. Environmental impacts.

Indicator Unit
Use stage

B1-B7

Demolition

C1

Transport

C2

Waste 

processing

C3

Disposal

C4

Total

C1-C4

Global warming potential kg CO2 eq. 0 0 2,67E-03 0 4,10E-03 6,77E-03

Ozone layer depletion 

potential kg CFC-11 eq. 0 0 4,18E-10 0 1,23E-09 1,65E-09

Acidification potential for 

soil and water kg SO2 eq. 0 0 1,29E-05 0 2,44E-05 3,73E-05

Eutrophication potential kg (PO4)
3-

 eq. 0 0 3,35E-06 0 5,95E-06 9,30E-06

Photochemical ozone 

creation potential kg C2H4 eq. 0 0 4,03E-07 0 8,46E-09 4,11E-07

Abiotic depletion potential 

for non fossil resources
kg Sb eq. 0 0 1,25E-08 0 2,11E-06 2,12E-06

Abiotic depletion potential 

for fossil resources
MJ eq. 0 0 0,041 0 0,110 0,151

Output flows and waste

Table 11. Output flows through the life cycle

Parameter Unit

Raw 

materials    

A1

Transport     

A2

Production     

A3

Total

A1-A3

Transport

A4

Installation

A5

Total

A4-A5

Hazardous waste disposed kg 8,29E-06 0 3,69E-07 8,66E-06 0 0 0

Non hazardous waste 

disposed 
kg 1,74E-02 0 3,02E-05 1,74E-02 0 0 0

Radioactive waste disposed kg 0 0 0 0 0 0 0

Table 12. Output flows through the life cycle

Parameter Unit
Use stage

B1-B7

Demolition

C1

Transport

C2

Waste 

processing

C3

Disposal

C4

Total

C1-C4

Hazardous waste disposed kg 0 0 0 0 0 0

Non hazardous waste 

disposed 
kg 0 0 0 0 0,578 0,587

Radioactive waste disposed kg 0 0 0 0 0 0
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