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Abstract
The building and construction sectors are one of the main contributors to the
socio-economic development of a country. Globally, these sectors generate
around 5% to 10% of national employment and around 5% to 15% of a
country's gross domestic product during construction, use and demolition. On
the other hand, the sectors consume around 40% of world primary energy, use
30% of raw materials, generate 25% of solid waste, consume 25% of water,
and use 12% of land. Furthermore, the sectors account for up to 40% of
greenhouse gas (GHG) emissions, mainly from energy use during the life cycle
of buildings.
This study aims to assess the potential environmental benefits of reusing
concrete and ceramic roof tile within the Swedish context in terms of their CO2
emission. Methodology used was a comparative LCA was to quantify the
emissions. In order to calculate LCA, OpenLCA 1.7.0 software was used and to
evaluate the emissions, LCIA method selected was ReCiPe, midpoint,
Hierarchist model, climate change category expressed in GWP 100 years (in kg
CO2eq). The FU of the study was a square meter of roof covering for a period
of 40 years with potential to extent up to 80 years. A square meter of concrete
roof tile weight 40 kg while ceramic 30 kg.
The environment impact evaluation considered three product system, single
use (cradle to grave), single use covering (cradle to user) and single reuse
(user to cradle) within 40 years lifespan. In order to compare LCA of the roof
tiles, two scenarios were created, Scenario 1 concrete RT in single use and
single reuse whilst Scenario 2 evaluates ceramic RT. The outcomes of both
scenarios were communicated through a model single family house. Dalarna’s
Villa is located in Dalarna region in Sweden and a storage facility Ta Till Våra
was to validate the benefits of reused materials.
Comparative LCA revealed that concrete RT in single use released almost 80%
more CO2 emissions than ceramic RT and generated 25% more disposable
material by weight. The CO2 released by the single use vs. single reuse
concrete RT showed higher emissions in the production of the concrete RT
than the single reuse, the same occur with ceramic RT. The reuse of the tiles
on the same site had an insignificant impact on the environment in both
materials. The comparison shows that reuse reduces associated emissions by
about 80% in both cases, reusing concrete is more beneficial, as emissions are
reduced by 9.95 kg/m2 as opposed to 2.32 kg/m2 at the ceramics.
This study reveals the benefit of reusing concrete and ceramic roof tile. In
addition, the advantage of building a storage facility to reuse the disposable
building materials, reducing the roofing materials ending at the landfill after 40
years. Furthermore, it demonstrated the reduction of CO2 emissions associated
with the embodied energy.
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1 Introduction
The building and construction sectors are one of the main contributors to the
socio-economic development of a country. Globally, these sectors generate
around 5% to 10% of national employment and around 5% to 15% of a
country's gross domestic product during construction, use and demolition [1].
On the other hand, the sectors consume around 40% of world primary energy
[2] [3], use 30% of raw materials, generate 25% of solid waste, consume 25%
of water, and use 12% of land [3] [4]. Furthermore, the sectors account for up
to 40% of greenhouse gas (GHG) emissions, mainly from energy use during
the life cycle of buildings [3]. Energy use is mainly divided into phases of the
building such as manufacturing, operational systems and utilities, and
demolition. As major consumers of energy, buildings have a significant impact
on the environment and there is a main concern regarding the use of energy
associated with the GHG emissions, generation of waste, use of building
materials and recycling [1].
In Europe, building and construction sectors are responsible for 40% to 45% of
energy consumption [1]. The energy is used directly and indirectly in the
construction of a building. Direct energy is used in all phases of the building
construction, while indirect energy or embodied energy is the energy consumed
in the extraction, production, transportation and construction of building
materials [5] [6]. Approximately 20% of this energy consumption is related to
embodied energy. In UK embodied energy in the production of the construction
materials represents 10% of the total energy use while Australia estimates
19.5% [7].As energy consumption produces carbon dioxide (CO2), which is one
of the major contributors to the emission of the GHGs, embodied energy is
seen as an indicator of environmental impact. It is important to identify where
embodied energy is used in the processes of manufacturing and the
construction of buildings to understand the benefits of reusing and recycling
building materials.
The waste produced by the construction sectors in Europe averages at 30% of
the total amount of waste generated per year. Research shows that the waste
sector is responsible for a small portion of GHG emissions. At the same time,
these sectors can contribute greatly to reduce emissions and reduce its
contribution to global warming through waste hierarchy (waste prevention,
reusing, recycling, recovery and disposal) practices [8].
It is assumed that reusing or recycling materials reduces GHG emissions due
to replacement of raw materials with recyclables, avoiding emissions from the
extraction and processing of virgin resources [9].
Sweden has been a promoter of sustainable development in Europe for the last
two decades; its target is the reduction in energy consumption of buildings by
50% and greenhouse gas emissions by 80% based on 1990 levels. This target
is to be accomplished by 2050. Furthermore, reducing CO2 emissions from
building and construction sectors to cope with global warming is another target
of its government [10].

Background
1.1.1. Life Cycle Assessment History
Global awareness of environmental issues has increased following several
accidents, such as: Great London Pollution in 1952, the most severe air
1

pollution in the UK [11]; Three Mile Island accident in 1979, an explosion of a
nuclear reactor, United States; Bhopal gas tragedy in 1984, gas leakage of
pesticide plants in India; Chernobyl in 1986, a nuclear power plant accident,
Ukraine [12]; and Exxon Valdez in 1989, an oil spill, United States [13].
Then, in the 1960s, life cycle assessment (LCA) became recognised as a
technique for assessing environmental impacts. LCA began as development of
a life cycle inventory (LCI) to focus on limitations of raw materials and energy
resources. Harold Smith conducted some of the earliest studies on cumulative
energy, at the World Energy Conference in 1963 [14]. The findings of Smith
motivated politicians, industries and scientist from different countries to create
an association called Club of Rome in 1968. In 1972, they created a model of
world study to investigate main global issues concerned with accelerated
industrial and population growth, widespread malnutrition, depletion of nonrenewable resources, and the deterioration of the environment. Their objectives
were to identify problems and to warn society about the risks of economic
growth based on natural resources depletion [15]. Later, the Midwest Research
Institute improved the model by conducting another study for the United States
Environmental Protection Agency (EPA) in 1974. This model was the starting
point of Life Cycle Assessment [16].
The Coca-Cola Company was the first to conduct an internal study using the
LCI analysis as a method in the United States in 1969. The study compared
different beverage containers with the objective of identifying the one with the
lowest associated emissions and use of natural resources in manufacturing
processes. This study quantified the raw materials and fuels used, and the
environmental loads of the production processes of each container. At the time,
the approach was known as Resource and Environmental Profile Analysis
(REPA). Over the 1970s other companies in the United States and Europe also
performed similar comparative LCI analyses [14].
In 1988, the issue of solid waste gained international attention and again, the
LCI was applied as a technique for assessing environmental impact. The
methodology was enhanced by researchers and consultants from Europe and
the United States. LCI became the component of LCA.
In 1991, concerns about inappropriate use of LCA results were brought to the
attention of the US State Attorney. Several product manufacturers began to
denounce the use of LCA results to promote products. The issues around the
lack of regulation pointed towards the need to develop a uniform method, which
would allow comparison among products [17]. The realization of this need
prompted other environmental organizations to instigate the standardization of
the LCA methodology. These efforts lead to the development of LCA standards
in the International Standards Organization (ISO) 14000 series (1997 to 2002)
and 2006 ISO 14044 with the requirements and guidelines for performing an
LCA study.
1.1.2. Life Cycle Assessment Basic Definitions
Life cycle assessment is an analysis of materials or involved services of a
product throughout its entire life cycle regarding its sustainability. LCA,
evaluates the environmental impacts of a product from cradle to grave (from
extraction to disposal) as illustrated by Fig. 1. Furthermore, LCA observes
different opportunities of transportation with expenses of energy and labour
2

during the process [18]. The aims of LCA is to support decision, learning and
exploration, as well as external communication.
LCA methodology is regulated by the International Organisation for
Standardisation (ISO), 14040 and 14044, to guarantee
its reliability and transparency [19] . ISO 14040 defines LCA as follows:
LCA studies the environmental aspects and potential impacts throughout a
product’s life (i.e. cradle to grave) from raw material acquisition through
production, use and disposal. The general categories of environmental impacts
needing consideration include resource use, human health, and ecological
consequences. [20]

Figure 1 The life cycle model
LCA methodology is divided into four phases, as shown by Fig. 2 [21]:
(1) goal and scope definition,
(2) life cycle inventory analysis (LCI),
(3) life cycle impact assessment (LCIA),
(4) and interpretation.
(1) Goal and Scope Definition
This phase describes the product to be studied and the purpose of the LCA
according to ISO 14040. The goal definition includes the application of the
study, explanation and reason of the LCA study, the audience of the study and
how the results are intended to be communicated. The scope definition
provides the function, functional unit, system boundaries, and building lifespan.

Figure 2 LCA Framework
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(2) Life Cycle Inventory (LCI) Analysis, Data Collection
The LCI phase includes collection of all input data [6], such as raw materials,
energy, land resources to a model process, construction of flowchart and the
calculation of emissions produced during the life cycle, the outputs are the
emissions to air, water and ground.
(3) Life Cycle Impact Assessment (LCIA)
The consequences of the emissions are quantified in LCIA in terms
of environmental impacts, such as resources use, human health, and
ecological consequences. There are three mandatory elements as part of LCIA:
(a) impact category definition, (b) classification and (c) characterisation. The
four optional category indicators include normalisation, grouping, weighing and
data quality analysis, according to ISO 14042 (2000) [17], as shown in Fig. 3.
(a) Impact category definition
The impact category definition represents environmental issues concerning to
which LCI results may be assigned. The impact categories describe
the impacts caused by the products or the product system analysed by the
study. Impact category is considered in goals and scope definition and defined
in the sub-phase (identification and selection of the impact categories). The
specification can be based on LCIA, and several things should be considered
before deciding which impact categories to include, such as:
•
•
•
•
•
•

Completeness: the environmental issues should be covered by a list of
impact categories;
Practicality: the list should contain only the main categories;
Independence: to avoid double counting categories should be mutually
independent;
Possibility to integrate LCA calculation and associate with LCI result
parameter;
Environmental relevance: indicators from characterization methods;
Scientific method.

To calculate the results of an LCA, there are different impact assessment
methods, with several aspects, such as midpoint and endpoint methods.
Midpoint and endpoint methods analyse different stages in the cause-effect
series to calculate the impact. Midpoint indicator is problem orientated with a
focus on a single environmental issue, such as climate change. Endpoint
indicators are damage orientated, such as ecological impacts (Acidification,
Eutrophication and Ozone depletion), or human health impacts (toxicity
potential). Furthermore, three models represent a set of choices on issues,
such as: Individualist (I) for a short term; Hierarchist (H) consensus model,
often encountered in scientific models; and Egalitarian (E) for a long term.
[22]
An example of impact assessment is ReCiPe. ReCiPe is an indicator available
in life cycle impact assessment. The main purpose of an impact assessment
method, such as ReCiPe method is to transform all life cycle inventory results
(emissions and resources extractions), into a limited number of indicator scores
(characterisation factors). These indicator scores demonstrate the seriousness
of an environmental impact category, such as climate change - global warming
potential (GWP), see example Table1. ReCiPe has two indicators, midpoint
and endpoint. In addition, this method has three issues choices, Individualist,
Hierarchist and Egalitarian. Some example of LCIA are: ReCiPe (ReCiPe,
Midpoint (I) [v1.11, December 2014); ReCiPe (ReCiPe, Midpoint (H) [v1.11,
4

December 2014); ReCiPe (ReCiPe, Midpoint (E) [v1.11, December 2014);
ReCiPe Endpoint (I) [v1.11, December 2014]; ReCiPe Endpoint (H) [v1.11,
December 2014]; ReCiPe Endpoint (E) [v1.11, December 2014]; ILCD 2011,
endpoint [v1.0.10, August 2016]; ILCD 2011, midpoint [v1.0.10, August 2016];
TRACI [v2.1, February 2014]; CML (baseline) [v4.4, January 2015]; CML (nonbaseline) [v4.4, January 2015], and so on. All these LCIA methods are
available in an open source, openLCA Nexus [23].
Table 1 LCIA Method: ReCiPe midpoint
Method: ReCiPe midpoint (E, H & I)
Impact
category group

Name of the
impact category
in the method

E

H

I

Acidification

Terrestrial acidification

TAP500-E

TAP100-H

TAP20-I

Climate change

Climate Change

GWP500-E

GWP100-H

GWP20-I

Depletion of abiotic
resources

Fossil depletion

FDPinf-E

FDP100-H

FDP20-I

Metal depletion

MDPinf-E

MDP100-H

MDP20-I

Water depletion

WDPinf-E

WDP100-H

WDP20-I

Freshwater ecotoxicity

FETPinf-E

FETP100-H

FETP20-I

Marine ecotoxicity

METPinf-E

METP100-H

METP20-I

Terrestrial ecotoxicity

TETPinf-E

TETP100-H

TETP20-I

Freshwater
eutrophication
Marine eutrophication

FEPinf-E

FEP100-H

FEP20-I

MEPinf-E

MEP100-H

MEP20-I

Human toxicity

Human toxicity

HTPinf-E

HTP100-H

HTP20-I

Ionising Radiation

Ionising radiation

IRPinf-E

IRP100-H

IRP20-I

Land use

Agricultural land
occupation

ALOPinf-E

ALOP100-H

ALOP20-I

LOP-E

LOP-H

LOP-I

LTPinf-E

LTP100-H

LTP20-I

LTP-E

LTP-H

LTP-I

Urban land occupation

ULOPinf-E

ULOP100-H

ULOP20-I

Ozone layer
depletion

Ozone depletion

ODPinf-E

ODP100-H

ODP20-I

M2E-E

M2E-H

M2E-I

Particulate matter

Particulate matter
formation
Photochemical oxidant
formation

PMFPinf-E

PMFP100-H

PMFP20-I

POFPinf-E

POFP100-H

POFP20-I

Ecotoxicity

Eutrophication

Natural land
transformation

Photochemical
oxidation

(b) Classification
Classification of the LCI results indicating environmental burden are organised
qualitatively and systematically. Each emission is assigned to one or several
impact categories. For example, the CO2 emission is assigned to the GWP
category and nitrous oxide (NOx) emissions is assigned to the categories of
human toxicity, acidification and eutrophication [24].
(c) Characterization
Characterization is quantitative. It describes and quantifies the environmental
impact of the product or product system analysed [17].
5

(4) Interpretation
This phase includes the identification of significant issues, sensitivity analyses,
the validation of data and the conclusions of the LCA results [25].
The optional indicators, normalisation, grouping, weighting and data quality
analysis

Figure 3 LCIA - According to ISO 14040 and 14042
1.1.3. Waste Basic Definitions
The Waste Framework Directive 2008/98/EC defines the concept of waste
management, such as waste, disposal and landfilling. The directive has five
phases that compose the waste hierarchy, according to Fig. 4. Waste is a
disposed material that can be defined as material or materials that are no
longer useful, desirable or life cycle has ended. Waste prevention concerns the
reduction of the amount of waste produced, hazardous waste and its impact on
the environment. Preventing the waste of being created prevents the disposal
of materials and reduces the consumption of natural resources. Preparing to
reuse happens when the product becomes waste, then they have to be
checked, cleaned or repairing recovery, after that they are prepared to reuse
without any other pre-processing. Reusing the waste means using the same
material or product that is not waste within the purpose they are designed for
[26]. On the hand, recycling the waste is transformed the waste into another
type of material. The fundamental difference between reuse and recycling is in
the process and final result. In the reuse, the waste does not undergo any
transformation process; example, a glass bottle can be transformed into a
luminaire from craft techniques. While recycling process the material or product
and create a new product. For example, rubber can be recycled and mixed with
concrete as an aggregate. Disposal includes and incineration [8]. Disposal, for
6

example roofing tiles disposal is a building material problem that is growing due
to the decomposition in landfills. Landfill is a treatment method for disposal
materials [27].

Figure 4 Directive 2008/98/EC (Waste Framework)
Waste generated by construction and demolition in the EU is considered to be
one of the heaviest and largest waste streams. Roughly 25% to 30% of all
waste generated in the EU consists of several materials, such as concrete,
bricks, roof tiles, bricks, wood, plastic, paper, metal, glass, solvents, asbestos
and so on. Large part of these materials can be recycled [28] [29]. During
construction phase the waste produced represents 20% of the total waste due
damage through installation, storage, transportation and inaccurate
specification in the purchase order of the materials [7]. [29]
EU and Sweden targets are reducing building materials waste about 70% by
2020 [30]. In Sweden, construction and demolition waste material represents
30% of total waste. Reducing, reusing and recycling, generates many benefits
such social, economic and environmental. Some of the advantages are: (1)
Reducing the amount of waste ending to landfill; (2) Reduction of emissions,
pollution and contamination (e.g. soil, water); (3) Commercialize recovered
resources; (4) Contributing to the reduction targets for the community Councils.

Aims and Objectives
The aim of this research is to assess the potential environmental benefits of
reusing building materials through their effect on CO2 emission in the Swedish
context. In order to achieve the above aim, the following objectives have been
formulated:
• To quantify the amount of CO2 emissions by selected exchangeable
conventional construction elements during their life cycle;
• To assess the environmental benefits of utilizing reused construction
materials in terms of reduced CO2 emission through the selected
construction elements;
• To formulate recommendations for construction material reuse practices
within the Swedish context.

7

2 Literature Review
For this literature review, works assessing the environmental impact of reused
or recycled of construction or focusing on its assessment are selected. These
studies provide relevant information to the present study, as well as serve as
reference points. The review concludes by summarizing how these works
pertain to the present study.
Three life cycle methods are generally applied to assess emissions by buildings
process (e.g. via the utilized building materials, components, or systems): LCA,
Life Cycle Energy Assessment and Life Cycle Carbon Emission Assessment.
These methods were compared by Chau, Leung and Ng in 2014 [4]. The
authors compared the objectives, methodologies and results of these life cycle
methods. The review indicates that while the methods share a common
objective of assessing environmental impacts, they differ in their focus and
methodology. In addition, their functional units (FUs) differs as well. The results
of Life Cycle Carbon Emission Assessment studies are expressed in equivalent
carbon emissions, while Energy Consumption Assessment is expressed in
energy used; emissions while Energy Consumption Assessment in energy
consumption; and for LCA studies results can be expressed as individual units
for different impacts or using normalisation, or weighting factor. Different FUs
render the may analysis and comparison of environmental impacts difficult
between different project alternatives or different studies are compared [4].
A study from the USA [31], reviewed the environmental and economic impacts
of reused materials throughout their life cycle. The authors concluded that the
effects of reuse materials remain obscure and their benefits are mainly
assumed due to the reduction of new production and waste. Furthermore, the
authors found that while the energy demand during the use phase of a building
decreases due to energy regulations, embodied energy consumption and
environmental impacts increase from initial production of materials, and from
resources used in construction. Therefore, the reuse of materials has potential
as a future strategy. However, reuse of a product does not guarantee an
environmental benefit, but it can minimize the use of landfill areas in the short
term. The authors argue that for a real reduction of environmental impacts, the
sales of reused products should increase rather than just produce new product.
To achieve this objective, government should motivate the demand and the
effective supply of reused products by requiring the use of reused materials in
construction. According to the authors, more research is needed in this area.
LCA was used to assess the energy consumption and global warming impacts
of different types of cements manufactured in Hong Kong [32]. The results
showed that the import of raw materials and the burning of fossil fuels have
high environmental impacts in the production of Portland cement. In order to
reduce impacts on the environment, three changes to concrete production were
assessed. Fly ash generated from the production of cement Portland was used
as an alternative material for clinker by the cement manufacture. Glass powder
produced from locally used glass bottles were also included as raw material.
Additionally, biofuel produced from local wood waste was used as a co-fuel
with coal. The results show that these alternatives reduce the amount of
general waste from the city that must be managed by Hong Kong council.
These alternatives also increase the efficiency of low carbon cement
production. The results showed the possibility of reducing GHG emissions and
energy consumption within the cement industry of Hong Kong by replacing
virgin with waste materials. The authors conclude by claiming the need to
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improve the procurement policy in Hong Kong, especially in relation to the
purchase of recycled materials, to promote the sustainable management of
resources.
A comparative LCA study, conducted by Carpenter et al. [33], evaluated
different management scenarios in the end-of-life. The management options for
construction and demolition waste scenarios were; wood combustion to
generate electricity versus landfilling for wood waste; and recycling versus
landfilling non-wood waste, with different bases for electricity. The LCA analysis
considered transportation, processing, separation and recycling of construction
and demolition waste. To calculate the results, the end point method was
applied. The site of the study was New Hampshire, USA, and the annual
construction and demolition waste was considered the FU of the LCA. The
results showed that the scenarios with the lower impact were the recycling of
wood and cement waste with local combustion of construction and demolition
wood waste to generate electricity. The study demonstrated that construction
waste and demolition wood can be a source of alternative energy, which can
offset the use of non-renewable energy sources.
The study by Miliutenko et al. [34] examined asphalt paved roads in Sweden to
understand waste generation and possibilities for its reduction. The
construction and maintenance of the infrastructure of roads consume
approximately 8 Mtons of virgin asphalt and around 1 to 1.5 Mtons of recovered
asphalt pavement. A large amount of finite resources used to construct and
maintain the roads include materials such as bitumen, aggregates and natural
gravel. Also, a great amount of waste is generated during processes of road
construction and maintenance. These scholars argue for the need to prevent
and preserve raw materials, and thus to reduce the amount of waste going to
landfill. According to the authors this that can be achieved by recycling the
asphalt waste. LCA was applied to the treatment of asphalt waste. It compared
different alternatives for recycling and reusing materials in Sweden. The impact
categories evaluated were GWP and Cumulative Energy Demand (CED).
Authors collected information from existing studies and by means of
stakeholder interviews. GWP and CED were compared for three different
reclaimed asphalt pavement reuse and recycling techniques: (1) hot mill
recycling, (2) hot spot recycling (remixing), and (3) reuse as non-bonded
material. The results showed that recycling of asphalt is environmentally
preferable to the reuse of asphalt. The study suggests that each method of
asphalt recycling demonstrates different benefits.
A comparative LCA study from Brazil [35] used as FU a square meter of
concrete and ceramic roof cover within 20 years lifespan. Brazilian ceramic
industry produces more than 90% of ceramic roof tiles and bricks in the
country. The aim of the study was comparing both materials in order to
evaluate the environmental impacts and identify potential improvements for
ceramic roof. A square meter of ceramic roof tile weight 38.40 kg while
concrete roof tile 46.80 kg. Both materials were considered cradle to grave to
evaluate the emissions. Ceramic tile considered the baking process, wood
chips as fuel. Transportation considered average of 120 km from raw material
(clay) to ceramic tile user while concrete roof tile was 450 km. Most of inventory
data in this study was used European database; Brazilian database was used
when available. SimaPro 7.3 was used to calculate LCA and to assess the
environment impacts LCIA IMPACT 2002 was selected. In addition, endpoint
category was selected to present the results (Climate Change, Human Health,
Ecosystem Quality and Resources depletion). Findings show that ceramic roof
9

released 4.97 kg CO2eq while concrete roof tile 15.69 [36]. The results of LCIA
demonstrated that ceramic roof tile had lower impact than concrete roof tile on
climate change category in the Brazilian context.
The literature review above has presented issues, materials, problems, and
methods involved and related to LCA that have assisted in the planning and
design of this present study. The study [4], comparing three different methods
and revealing difficulties with subsequent cross-comparisons of environmental
impacts, assisted in shaping the LCA method used in this study. The work from
the USA [31] explained the benefits of reusing materials on economic and
environmental terms. The authors suggested strategies for further their use in
practice and claimed the need for more research in this area. This study aims
to fulfil this gap in the literature. The work from Hong Kong [32] that
demonstrated the environmental impact of imported raw materials via energy
consumption and global warming potential assisted in transportation related
decision making in this study. The study by Carpenter et al. [33], discussing the
use of different scenarios in the evaluation of environmental impacts
considering the endpoint method was found valuable. It provided example and
guidance for incorporating this methodological component into the analysis of
the current study. The study from Sweden [34] highlighted the benefits of
recycling construction materials. Each study in this review has furthered the
critical understanding of LCA processes and materials used for construction in
general and as it relates to the LCA comparison of concrete and ceramic roof
tiles, in particular. Finally, the Brazilian study used comparative LCA aiming to
analyse the environment impacts of ceramic vs. concrete roof tile and identify
potential improvements for ceramic roof tile. The study reviews lack of Brazilian
inventory database and the need of using European insteated, to assess the
environmental impacts. As tool SimaPro 7.3 was used for LCA and LCIA
IMPACT 2002 was selected to assess the emissions, considering endpoint
category. Results demonstrated the environment benefits of using ceramic roof
tile.

3 Materials and Methods
The materials selected for this study were concrete and ceramic roof tiles. The
reason for choosing these materials is that there is a potential to extend the
longevity of these materials to more than 80 years, instead of sending these
materials to landfills after their recommended 40-year single use replacement.
The methodology of this study is a comparative LCA following the guidelines of
ISO 14040/2006. LCA was conducted to analyse the potential environmental
benefits related to reuse of concrete and ceramic roof tile (RT) covering. Each
material was compared (single use and single reuse) in two life cycles,
representing 80 years period to evaluate its emissions in the environment. The
category considered for this analysis is the ecological consequences of global
warming with a focus on CO2 emissions in the Swedish context.
OpenLCA software was used to conduct the LCAs of this study. This software
is an effective and adaptive tool for modelling life cycle systems. It "calculates
environmental, social and economic indicators with plugins" and provides
different specific elements, with an open architecture that "facilitates the import
and export of data and integration into other IT environments" [37].
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OpenLCA Configuration and Setup
Four elements of the openLCA database are used for modelling and
comparison of product system: (1) projects; (2) product systems, (3) processes,
and (4) flows [38].
The first step of modelling is to create a flow. Flows are all inputs and outputs,
such as materials, products and energy of a process or processes. Each flow is
to be named according to each specific flow, type of flow (elementary, product
or waste) and a reference flow property (mass, volume, area, etc.).
The second step is to create a process. A process or processes are sets of
interrelated tasks that transform inputs into outputs. Each process created is
connected to only one quantitative reference flow property. In order to connect
processes, the output flow of the first process is used as an input flow of the
second process, see Figure 5. The amount of each flow must accord with its
reference flow property and process, as for example presented in Table 3.
In this phase, the provider (as defined in openLCA) for each flow has to be
defined. For example, for the lorry transport within Europe the provider is
Representative Europe Road (RER), one of the providers for this transportation
is lorry transport. In openLCA it is displayed as: Euro 0, 1, 2, 3, 4 mix, 22 t total
weight, 17,3 t max payload, RER. When all processes are established, the
product system can be created.
Product system is the third step in openLCA. The product system is created
after the last process is completed, which is the reference flow property of the
product system. The product system involves all processes of the study. It can
be one process or multiple processes, as shown in Fig. 5.
The fourth step is establishing each project of the analysis model. In openLCA,
projects are created to compare different product systems and their impacts, as
presented in Fig. 4. In this phase, the environmental impact is quantified from
the product system in a study using an impact assessment method such as
ReCiPe, CML (baseline) or ecoeivent99.

Figure 5 OpenLCA Schematic Basic Modelling
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Concrete and Ceramic RT Configuration and Setup
All flows and processes were created for concrete and ceramic roof tiles. Their
schematics are represented in Fig. 6, 7 and 8 (concrete roof tile) and Fig. 9, 10
and 11 (ceramic roof tile). In order to quantify the environmental impact, three
product systems were created for each material, see Table 2. Two product
system considered single use and single use covering (with standard 40-year
lifespan) and a single reuse (by extending the longevity of tiles up to 80 years
via cleaning and washing the roof and applying fungicide after the initial 40year lifetime). In order to assess the environmental impacts of the single use
system, the product was considered from cradle to grave (from extraction to
disposal). In the single use covering product system the environment impact of
cradle to user was considered, since the material was cleaned to extend its
lifetime. Finally, the single reuse system considered a user to grave approach,
as the reused material was transported from user to grave (landfill) at the end
of its life.
Table 2 Product System LCIA Method ReCiPe Midpoint (H)
Product Material

Concrete RT

Ceramic RT

Product System

Processes

Single Use
Single Use Covering
Single Reuse
Single Use
Single Use Covering
Single Reuse

cradle to grave
cradle to user
user to grave
cradle to grave
cradle to user
user to grave

Impact Category
Climate Change
GWP 100 years

kg CO2eq
kg CO2eq
kg CO2eq
kg CO2eq
kg CO2eq
kg CO2eq

ReCiPe impact assessment method was selected as LCIA method for this
study to quantify the emissions for every product system and to allow for crosscomparison. ReCiPe is an indicator available in LCIA within openLCA. The
midpoint indicator was selected in ReCiPe, as this study focuses only on GWP.
A Hierarchist model was selected with Climate Change expressed in kilogram
of CO2 equivalents (kg CO2eq) as the midpoint category. Hierarchist model
presents GWP in 100 years. Normalisation, weighting and data analysis were
not performed in the present study, as they are optional, and the current study
only evaluates one impact category. However, grouping method was applied to
show the results.
In order to compare LCA results of these product systems, two projects were
created for concrete and ceramic roof tiles in two different scenarios. Scenario
1 focused on concrete roof tile (Table 3), while Scenario 2 focused on ceramic
roof tile (Table 4). In both scenarios Project 1 compared LCA results of single
use product system within two lifecycles (i.e. the roof tile was replaced with new
ones of identical kind after 40-years lifespan), whereas in Project 2 the LCA
results of a single use covering product system were compared within the
single reuse roof tile, reaching 80-years of extended lifespan (two life cycles).
Furthermore, the results of both scenarios were compared to examine which
scenario was preferable to the environment.
A single family house Dalarna’s Villa is located in Dalarna region in Sweden.
This house was used as a model to facilitate the communication of results with
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the readers and various actors in the construction industry. The roof area of this
house is approximatively 218 m2, including the roof of the garage.
A storage facility was considered Ta Till Våra for reused material in the centre
of Borlänge. The selection of this location is justified based on the local
municipality future intention of use this site for storing and processing reused
construction materials. In order to investigate the benefits of the storage facility,
a model single family house was used. The distance considered from the single
family Dalarna’s Villa to Ta Till Våra was 30 km, to facilitate the calculations
and comparisons. The distance of 30 km considered is the same distance used
to transport the disposable material from the user to landfilling.
Table 3 Project Concrete RT
Scenario 1
Concrete RT
Project 1
Project 2

Product System
Product System
0-40
41-80
Single Use
Single Use
Single Use Covering Single Reuse

GWP 100
years
kg CO2eq
kg CO2eq

Table 4 Project Ceramic RT
Scenario 2
Ceramic RT
Project 1
Project 2

Product System
Product System
0-40
41-80
Single Use
Single Use
Single Use Covering Single Reuse
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GWP 100
years
kg CO2eq
kg CO2eq

Project 1 - Single Use vs Single Use Concrete RT (2 Life Cycle)
Product System

Product System

Single Use Concrete RT

Single Use Concrete RT

Processess

Processess

Cement Production

Cement Production

Input

Output

Input

Output

Portland cement

Raw material
(Cement)

Portland cement

Raw material
(Cement)

Sand Production
Output

Electricity mix
Sand

Raw material
(Sand)

Input
Flow

Flow

Input

Sand Production

Sand

Cement & Sand Transport

Cement & Sand Transport
Output

Raw Materials
(cement, Sand)

Raw Materials
Transported

Raw Materials
(cement, Sand)

Raw Materials
Transported

Concrete RT Production

Flow

Input

Flow

Output

Output

Electricity mix

Output

Raw Materials
Transportorted
Concrete Roof Tile

Electricity mix
Oil lubrificant

Concrete RT Transport

Flow

Oil

Oil lubrificant

Flow

Oil

Concrete Roof Tile

Concrete RT Transport

Input

Output

Input

Output

Concrete RT

Concrete RT
Transported

Concrete RT

Concrete RT
Transported

Output
Roof Covered
Concrete RT

Roof Uncovering Concrete RT
InputCovered
Roof
Concrete RT
Transport

Input
Concrete RT
Disposal
Transport

Transport

Output

Transport

Output
Concrete RT
Disposal Landfill

Figure 6 Project 1 Single Use Concrete RT
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Output
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Concrete RT Disposal Transport
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Roof Covering Concrete RT
Input
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Input
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Landfill
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Project 2 - Single Use vs Single Reuse Concrete RT (2 Life Cycle)
Product System

Product System

Single Use Concrete RT

Single Reuse Concrete RT

Processess

Processess

Cement Production
Input

Output

Portland cement

Raw material
(Cement)

Roof - Cleaning and Wetting
Input
Electricity mix
Water

Output

Electricity mix

Raw material
(Sand)

Sand

Input
Roof Cleaning &
Wetting
Electricity mix
Sodium hidroxide

Cement & Sand Transport
Output

Raw Materials
(cement, Sand)

Raw Materials
Transported

Flow

Input

Roof Cleaning &
Wetting

Roof - Applying Chemical

Flow

Flow
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Input

Output

Output

Roof Fungicidal

Electricity mix
Roof - Rinsing
Input

Output

Roof Fungicidal
Water

Roof Rinsed

Concrete RT Production
Output

Flow

Input
Raw Materials
Transportorted
Electricity mix

Concrete Roof Tile

Oil

Roof - Uncovering
Input

Output

Roof Rinsed

Reused Concrete
RT Disposal

Transport

Flow

Flow
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Concrete RT Transport

Concrete RT Disposal Transport
Landfill

Input

Output

Input
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Concrete RT

Concrete RT
Transported

Concrete RT
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Reused Concrete
RT Disposal
Landfill

Transport

Flow

Transport
Roof Covering Concrete RT
Input

Output

Concrete RT
Transported

Roof Covered
Concrete RT

Transport

Figure 7 Project 2 Single Reuse Concrete RT
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Scenario 1 Proje1 vs. Project 2 Concrete RT
Product System

Product System

Single Use Concrete RT

Single Reuse Concrete RT

Processess

Processess
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Input

Output

Portland cement

Raw material
(Cement)

Roof - Cleaning and Wetting
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Electricity mix
Water
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Cement & Sand Transport
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Raw Materials
(cement, Sand)
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Transported

Roof Cleaning &
Wetting

Roof - Applying Chemical
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Electricity mix

Output

Output

Roof Fungicidal

Electricity mix
Roof - Rinsing
Input

Output

Roof Fungicidal
Water

Roof Rinsed

Concrete RT Production
Output

Flow

Input
Raw Materials
Transportorted
Electricity mix

Concrete Roof Tile

Oil

Roof - Uncovering
Input

Output

Roof Rinsed

Reused Concrete
RT Disposal

Transport
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Concrete RT Disposal Transport
Landfill

Concrete RT Transport
Input

Output
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Concrete RT
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Input
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Input
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Concrete RT
Disposal

Concrete RT Disposal Transport
Landfill
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Figure 8 Scenario 1 Project 1 vs. Project 2 Concrete RT
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Project 1 - Single Use vs Single Use Ceramic RT (2 Life Cycle)
Product System

Product System

Single Use Ceramic RT

Single Use Ceramic RT
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Figure 9 Project 1Single Use Ceramic RT
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Project 2 - Single Use vs Single Reuse Ceramic RT (2 Life Cycle)
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Product System
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Figure 10 Project 2 Single Reuse Ceramic RT
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Scenario 2 Project 1 vs. Project 2 Ceramic RT
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Figure 11 Scenario 2 Project 1 vs. Project 2 Ceramic RT
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Comparative LCA
3.3.1. Goal and Scope Definition
The goal of this study is to evaluate the potential environmental benefits of
reusing concrete and ceramic roof tiles. The environmental benefit was access
on the basis of the contribution of these products to climate change (kg CO2eq),
based on GWP over 100 years. The analysis compares the global warming
impact category of a square meter of roof tile in 40 years lifespan. The
comparison is represented by two projects: Project 1 compares the emissions
released in two life cycle using single use roof tile material and Project 2
considering two life cycle by using single reuse roof tile. The single use
analysis is from cradle to grave, whereas the single reuse considers the
recovery of roof tiles by washing to reach two life cycle. The materials are
represented by Scenario 1 concrete roof tile and Scenario 2 ceramic roof tile.
The configuration and setup for Scenario 1 and 2 are described in item 3.2. The
intended audience of this study are academics, researchers and students.
3.3.2. Functional Unit and System Boundaries
Life cycle assessment depends on a FU as a component within a single system
or between several systems with a common basis. It is fundamental that this
parameter is defined, with a comparable scenario and equivalent for the two
systems compared. In this study, the FU was defined as a square meter of roof
covering for a period of 40 years. The lifespan of concrete and ceramic tile was
assumed to be 40 years [39], a number realistic in the Swedish context.
To define a FU were used as main reference flows, calculations:
• To cover 1 m² of roof with concrete tiles are provide 10 tiles, (4 kg each
tile) = 40 kg of concrete roof tile.
• To cover 1 m² of roof with ceramic tiles are provided 10 tiles, (3 kg each)
= 30 kg of ceramic roof tile.
The function of the roof is to cover and protect the interior of the building from
weather. In both roof tile materials (concrete and ceramic), this function
remains the same. In order to cover a m2 of roof, ten concrete tiles are needed.
This amounts to 40 kg in total (each tile weight four kg on average). For project
ceramic roof tiles, the number of tiles is the same. However, the average
weight of a ceramic tiles is three kg. Thus, the total weight is 30 kg for tiles
covering a square meter roof area. The roof structure is the same in both
scenarios. According to Swedish maintenance cost from 1992 [40], concrete
and ceramic tiles are recommended to be replaced after 40 years. This 40-year
lifetime is established based on intervals of maintenance and economy for the
roof. The lifespan of the tiles can be longer than 80 years, depending on the
quality of weathering [39]. In order to facilitate the calculations and comparison
of different LCA results, 40 years is chosen as the base period for this study
(i.e. the lifetime of the single-use tile and half of life time of the single-reuse
tile). The geographic boundary in this study is the town of Borlänge, Sweden for
both roof tile materials.
The first scenario’s system boundary consists of concrete RT considering two
life cycles for single use and single reuse. The single use life cycle is
considered cradle to grave and for the reuse material is a roof cleaning process
with fungicidal was considered. Scenario 2 system boundaries uses ceramic
RT examining the same two life cycles (single use and single reuse), as in
Scenario 1.
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Table 5 Main characteristics of the concrete and ceramic tiles
Product
Concrete RT
Ceramic RT

Weight per
tile (kg)

Tiles per
(m2)

Weight per
m2 (kg)

Life cycle
Year

Life cycle
max Year

4
3

10
10

40
30

40
40

80
80

Concrete Roof Tiles
The average weight of concrete RT is four kg per tile and ten tiles are used for
a m2 of roof. The major components of concrete RT are sand, cement, water
and oxide pigments. The sand is extracted from sand wells of riverbeds or
produced artificially by crushing rocks. The cement production mainly uses raw
material limestone extracted from a quarry. The aggregates (coarse and fine
materials such as gravel, crushed stone and sand) are mixed and cement is
added to bind all components of the mixture together by a chemical reaction
with water during the process of curing. This mixture goes into the extrusion
machine, and then poured into moulds, to shape the roof tiles. The concrete
RTs are cut to length and shape required, then loaded into racks in pallets and
placed in a curing chamber. The curing chamber is a place where the tiles are
hardened by a chemical reaction between cement and water without the need
of adding extra heat [39].
The data used in this study was collected from Baumann’s text on LCA [40],
provided from one of the production units of Zanda, of tiles production in
Börensberg, Sweden. The composition of the tiles by weight is sand 75%,
cement 20% and iron oxide 5%.
Sand is extracted from a local pit and transported by lorry 12 km to the
concrete tile factory in Börensberg. The energy consumption to extract sand is
18-20 kWh/tonne [41].
Cement is produced by the Cementa company in Skövde, Sweden, and is
transported by lorry 150 km to Börensberg. The limestone quarry is nearby the
cement production unit in Skövde. In the process of limestone extraction,
explosives are used once or twice a week. The database used to calculate the
emissions of cement are from cradle to gate (from extraction of the raw material
to producer) [40]. Several elements for the production of cement is no available
as free source in openLCA such as explosive, quartzite and iron sulphate. In
order to calculate the emissions from cradle to grave for the concrete roof tile
generated by cement production, Portland cement was used from openLCA
database. Portland cement generates 0.900 g of CO2 per kilogram of cement
while cement produced by Cementa released 0.806 g (Table 7).
Table 6 Material for Cement Production
Raw material

(g/kg)

Explosives
Gypsum
Limestone
Quartzite
Iron Sulphate

0,27
45,8
1361
46
9,2

Energy
Oil
Diesel
Coal and petcock
Electricity
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(MJ/kg)
0,73
0,06
3,3
0,5

Table 7 CO2 from Cement Production
Emissions to the air
CO2
CO
VOC
NOx
SO2
Particulates
Cr

(g/kg)
0.806
0.80
0.15
1.94
0.45
0.16
1.7x10-5

Iron oxide is used for pigmentation. It is produced in Germany and transported
first by lorry 950 km and then by ferry 230 km to Börensberg. In this study was
consider the weight of the iron oxide to calculate the emissions of
transportation. The openLCA from free database do not have this material
available. However, the weight of the iron oxide was considered to calculate the
emissions of transportation by lorry.
The annual production of concrete tile in Zanda, Börensberg, is approximately
10 million tiles. The energy consumption for this production is 95 m3 of oil and
4.2 million kWh of electricity. Also, 50 m3 of special oil is used as lubricant to
remove tiles from moulds. This oil evaporates during the processes. The total
production considered as waste 2%, which goes to landfill; recycling practices
are not involved [40].
Ceramic Roof Tiles
A ceramic RT has the average weight of three kg per tile. Ten roof tiles are
needed for one square meter of roof. Clay is the main component of ceramic
RT. Clay is a raw material extracted from soil deposits or sand quarries [42].
After extraction from quarries, the clay is laid out in order to obtain a
homogeneous mixture. Generally, clay is prepared in several stages, basically
shaped, dried and baked.
The data used for the production of ceramic RT was also collected from
Baumann’s text on LCA [42]. The ceramic RT is composed of 100% clay. When
the clay is extracted 40% of its weight is water. The clay is extracted from a pit
5 km from the manufacturing plant in Vittinge. Then it is transported to Vittinge
by road. At the manufacturing plant, the raw material is stocked and mixed to
obtain homogeneity, any stones are crushed, in order keep the same quality for
the whole production. In this process 0.3 MJ/kg of electricity is used.
The contribution tree in this product system shows that the transportation of the
raw material (clay) represents almost 74% of the CO2 emissions. This is due to
the weight of the raw material: since the water content of clay is 40%, 1.67 kg
of wet clay was needed to produce one kg of dry (i.e. the density of wet clay is
1760 kg/m3, 40% is water content and 60% dry clay; a kilogram of dry clay is
60% of wet clay divided by the density of wet clay)
The clay is mechanically moulded to obtain the shape, dried to reduce the
water content and baked in a tunnel oven for 3 days and nights at 950 to1100
֯C [42]. The density of the ceramic RT before the baking process is around 2
500 kg/m3, and approximately 1800 to 2000 kg/m3 after. The drying and baking
process requires 2.4 MJ of oil for the production of a kilogram of roof tile.
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General Assumptions
In both scenarios, the same distance for transportation of the materials is
considered. The producer is assumed to be the roof tile manufacturer, and the
user is the selected building in Dalarna’s Villa, Dalarna, Sweden. The assumed
material loss due to transportation is 5%. For transportation by lorry from the
roof tile producer to the user 150 km is assumed. The roof tile transportation
distance from the user to the waste disposal site by lorry is 30 km. Covering the
single-family house (218 m2) was added 5% of the amount of roof tile for a
single use due maintenance of the roof in 40 lifespan and 5% for the single
reuse as the roof tile can be damage during the process of cleaning and
washing the roof.
The Cleaning Process of Roof Tiles
Reusing concrete and ceramic roof tiles requires a roof cleaning process, using
a pressure washer machine and chemicals. Roof cleaning is an important part
of roof maintenance, because it prevents decay and reduces the number of
repairs, or even the need for a complete replacement. Thus, this process
extends the roof longevity. There are several cleaning methods, such as
chemical, non-chemical, and use of high- or low-pressure washer. The roof
cleaning process is basically composed of three phases: (1) saturating the roof
surface, (2) application of moss, mould and algae fungicide, and (3) rising with
clean water to finalise. The appropriate chemical products depend on the type
of the roof material. This study is based on the use of a pressure washing
machine that uses 400 litres per hour at 100 bars. It has the following technical
characteristics: pressure (bar/MPa) 20 to130 maximum/2 up to 13; maximum
flow rate of 420 l/h; area of performance is 30 m²/h, and 1.8 kW power rating.
The chemical solution assumed in this study is sodium hydroxide. It is the most
common chemical used by roof cleaning companies, according to relevant
literature. Sodium hydroxide is a high alkaline product, also known as caustic
soda. The product proportion used is in this study is one gallon of sodium
hydroxide to seven gallons of water. This mixture is applied on the roof top with
low pressure, in order to keep the product on the surface long enough for the
chemical reaction to occur. The roof is rinsed with water to complete the
cleaning process.

4 Comparative LCA Concrete and Ceramic Roof
Tile
Single Use Concrete RT
4.1.1. Flows - Single Use Concrete RT
In the first step, a table with flows, separated by name, type and reference flow
property, was created, as presented in Table 8. The flow name for Single use
concrete RT were raw material (cement); raw material (sand); raw materials
(cement, sand) transported; concrete RT; concrete RT transported; and
concrete RT covered. The flow type was product for all flow name. The
reference flow property was mass for raw materials (cement, sand), raw
materials (cement, sand) transported, concrete RT and concrete RT
transported; roof covered concrete RT, concrete RT disposal and concrete RT
disposal transported, reference flow property was based on a square meter, as
the FU of this study is to cover a square meter of roof. Cement as raw material
was considered in this step only to be able to calculate CO2 emissions related
to transportation of the material. The emissions of CO2 emitted by the
production of cement were added in the product system item 4.1.3.
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Table 8 Inputs for Creating New Flows of Single Use Concrete RT
Flow name

Flow type

Reference flow
property
Mass

Raw materials (cement)

Product

Raw materials (sand)

Product

Mass

Raw materials (cement, sand) Transported

Product

Mass

Concrete RT

Product

Mass

Concrete RT Transported

Product

Mass

Roof Covered Concrete RT

Product

m2

Concrete RT Disposal

Product

m2

Concrete RT Disposal Transported

Product

m2

4.1.2. Processes - Single Use Concrete RT
The second step, the process single use concrete RT was created and named.
Each process created was connected to only one quantitative reference flow,
as shown in Table 9. The process of cement production has the quantitative
reference flow property, raw material (cement). The flow of this process has as
input Portland cement. Sand Production has the quantitative reference property
raw material (sand). To produce one kilogram of Sand requires 0.0684 MJ
electricity mix SE. After the extraction and production of the raw material
(cement, sand) the process is to transport these materials. The cement and
sand transport process has as input flow, raw material (cement), raw material
(sand), and iron oxide was added as raw material, and its quantitative
reference flow is the raw materials transported, as presented in Table 9.
Table 9 Inputs Processes of the Product System Single Use Concrete RT
Process
Quantitative
Input Flows
Amount
reference
Cement
Raw material
Portland Cement
1.05 kg
Production
(cement)
Sand Production
Raw material (sand)
Sand
1.00 kg
Electricity mix SE
0.0684 MJ
Cement and Sand Raw materials
Portland Cement
8.16 kg
Transport
Transported (cement, Sand
30.60 kg
Iron Oxide
sand, iron oxide)
2.04 kg
Transport
3529.20kg∙km
Concrete RT
Concrete RT
Raw materials
40.80 kg
Production
Transported
Oil
0.000095 m3
Oil (lubricant)
0.000050 m3
Electricity mix SE
15.12 MJ
Concrete RT
Concrete RT
Concrete RT
42.00 kg
Transport
Transported
Transport
6300.00 kg∙km
Roof Covering
Concrete RT
Concrete RT
1.00 m2
Concrete RT
Transported
Roof Uncovering
Concrete RT
Concrete RT
1.00 m2
Concrete RT
Disposal
Concrete RT
Concrete RT
Concrete RT
1.00 m2
Disposal Transport Disposal Transported Disposal
Transport
1200.00 kg∙km
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The software openLCA considers only one transport input to calculate the
emissions in each process. As the production of concrete RT has three
components (cement, sand and iron oxide), the transport selected was lorry
transport (Euro 0, 1, 2, 3, 4 mix – Europe with NORDEL (NCPA), shown in
Table 11. The transport amount was calculated by multiplying the distance for
transportation by weight and sum in the flow transport. After manufacturing all
tiles, they were transported to the site (user). For transportation of roof tiles, 5%
of the materials were added to the total weight transported, accounting for 42
kg. To finalize this phase, all providers were included, as listed in Table 11, and
connected to their reference flow.
Table 10 Materials for A Square Meter of Single Use Concrete RT
Concrete RT
Mass + Distance Transport Transport
(a square meter)
loss (kg)
(km)
(kg ∙ km)
Type
Sand 75% to producer
Cement 20% to producer
Iron Oxide 5% to producer
Concrete RT producer to
user
Concrete RTC user to
landfill

30+2%
8 +2%
2+2%
40+5%

12
150
950
150

367.20
1224.00
1938.00
6300.00

Lorry
Lorry
Lorry
Lorry

40

30

1200.00

Lorry

Table 11 The Providers Considered for all Flows in Single Use Concrete RT
Flows
Providers
Cement
Used from Table 7
Oil
Heavy fuel oil, consumption mix, at refinery, from crude
oil, EU-15
Oil (lubricant)
Light fuel oil, consumption mix, at refinery, from crude oil,
200 ppm sulphur - EU-15
Electricity
Electricity Mix, consumption mix, at consumer, AC, 230VSE
Transport
Lorry transport, Euro 0, 1, 2, 3, 4 mix, 22 t total weight,
17,3t max payload, Europe with NORDEL (NCPA)
4.1.3. Product System - Single Use concrete RT
The third step, the product system, was created and named single use
concrete RT, considering one life cycle (40years). All processes are inside of
the product system. The product system created was connected to the last
process (concrete RT disposal transport) as its quantitative reference flow. All
processes were connected from concrete RT disposal transport (end of life of
roof tiles, 40 years) to cement and sand in the product system. The LCA
analysis for Single use concrete RT was considered cradle to grave. Another
product system single use concrete RT covering was created, in this product
system the transportation of the disposal to landfill is not included (cradle to
user). In order to quantify the emissions in this product system, ReCiPe was
selected as LCIA method to calculate LCA. The indicator selected in ReCiPe
was the midpoint, with Hierarchist consensus model. The assessment of
impacts and results was expressed according to midpoint category, Climate
Change (in kg CO2eq). Grouping method was used to present the result in kg
CO2eq in this study, see Fig. 12 and 13.
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Product System - Single Use Concrete RT
LCIA Result
12.00

(kg CO₂eq)

9.53
9.00
Global Warming
Potential -100 years Product System
Single Use Concrete
RT

6.00
3.00
0.00
cradle to grave
Lifespan in years

Figure 12 Product System - Single Use Concrete RT LCIA Result

Product System - Single Use Covering Concrete RT
LCIA Result
12.00

(kg CO₂eq)

9.45
9.00
Global Warming
Potential -100 years Product System
Single Use Covering
Concrete RT

6.00
3.00
0.00
cradle to user
Lifespan in years

Figure 13 Product System - Single Use Concrete RT Covering LCIA Result
4.1.4. Project 1 - Single Use Concrete RT
The fourth step is project. In this project the same product system was used to
analyse the emissions in a single use into two life cycles, see Fig. 14. Project 1
is represented by the sum of the results of both product systems. The purpose
of Project 1 is to facilitate the comparison of the total emissions in a single use
with a single reuse into two life cycles. In order to compare project 1 single use
concrete RT with a single reuse in two life cycle, a new flow and process were
created and named single reuse concrete RT, see item 4.2
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Global warming potential (GWP) - 100 years (kg
CO₂eq)

Project 1 - Single Use Concrete RT
25.00
19.06

20.00

15.00

10.00

9.53

9.53

Single Use

Single Use

Total emissions

cradle to grave

cradle to grave

Project 1

(1-40)

(41-80)

Single Use

5.00

0.00

Lifespan in years
Figure 14 Project 1 - Single Use Concrete RT

Single Reuse Concrete RT
This model was called single reuse concrete RT and created for comparison
with single use concrete RT as a reused material to extend the lifespan of the
roof tile up to 80 years.
Table 12 Materials for A Square Meter Single Reuse Concrete RT
Reuse Concrete
RT (m2)
Reuse Concrete RT
user to landfill
Material
Water
Sodium Hydroxide
Pressure Washing
Machine (electricity)

Quantity
(kg)

Distance
(km)

Transport
(kg ∙ km)

40

30

1200.00

CleaningWetting
(m2)
6.00 l
-

Applying
Fungicidal
(m2)
2.00 l
0.286 kg

0.0972 MJ

0.0342 MJ

Transport
Type
Lorry

Roof
Rinsing
4.00 l
0.0684 MJ

4.2.1. Flow - Single Reuse Concrete RT
This model follows the same steps as single use concrete RT. The flows were
created according to the cleaning procedure. All flows with the reference flow
property are presented in Table 13.
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Table 13 Inputs for Creating New Flows of Single Reuse Concrete RT
Flow name

Flow type

Concrete RT Wetting
Concrete RT Fungicidal
Concrete RT Rinsed
Concrete RT Disposal

Product
Product
Product
Product

Reference flow
property
m2
m2
m2
m2

4.2.2. Processes - Single Reuse Concrete RT
In this step, the process single use concrete RT was created and named. Each
process created was connected to only one quantitative reference flow, as
shown in Table 14. The process of roof cleaning and wetting the concrete RT
surface has the quantitative reference flow property, concrete RT wetting. The
flow of this process has as input water and
electricity mix SE. Roof applying chemical process has the quantitative
reference property concrete RT fungicidal and input flow concrete RT wetting.
The other three processes, roof rinse concrete RT, roof uncovering concrete
RT and concrete RT disposal transport quantitative reference property and
input flow are according to table 14. For each process of cleaning one square
meter of roof tile by washing, the amount of input flow is indicated in table 14.
The provider has to be selected for each input flow. All providers for these
processes are listed in Table 15.
Table 14 Inputs Processes of the Product System Single Reuse Concrete RT
Process

Quantitative
reference

Input Flows

Roof Cleaning and
Wetting
Roof Applying
Chemical

Concrete RT Wetting

Roof Rinse
Concrete RT

Concrete RT Rinsed

Roof Uncovering
Concrete RT
Concrete RT
Disposal Transport

Concrete RT
Disposal
Concrete RT
Disposal Transported

Water
6.00 l
Electricity mix SE
0.0972 MJ
Concrete RT
1.00 m2
Wetting
Water
2.00 l
Electricity mix SE
0.0342 MJ
Roof Fungicidal
1.00 m2
Water
4.00 l
Electricity mix SE
0.0684 MJ
Roof Tiles Rinsed
1.00 m2
(40 kg)
Concrete RT
1.00 m2
Disposal
Transport
1200.00kg∙km

Concrete RT
Fungicidal

Amount

The pressure washing machine power rating is 1.8 kW, representing 1.8 kWh
of energy consumption for an average of 400 litres of water. Example for
electricity mix SE 1.8 kWh (1 kWh= 3.6 MJ) is equal 6.48 MJ used for 400
liters, 0.0972 MJ used for 6 liters.
Table 15 Providers for all Flows Single Use Concrete RT
Water
Electricity

Drinking water, production mix, at plant, water purification
treatment, from groundwater - RER
Electricity Mix, consumption mix, at consumer, AC, 230V - SE
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Fungicidal
Transport

Sodium hydroxide, production mix for PVC production, at
plant, 100% NaOH - RER
Lorry transport, Euro 0, 1, 2, 3, 4 mix, 22 t total weight, 17,3t
max payload - Europe with NORDEL (NCPA)

4.2.3. Product System - Single Reuse Concrete RT
The product system was created and named single reuse concrete RT. All
processes are inside of the product system. The product system created was
connected to the last process as its quantitative reference, concrete RT
disposal transported (user to landfill). All the processes were connected from
concrete RT disposal transported (last process of single reuse concrete RT
cleaning) to roof cleaning and wetting concrete RT. The last process concrete
RT disposal transported is the input flow to create this product system. Then
the emissions were calculated using as LCIA method ReCiPe (ReCiPe,
Midpoint (H) [v1.11, December 2014). Results from this product system is
demonstrated in Fig. 15.

Global warming potential (GWP) - 100 years (kg
CO₂eq)

Product System - Single Reuse Concrete RT
LCIA Result
1.00

0.75

0.50

0.50

0.25

Global Warming
Potential -100 years Product System
Single Reuse
Concrete RT

0.00
user to grave
Lifespan in years

Figure 15 Product System - Single Reuse Concrete RT LCIA Result
4.2.4. Project 2 - Single Reuse Concrete RT
In this step, a project was created to compare the impact assessment of two
product systems: single use covering vs. single reuse concrete RT. This project
was created and named Project 2. Then, in order to calculate the LCA data,
ReCiPe was selected as LCIA method. The indicator selected in ReCiPe was
the midpoint, with Hierarchist consensus model. The assessment of impacts
and results was expressed according to midpoint category, Climate Change (in
kg CO2eq). To see the results and comparisons of projects (product systems),
a report of LCIA was developed. Grouping method was performed in this study,
see result Fig. 16. The sum of both project system, single use covering and
single reuse concrete RT emissions, represents the total emissions in two life
cycle of the Project 2 single reuse.
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Global warming potential (GWP) - 100 years
(kg CO₂eq)

Project 2 - Single Reuse Concrete RT
12.00
9.95

9.45
8.00

4.00
0.50
0.00
Single Use Covering

Single Reuse

Total emissions

cradle to user

user to grave

Project 2

(41-80)

Single Reuse

(1-40)

Lifespan in years
Figure 16 Project 2 - Single Reuse Concrete RT

Scenario 1 Concrete Roof Tile

Global warming potential (GWP) - 100
years (kg CO₂eq)

Scenario 1 was created to compare single use (Project 1) and single reuse
(Project 2) of the concrete RT. The results of this comparison are discussed
and presented in Chapter 5, item 5.1.
Scenario 1 - Project 1 vs. Project 2 Concrete RT
25.00
20.00

19.06

15.00
9.95

10.00
5.00
0.00
Total emissions

Total emissions

Project 1

Project 2

Single Use

Single Reuse
Lifespan in years

Figure 17 Scenario 1 – Project 1 vs. Project 2 Concrete RT

Single Use Ceramic Roof Tile
4.4.1. Flow - Single Use Ceramic RT
This modelling followed all steps of the modelling in Chapter 3. Table 16
represents all flows for 40 years lifespan single use ceramic RT, with the flow
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name, flow type, product; and reference flow property area. The flow names
were raw materials (clay); raw materials (clay) transport; ceramic RT; ceramic
RT transported; ceramic RT; ceramic RT disposal and ceramic RT disposal
transported. The flow type, product was selected for all flow name, and
reference flow property was mass for all flows, except for ceramic RT; ceramic
RT disposal and ceramic RT disposal transported that were considered square
metre, shown in Table 16.
Table 16 Inputs for Creating New Flows of Single Use Ceramic RT
Flow name

Flow type

Raw materials (clay)
Raw materials (clay) Transported
Ceramic RT
Ceramic RT Transported
Roof Covered Ceramic RT
Ceramic RT Disposal
Ceramic RT Disposal Transported

Product
Product
Product
Product
Product
Product
Product

Reference flow
property
Mass
Mass
Mass
Mass
m2
m2
m2

4.4.2. Processes - Single Use Ceramic RT
The process single use ceramic RT was created and named in the same
manner as single use concrete RT. All process created was connected to only
one quantitative reference flow, as shown in Table 17. The process of clay
extraction has the quantitative reference flow property, raw material (clay), and
input flow excavated material. Another example of process for the ceramic roof
tile is clay transport, with quantitative reference property raw material (clay)
transported and input flow are raw material (clay), and transport. The other
processes are ceramic RT production, roof covering ceramic RT, roof
uncovering ceramic RT, ceramic RT disposal transport. Their quantitative
reference property, input flow and amount of material to cover one square
meter of ceramic roof is described in Table 17. All providers for these
processes are described in Table 18. All flows have to be linked with their
provider (Table 18) to be able to calculate the emissions released.
Table 17 Inputs Processes of the Product System Single Use Ceramic RT
Processes
Clay Extraction
Clay Transport
Ceramic RT
Production
Ceramic RT
Transport
Roof Covering
Ceramic RT
Roof Uncovering
Ceramic RT
Ceramic RT
Disposal Transport

Quantitative
references
Raw material (clay)
Raw material (clay)
Transported
Ceramic RT
Ceramic RT
Transported
Roof Covered
Ceramic RT
Ceramic RT Disposal
Ceramic RT Disposal
Transported
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Input Flows

Amounts

Excavated mat
50.10 kg
Electricity mix SE
12.60 MJ
Clay
50.10 kg
Transport
250.50 kg∙km
clay Transported
50.10 kg
Oil
72.00 MJ
Ceramic RT
31.50 kg
Transport
4725.00 kg∙km
Ceramic RT
1.00 m2
Transported
Roof Ceramic RT
1.00 m2
Ceramic RT
Disposal
Transport

1.00 m2
900.00 kg∙km

Table 18 Providers Considered for all Flows Single Use Ceramic RT
Clay Extraction Excavator, technology mix, 500 kW, Mining – GLO
Oil
Heavy fuel oil, consumption mix, at refinery, from crude oil
- EU-15
Electricity
Electricity Mix, consumption mix, at consumer, AC, 230V –
SE
Transport
Lorry transport, Euro 0, 1, 2, 3, 4 mix, 22 t total weight,
17,3t max payload - Europe with NORDEL (NCPA)
Covering a square metre of roof with ceramic roof tile, ten tiles are provided,
each one weight three kilogram, totalling 30 kg per square meter. Producing a
square meter of ceramic tile, is required 30 kg of clay (dry clay). Wet Clay
density contains 60% of dry clay as 40% is water content. The density of wet
clay is 1760 kg/m3, 1056 kg/m3 is dry clay; in order to produce 30 kg of dry clay,
50.10 kg of wet clay was needed. The weight of wet clay was considered in the
transportation of the material from the extraction to manufacture of the roof tile.
For the roof tile material was added 5% due loss during transportation from
manufacturer to the site (user), representing a total of 31.50 kg, demonstrated
in Table 19.
Table 19 Materials for A Square Meter Single Use Ceramic RT
Ceramic RT
(a square meter)
Raw material (Clay
100%) to producer
Ceramic RT
producer to user
Ceramic RT
user to landfill

Mass + loss
(kg)

Distance
(km)

Transport
(kg ∙ km)

Transport
Type

50.10

5

250.50

Lorry

31.50

150

4725.00

Lorry

30

30

900.00

Lorry

4.4.3. Product System - Single Use Ceramic RT
A product system was created and named single use ceramic RT. All
processes are inside of the product system. These product system follows the
same procedure as single use concrete RT to allow cross comparison. The
product system created was connected to the last process as its quantitative
reference flow. All the processes were connected from ceramic roof disposal
transport (end of life of roof tiles, 40 years) to clay (extraction) in the product
system. The emissions in this product system were quantified with selected as
LCIA method selected was ReCiPe to calculate LCA. The indicator was the
midpoint category, Climate Change (expressed in kg CO2eq) with Hierarchist
model. Results are showed in Figure 18 and 19. Grouping method was used to
demonstrate the result.
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Product System - Single Use Ceramic RT
LCIA Result
2.00
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(kg CO₂eq)

1.50
Global Warming
Potential -100 years Product System
Single Use Ceramic
RT

1.00

0.50

0.00
cradle to grave
Lifespan in years
Figure 18 Product System - Single Use Ceramic RT LCIA Result
Product System - Single Use Ceramic RT Covering
LCIA Result
2.00

1.85

(kg CO₂eq)

1.50
Global Warming
Potential -100 years Product System
Single Use Ceramic
RT Covering

1.00

0.50

0.00
cradle to user
Lifespan in years
Figure 19 Product System - Single Use Ceramic RT Covering LCIA Result
4.4.4. Project 1 - Single Use Ceramic RT
Step four project used the same product system single use ceramic RT within
40 years lifespan each one, to evaluate the emissions in a single use into two
life cycles, see Fig. 20. The sum of both single use product systems represents
the total emissions of Project 1. Then a new flow and process were created and
named single reuse ceramic RT to allow comparisons between Project 1
(single use) and single reuse ceramic RT in two life cycles, in the following
Chapter, item 5.2.
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Project 1 - Single Use Ceramic RT
Global warming potential (GWP) - 100
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cradle to grave

cradle to grave

Project 1

(1-40)

(41-80)
Lifespan in years

Single Use

1.00
0.00

Figure 20 Project 1 - Single Use Ceramic RT

Single Reuse Ceramic RT
Materials for a square meter of single reuse ceramic RT are represented in
Table 20. It is the same material as it was used in single reuse concrete RT,
item 4.2, except the weight of the ceramic. Ceramic roof tile is lighter than
concrete. The weight of the roof tile is used to examine the influence on the
emissions produced during transportation.
Table 20 Materials for A Square Meter Single Reuse Ceramic RT
Reuse Ceramic RT
(a square meter)

Quantity
kg

Distance
(km)

Transport
(kg ∙ km)

Reuse Ceramic RT
user to landfill

30

30

900.00

Material
Water
Sodium Hydroxide
Pressure Washing
Machine (electricity)

CleaningWetting
m2
6.00 l
-

Applying
Fungicidal
m2
2.00 l
0.286 kg

Roof
Rinsing
m2
4.00 l
-

0.0972 MJ

0.0342 MJ

0.0684 MJ

Transport
Type
Lorry

4.5.1. Flows - Single Reuse Ceramic RT
This flow is called single reuse ceramic RT and was used for comparison of
single use ceramic RT as a reused material to extend the lifespan of the roof
tile to 80 years. The flows of the single reuse are described in Table 21, which
were considered the similar for the reuse of concrete RT studied in this chapter,
item 4.2.1.
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Table 21 Inputs for Creating New Flows Single Reuse Ceramic RT
Flow name

Flow type

Ceramic RT Wetting
Ceramic RT Fungicidal
Ceramic RT Rinsed
Ceramic RT Disposal

Product
Product
Product
Product

Reference flow
property
m2
m2
m2
m2

4.5.2. Processes – Single Reuse Ceramic RT
All inputs for the processes of the product system single reuse ceramic RT are
listed in Table 22. In the process of cleaning and wetting the roof surface the
quantitative reference is referred to as roof tile wetting, and the input flows were
water and electricity. The amount of electricity and water used by the pressure
washing machine, considered 1.8 kW (6.48 MJ) used for 400 liters of water.
Cleaning and wetting one square meter of roof tile consumed six liters of water
and the washing machine used 0.00972 MJ of electricity. The next step was to
create a new process in openLCA, called applying chemical. The process was
to use the fungicide on the roof, the quantitative reference, roof tile fungicidal,
see Table 22. This process of applying chemical used two liters of water with
0.286 kg of sodium hydroxide (proportion 1:7 of water) and 0.0342 MJ of
electricity mix SE. Then another process was created, rinse roof surface, with
quantitative reference flow, roof tile rinsed, listed below, see Table 22. The
input is the quantitative reference flow from the process before (applying
chemical), roof tile fungicidal. This process used a pressure washing machine,
requiring four liters of water to rinse the fungicide from the roof, and 0.00684
MJ of electricity mix SE. The last process considered was transporting tiles to
the landfill at the end of the life of the roof tile. The quantitative reference flow
was roof tile transported disposal and the input was roof tile transported
disposal for a square meter of roof tiles.
Table 22 Inputs Processes of the Product System Single Reuse Ceramic RT
Processes
Quantitative
Input Flows
Amounts
references
Roof Cleaning and
Wetting
Roof Applying
Chemical
Roof Rinse
Ceramic RT

Ceramic RT Wetting
Ceramic RT
Fungicidal
Ceramic RT Rinsed

Roof Uncovering
Ceramic RT Disposal
Ceramic RT
Ceramic RT
Ceramic RT Disposal
Disposal Transport Transported

Water
Electricity mix SE
Ceramic RT
Wetting
Water
Electricity mix SE
Roof Fungicidal
Water
Electricity mix SE
Roof Tiles Rinsed
(30 kg)
Ceramic RT
Disposal
Transport

6.00 l
0.0972 MJ
1.00 m2
2.00 l
0.0342 MJ
1.00 m2
4.00 l
0.0684 MJ
1.00 m2
1.00 m2
900.00 kg∙km

The pressure washing machine power rating is 1.8 kW, representing 1.8 kWh
of energy consumption for an average of 400 litres of water; 1.8 kWh (1 kWh=
3.6 MJ) is equal 6.48 MJ used for 400 liters.
35

Table 23 The Providers Considered for all Flows Single Use Ceramic RT
Oil
Diesel
Hard coal
Electricity
Transport

Heavy fuel oil, consumption mix, at refinery, from crude oil
- EU-15
Diesel, consumption mix, at refinery, from crude oil, 200
ppm sulphur - EU-15
Hard Coal, consumption mix, at power plant, from
underground and open pit mining - EU-27
Electricity Mix, consumption mix, at consumer, AC, 230V –
SE
Lorry transport, Euro 0, 1, 2, 3, 4 mix, 22 t total weight,
17,3t max payload

4.5.1. Product System – Single Use Ceramic RT
Single reuse ceramic RT was created as a system product. This product
system is the similar to the product system single reuse concrete RT (item
4.2.1). The main difference is the weight of the roof tile. The concrete RT is ten
kilograms heavier than the ceramic RT considering a square meter of roof tile.
The last process ceramic RT disposal transported (user to landfill) is the input
flow of this product system. All the processes were connected from ceramic
RT disposal transported (last process of single reuse ceramic RT cleaning) to
roof cleaning and wetting ceramic RT. Then the emissions were calculated
using as LCIA method ReCiPe (ReCiPe, Midpoint (H) [v1.11, December 2014).
Results from this product system is demonstrated in Fig. 21.
Product System - Single Reuse Ceramic RT
LCIA Result

(kg CO₂eq)

1.00
0.75
0.50

Global Warming
Potential -100 years
- Product System
Single Reuse
Ceramic RT

0.47

0.25
0.00
user to grave
Lifespan in years

Figure 21 Product System - Single Reuse Ceramic RT LCIA Result
4.5.2. Project 2 - Single Reuse Ceramic RT
Project 2 represents single reuse ceramic RT within two life cycle. Project 2
was created to compare the impact assessment of single use covering vs.
single reuse ceramic RT and those emissions produced in each life cycle
represents project 2 in a single reuse. In order to calculate the LCA data,
ReCiPe was selected as LCIA method. The indicator selected in ReCiPe was
the midpoint, with Hierarchist consensus model. The assessment of impacts
and results was expressed according to midpoint category, Climate Change (in
kg CO2eq). A report of LCIA was developed to show results and comparison.
Grouping method was performed in generate the result, see Fig. 22.
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Global warming potential (GWP) - 100
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Figure 22 Project 2 Single Reuse Ceramic RT

Scenario 2 Ceramic Roof Tile
Scenario 2 was created to compare ceramic RT, single use versus single reuse
represented by Project 1 (single use) and Project 2 (single reuse). The results
of this comparison are discussed and presented in Chapter 5, item 5.2.

Global warming potential (GWP) - 100 years (kg
CO₂eq)

Scenario 2 - Project 1 vs. Project 2 Ceramic RT
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Figure 23 Scenario 2 - Project 1 vs. Project 2 Ceramic RT
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5 Results and Discussion
LCA Scenario 1 Concrete RT
The Table 24 shows emissions calculated for the reference flows of a square
metre of concrete RT for each product system in Scenario 1.
Table 24 Product System - LCIA ReCiPe midpoint (H)
Impact category - Climate Change GWP 100 years (kg CO2eq).
Reference unit = 1 m2 ∙ area (kg CO2eq).
Product System

1 m2

Single use concrete RT
Single use concrete RT covering
Single reuse concrete RT

9.53
9.45
0.50

Table 25 Scenario 1 - Single Use vs. Single Reuse
Impact category - Climate Change GWP 100 years (kg CO2eq).
Reference unit = 1 m2 ∙ area (kg CO2eq).
Concrete Roof Tile

1 m2

Project 1 Single use concrete RT
Project 2 Single reuse concrete RT

19.06
9.95

The product system single use concrete RT (cradle to grave) for a square
meter of roof generates 9.53 kg CO2eq (Table 24). Cement released 8.10 kg
CO2eq, representing 85% of the total CO2 emissions, see Fig.24.
Transportation is responsible for 7.75% of the total emissions while the
remaining emissions 7.25% is from production of the roof tile, sand extraction
and others, according to Fig. 24. In addition, this product system generates 40
kg of disposable material to the nearby landfill (Borlänge) at the end of its
lifecycle of the single use (cradle to grave).

Figure 24 Source: openLCA 1.7.0 Analysis Results General Information CO2
emissions Concrete RT
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Single use concrete RT covering, this product system evaluates the emissions
from cradle to user, considering 40 years lifespan. The difference between
single use concrete RT covering (9.45 kg CO2eq, Table 24) and single use
concrete RT (9.53 kg CO2eq, Table 24) is due to the transportation of the
disposable material to the landfill close to Borlänge, at the end of its lifecycle of
the single use (cradle to grave). This product system does not generate
disposal material as the analysis is considered cradle to user.
Single reuse concrete RT product system represents the extension of the
lifespan of the roof tile up to 80 years. The result of 0.50 kg CO2eq (Table 24),
refers to the material reused after the processes of washing and cleaning the
roof tile, and the transportation of the disposable tile to landfill at the end of its
lifecycle as this product system is evaluated from user to grave.
Project 1 single use concrete RT was created to compare the impact
assessment of two product systems: single use vs. single use. In this project
was considered that the roof tile was replaced with new ones of identical kind
after 40-years lifespan. The Fig. 25 shows the emissions (cradle to grave)
released in the first cycle single use and second cycle single use. Over its first
40-years lifespan, the roof tiles generated 9.53 kg CO2eq, after 40 years the
roof tile is assumed to be replaced with new ones, and the same amount of
CO2 was produced by the replaced tiles, totalling in the end of two life cycles
19.06 kg CO2eq that represents Project 1 results (Table 25). Furthermore, the
disposal (waste) that goes to landfill is the amount produced in the first 40
years, 40 kg, plus the same amount generated by the replacement in its end of
life, totalling 80 kg.
Project 2 single reuse concrete RT was created to compare the LCIA results of
single use covering vs. single reuse concrete RT, representing two life cycle.
The single use covering analysis is from cradle to user, whereas the single
reuse considers the recovery of roof tiles by washing to reach two life cycle;
user to grave. The results of Project 2 are presented in Fig. 26. In the first 40
years, it produced 9.45 kg CO2eq from cradle to user. The emissions produced
by the processes of washing and cleaning the roof tile for reuse is 0.50 kg
CO2eq. The sum of the two released CO2 at the end of the two life cycles is
hence 9.95 kg CO2eq (Table 25). The results demonstrate that the reuse
emissions are insignificant compared to the single use concrete RT roof tile,
see Fig. 25. Moreover, as the roof was recovered, the first cycle did not
generate disposal. The disposable material was generated in the end of the
extension of lifespan with the amount of 40 kg going to landfill after 80 years.
Project 2 single reuse concrete RT generates around 50% less disposable
material than Project 1. Furthermore, Project 2 saves resources due to reuse of
the roof tile and consequently contributes to CO2 reduction related to embodied
energy.
Scenario 1 concrete RT was created to compare single use (project 1) vs.
single reuse (project 2). The outcomes of both projects are shown in Fig. 27.
Project 1 produced almost 48 % more CO2 than project 2, which considered the
reuse of the roof tile. As demonstrated in Fig. 26 project 2 single reuse is more
beneficial for the environment. In addition, project 1 produces twice the amount
of disposal material than project 2, due to single use of the material. Also,
requires double amount of extracted raw material. Scenario 1 concrete RT
shows the potential benefits of Project 2 (Table 25), as it saves resources due
to reuse of the roof tile and consequently contributes to CO2 reduction related
to embodied energy.
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Project 1 - Single Use Concrete RT
25.00
19.06

20.00
15.00
10.00

9.53

9.53

Single Use

Single Use

Total emissions

cradle to grave

cradle to grave

Project 1

(1-40)

(41-80)

Single Use

5.00
0.00

Lifespan in years
Figure 25 Project 1 - Single Use Concrete RT

Global warming potential
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Figure 26 Project 2 Single Reuse Concrete RT

Global warming potential (GWP) 100 years (kg CO₂eq)

Scenario 1 - Project 1 vs. Project 2 Concrete RT
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Figure 27 Scenario 1 - Project 1 vs Project 2 Concrete RT
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LCA Scenario 2 Ceramic RT
In this scenario follows the same procedure as Scenario 1 concrete RT. The
only difference in this scenario is the use of ceramic RT instead of concrete RT.
The emissions were calculated according to the FU (a square metre of ceramic
RT) 40 years lifespan in two life cycles.
Table 26 LCIA ReCiPe midpoint (H) Product System Scenario 2
Impact category - Climate Change GWP 100 years (kg CO2eq).
Reference unit = 1 m2 ∙ area (kg CO2eq).
Product System

1 m2

Single Use Ceramic RT
Single Use Ceramic RT Covering
Single Reuse Ceramic RT

1.91
1.85
0.47

Table 27 Scenario 2 Single Use vs. Single Reuse
Impact category - Climate Change GWP 100 years (kg CO2eq).
Reference unit = 1 m2 ∙ area (kg CO2eq).
Ceramic Roof Tile

1 m2

Project 1 Single use ceramic RT
Project 2 Single reuse ceramic RT

3.82
2.32

Single use ceramic RT, this product system considered cradle to grave to
analyse the emission from a square meter of roof tile within lifespan 40 years.
The contribution tree Fig. 28 shows that 68.78% of the total emissions was
produced by electricity and oil used in the extraction of clay and production of
roof tile. The remain emissions are related to transport, representing 31.22% of
the total emissions, which 20.30% is from Transportation of the raw material
(clay) extracted to producer, and 10.91% from the mining truck used to extract
the material. Furthermore, the disposable material of this product system is
transported to landfill (Borlänge) in the end of 40 years lifespan (cradle to
grave).

Figure 28 Source: openLCA 1.7.0 Analysis Results General Information CO2
emissions Ceramic RT
Single use ceramic RT covering, this product system evaluates the emissions
from cradle to user, considering 40 years lifespan, similarly to the ceramic RT.
The difference between single use ceramic RT (1.91 kg CO2eq, Table 29) and
single use ceramic RT covering (1.85 kg CO2eq, Table 26) is due to the
transportation of the disposable material to the landfill, representing 3.15% of
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the total emissions at the end of its lifecycle. This product system is from cradle
to user, for this reason, there is not production of disposable materials.
Single reuse ceramic RT, this product system represents the extension of the
lifespan of the roof tile up to 80 years. The result of 0.47 kg CO2eq (Table 26)
refers to the emissions produced from user to grave in the processes of
washing and cleaning the roof tile, and the transportation of the disposable tile
to landfill at the end of its life cycle. The comparison with single reuse concrete
RT product system reveals that the previous system releases slightly more CO2
than the ceramic RT. This difference is due to the weight of the disposable tile
in the transportation: a square meter of concrete RT weight 40 kg, while
ceramic RT is only 30 kg.
Project 1 single use ceramic RT emissions are shown in Fig. 29. As the same
in Project 1 concrete RT, this project compares the emissions of two product
system in a single use, considering the replacement of the roof tile with new
identical ceramic RT after its lifespan to reach 80 years. The Fig. 29 and Table
27 demonstrate the emissions released from cradle to grave in both product
system representing two life cycles. At the end of two life cycle (80 years), the
total emissions produced was 3.82 kg CO2eq (1.91 plus 1.91 kg CO2eq)
representing the outcome of Project 1. Moreover, the disposable material
ending in the landfilling is the amount produced in the first 40 years cycle, 30
kg, plus the same amount produced in the second 40 years cycle, totalling 60
kg of disposable material.
Project 1 - Single Use Ceramic RT
Global warming potential (GWP) - 100
years (kg CO₂eq)
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3.82

4.00
3.00
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(1-40)

(41-80)
Lifespan in years

Single Use

1.00
0.00

Figure 29 Project 1 Single Use Ceramic RT
Project 2 single reuse ceramic RT presents the reused of the ceramic roof tile,
results are demonstrated in Fig. 30. The purpose of this project is to compare
the LCIA results of single use covering vs. single reuse ceramic RT generated
in two life cycle. In project 2 total emissions consisted from cradle to user in the
first 40 years (generating 1.85 kg CO2eq, Table 26). During the extension of the
lifespan to reach 80 years, an additional 0.47 kg CO2eq (Table 26) was
produced owing to processes of washing and cleaning of the roof tile. This
latter part constitutes 20.26% of the total emissions in this project. The total
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amount of emission produced in two life cycle considering reuse of ceramic roof
tile was 2.32 kg CO2eq, shown in Table 27 and Fig. 30. Due to the extension of
lifespan, Project 2 produced around 30 kg of disposable material that ends in
landfilling after 80 years.
Scenario 2 ceramic RT was created to compare Project 1 vs. Project 2. The
Fig. 31 shows the comparison of single use (Project 1) and single reuse
(Project 2), for ceramic RT. Project 1 produced a total of 3.82 kg CO2eq, while
project 2 produced 2.32 kg CO2eq. Project 1 released 39.27% more emission
than Project 2, indicating that the reuse of the material is more beneficial for the
environment than a single use in this context. Besides of that, project 1
produces almost a double amount of disposal material generated by project 2,
due to single use of the material. In addition, a single use in two life requires
double amount of extracted raw material leading to twice of GHG emissions.
Scenario 2 ceramic RT demonstrates the advantage of Project 2 (Table 27), as
it saves resources due to reuse of the roof tile and consequently contributes to
CO2 reduction related to embodied energy.

Global warming potential (GWP) 100 years (kg CO₂eq)

Project 2 - Single Reuse Ceramic RT
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Figure 30 Project 2 - Single Reuse Ceramic RT

Global warming potential (GWP) 100 years (kg CO₂eq)
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Figure 31 Scenario 2 - Project 1 vs Project 2 Ceramic RT
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Comparison Scenario 1 vs. Scenario 2
Scenario 1 concrete RT compared to Scenario 2 ceramic RT shows that single
use (Project 1) produces 19.06 kg CO2eq, while Scenario 2 single use (Project
1) releases 3.82 kg CO2eq, shown in Fig. 32 and Table 28. Demonstrating that
a single use of concrete RT in two life cycle generates almost 80% more
emissions than Scenario 2. Comparing both scenarios in single reuse (Project
2) demonstrated that Scenario 1 concrete RT generates about 9.95 kg CO2eq
against 2.32 kg CO2eq in Scenario 2 ceramic RT. Scenario 1 in a single reuse
emits 77% more emissions than Scenario 2. The diagram in Fig. 32
demonstrates that Scenario 2 ceramic RT emits less CO2 to the environment in
both situations, single use and single reuse, compared to Scenario 1. On the
other hand, Scenario 1 single reuse shows that reusing the concrete RT is
more beneficial to the environment as avoids 7.63 kg CO2eq emissions per
square meter of roof tile while the reuse of ceramic RT avoids only 1.50 kg
CO2eq per square meter.

Global warming potential (GWP) - 100
years (kg CO₂eq)

The comparison of Scenario 1 and 2, was applied in a model single family
house located in Dalarna’s Villa, consisting of 218 m2 of roof area to calculate
its environment loads with the purpose of facilitating the communication of the
results to the audience.

20.00

Scenario 1 vs. Scenario 2
FU a square meter of Roof Tile
19.06

16.00
12.00

9.95

8.00
3.82

4.00

2.32

0.00
Project 1

Project 2

Project 1

Project 2

Single Use

Single Reuse

Single Use

Single Reuse

Concrete Roof Tile

Ceramic Roof Tile

Figure 32 Scenario 1 vs. Scenario 2 FU a Square Meter of Roof Tile
Table 28 Scenario 1 vs. Scenario 2
Impact category - Climate Change GWP 100 years (kg CO2eq).
Reference unit = 1 m2 ∙ area (kg CO2eq).
228.90 m2
Scenarios
1 m2 218 m2
(+ 5% single use)
Project 1 Single use
19.06 4155.08
4362.80
Scenario 1
Concrete RT Project 2 Single reuse
9.95 2169.10
2485.35
Project 1 Single use
3.82
832.76
874.40
Scenario 2
ceramic RT
Project 2 Single reuse
2.32
505.76
547.40
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Table 29 Disposable Material Ending in Landfill
Disposable Material ending in Landfill (kg)
Single Family House 218 m2 plus 5% = 228.90 m2
Disposable
Weight
(Kg/m2)
80

17440.00

18312.00

Project 2 Single reuse

40

8720.00

9156.00

Project 1 Single use
Project 2 Single reuse

60
30

13080.00
6540.00

13734.00
6867.00

Scenarios
Scenario 1
Concrete
RT
Scenario 2
ceramic RT

Project 1 Single use

218 m2
(Kg)

228.90 m2
(Kg)

Single Family House Dalarna’s Villa with Scenario 1 Concrete RT
A single family house was used as model to assess the environmental impact
(climate change category, global warming potential) and disposable material by
considering concrete RT. Using Scenario 1 to analyse the emissions and
disposable material, the model single family house (218.00 m2) shows in Table
28 the emissions generated, 4155.08 kg CO2eq considering the replacement of
the roof tile after 40 years lifespan. It was considered extra 5% of the amount of
roof tiles due to the maintenance of the roof tile during its lifespan, representing
total emissions of 4362.80 kg CO2eq in a single use (two life cycles, shown in
Table 28 and Fig. 33). Moreover, a huge amount of disposable material was
produced by this model ending in the landfill. In a square metre, 80 kg of
disposable material is generated while in this model produces 18312.00 kg
(Table 29) of disposable roofing tiles in two life cycles that go to the landfill at
the end of their lifespan, see Fig. 34.
In the single reuse was considered 5% replacement of the roof tiles with new
ones of the same kind due to damage during the process of cleaning and
washing the roof. Considering single reuse, the emissions are reduced from
4362.80 to 2485.35kg CO2eq (Table 28 and Fig. 33), representing a reduction
of almost 48% in CO2 emissions. Also, reusing concrete RT material avoids the
release of 1877.45 kg CO2eq (in this context). In addition, reusing the roof
material reduces the disposable material from 18312.00 kg to 9156.00 (Table
29), the reduction is about 50%, see Fig. 34.
Single Family House Dalarna’s Villa with Scenario 2 Ceramic RT
The model single family house was used to evaluate the environmental impact
(GWP) and disposable material by using ceramic RT; Scenario 2. Considering
replacement after 40 years lifespan, the result Table 28 presents that this
model release 874.40 kg CO2eq including 5% of single use roof tile for the
maintenance. Ceramic RT in this model generates 13734.00 kg (Table 29) of
disposable waste in two life cycles.
Considering the single reuse of ceramic RT, 5% of the total roof area was
considered to be replaced by new roof tiles within a resembling type due to roof
damage during the recovery process. Single reuse represents a significant
reduction of CO2 emissions (37.40%) compared to single use, from 874.40
single use to 547.40 kg CO2eq single reuse. The reusing the roof tiles reduce
the disposable material by 50% compared to a single use in Scenario 2, from
13734.00 to 6867.00, see Table 29.
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The comparison of both scenarios using a single family house as a model
shows that ceramic RT is more beneficial for the environment as emits fewer
CO2. In a single use the comparison shows that concrete RT releases around
80% more CO2 than ceramic RT. This difference in the CO2 emissions between
the between both scenarios is due to Portland cement used in the production of
concrete RT, as Portland cement is responsible for 85% of the total emissions
in the production concrete RT. Scenario 1 concrete RT sends to landfilling
4578.00 kg more disposable waste than Scenario 2 ceramic RT.
Reusing the roof material demonstrates that concrete RT releases almost 78%
more emissions that ceramic RT, from 2485.35 - 547.40 kg CO2eq (Fig. 33).
This due to the weight of the roof tile in transportation, as concrete RT is
heavier than ceramic RT, and the additional new roof tile material considered
for maintenance (material added was 5% of the total roof area).
Nevertheless, reusing concrete RT material avoids 1937.95 kg CO2eq in this
context when compared to the reuse of ceramic RT, see Table 28. and Fig 33
Scenario 1 sends to landfilling 4578.00 kg of disposable waste more than
Scenario 2.

Global warming potential (GWP) - 100
years (kg CO₂eq)

The outcomes demonstrate that reusing concrete RT has a bigger benefit to
the environment than ceramic RT. Reusing saves the embodied energy, for this
reason reduces emissions released to the environment. Also, the single reuse
of the concrete RT avoids extraction of new resources.
Single Family House (228. 90 m2)
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Figure 33 Single Family House (228.90 m²) Impact Climate Change
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Single Family House (228.90 m2)
Disposable Material Landfilling (kg)
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Figure 34 Single Family House (228.90 m2) Disposable Material Landfilling (kg)

Storage Facility Ta Till Våra (Borlänge)
The municipality of Borlänge is studying to implement in the city a storage
facility for reused material. The location considered was Ta Till Våra, in the
centre of Borlänge. The selection of this location is justified by the local
municipality intention to use this site for storing and processing reused
construction materials in the future. This type of storage is already being used
in Malmö (Malmö Återbyggdepå). The storage facility in Malmö receives the
reused material and redistribute or selling to local people. These procedures
avoid landfilling in the case of roofing tile. In order to investigate the benefits of
the storage facility, a model single family house was used. The distance
considered from the single family Dalarna’s Villa to Ta Till Våra storage facility
was 30 km to facilitate calculations and comparisons, as the same distance of
30 km was used to transport disposable material from the single family house
to the landfilling at the end of life of the roof tile. Sending the roof materials at
the end of their lifespan to Ta Till Våra, reduces the significantly the amount of
disposable in the landfill, especially when considering a single use of the
materials concrete and ceramic RT. The disposable material in a single use is
represented by 18312.00 kg concrete RT and 13734.00 kg by ceramic RT.
Approximately, 70% of these materials could be reused, considering losses up
to 30% [1] during the process of uncovering the house (10 to 20%), cut off the
tiles (5%) and transportation to landfilling (5%). These materials could be sent
to a storage facility and redistributed or selling them to the local population,
avoiding landfilling, as Malmö’s storage facility. These processes avoid
landfilling in the case of roofing tiles [27].
Table 30 Storage Facility Ta Till Våra (Borlänge) Emissions from
Transportation
Impact category - Climate Change GWP 100 years (kg CO2eq).
Reference unit = 1 m2 ∙ area (kg CO2eq).
Single Family House = 228.90 m2 (70% Reusable Material Transported
from Storage Facility to User).
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Scenarios

Roof Tile
Reusable
Weight
70% (kg)
(Kg/m2)

Projects

Reference
Maxim
Unit
kg CO2eq
kg CO2eq
Transport
per m2

Scenario 1
Concrete RT

Project 1
Single use

80

12818.40

19.06

3053.98

Scenario 2
ceramic RT

Project 1
Single use

60

9613.80

3.82

612.08

Global warming potential (GWP) - 100
years (kg CO₂eq)

The construction of a storage facility is more beneficial to the single use in both
scenarios as the roof tile replaced after 40 years lifespan (single use) has a
potential to be stored and reused for another 40 years, reaching two life cycles.
Reducing significantly the amount of materials ending at the landfill. Whilst the
reused tile (single reuse) is discarded at the end of its useful life (80 years)
when the roof tile is supposed to be disposed to landfill or pass through another
process of recycling. The reusable roof tiles from a single family house
generate emissions due to transportation, see Fig. 35. The emissions
generated by transportation were calculated to validate the benefit of
constructing a storage facility. Transporting the reusable material from Storage
Facility Ta Till Våra to 100 km produce 84 kg CO2eq.
Storage Facility Ta Till Våra (Borlänge)
Emissions from Transportation
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Figure 35 Storage Facility Ta Till Våra (Borlänge) Emissions from
Transportation
The construction of a storage facility is more beneficial to the single use in both
scenarios as the roof tile are replaced after 40 years lifespan, as the disposable
generated after 40 years can be used till up to 80 years, roof tile in a single use
has a potential to be stored and reused. Reducing significantly the amount of
materials ending at the landfill. Whilst the reused tile (single reuse) is discarded
at the end of its useful life, in 80 years, when the roof tile is supposed to be
disposed to landfill or pass through another process of recycling.
As the proposal of the Borlänge municipality is to build a storage facility is to
serve locals (users) the emissions released due to transportation was
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calculated to validate the calculations. For the calculations of the emissions
released due to transportation were considered the same parameters as
Scenario 1 and 2. The provider of the transport considered was Lorry transport,
Euro 0, 1, 2, 3, 4 mix, 22 t total weight, 17,3t max payload - Europe with
NORDEL (NCPA) and the LCIA method, ReCiPe was selected as LCIA
method. The indicator selected in ReCiPe was the midpoint, with Hierarchist
consensus model. The impacts and results were expressed according to
midpoint category, Climate Change (in kg CO2eq).
In the single family house 12818.40 kg of concrete RT and 9361.80 kg by
ceramic RT, representing 70% of the total disposable material, could go to the
storage facility to be reused as demonstrated in Table 30. The transportation of
These reusable materials produces emissions related to transportation shown
in Fig. 35. Transporting the reusable material from Storage Facility Ta Till Våra
to 100 km produces 84 kg CO2eq for concrete RT and 62 for ceramic RT,
increasing gradually as the distance grows, shown in Fig. 36. The diagram
demonstrates that concrete RT can be transported to a maximum distance of
3624 km, up to this distance the emissions produced by transportation is bigger
than the production of new roof tiles. As the ceramic RT produce fewer
emissions, the distance that the reusable material can be transported is
maximum 995 km. This demonstrates that constructing a storage facility will be
an advantage for the municipality contributing to achieving the EU targets for
the waste reduction of 70% by 2020.
Other studies demonstrated the benefits of reuse construction materials. A
study in Swedish context [43] [1] demonstrated the benefits of reuse and
recycling of building materials by comparing two cases: (1) building A, most of
the building materials are reused and (2) building B, all new building materials.
The results showed that the environmental impacts of reused and recycling
building materials represent 55% of environmental impacts caused by the
building using only new materials. Moreover, the reuse of ceramic bricks and
ceramic roof tiles is the main responsible for the reduction of environmental
impacts. Besides that, the study shows that even considering a long distance of
transportation, brick and ceramic roof tiles, reusing building materials still
beneficial for the environment. An Australian study [1] shows that reuse
materials can save up to 95% of embodied energy. However, materials such as
brick and roof tiles losses up to 30% due to damage in reuse.

Comparison of LCA Brazilian Study vs. Swedish
A similar study from Brazil compared the LCA of a square metre of concrete
and ceramic roof covering [27]. The aim of the study was to evaluate which
material is preferable from the environmental point of view. The authors did not
consider the reuse of these materials, only the production and single use.
Besides, the FU of both materials is the same, a square metre of roof covering,
within lifespan 20 years. As FU from Brazilian study contradicts in their period
of lifespan, considering 20 years and this study was considered 40 years,
results cannot be compared. However, a comparison was made to show that
different boundaries lead to different outcomes. As indicated by the results
comparing single use ceramic with single use concrete RT (Table 31), the use
of concrete tile is associated with about 3-5 times more CO2eq emission than
that of ceramic ones. The difference in absolute and relative terms (ceramic vs.
concrete) is partly the outcome of different lifespans considered by the studies
(the Brazilian study assumed 20 years, while the current one adopted 40
years). Furthermore, different boundaries (that included the location,
environmental climate, lifespan, weight of the materials and distance of
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transportation) also contributed to slightly different results. Also, the LCIA
method used to calculate the LCA data were different. The Brazilian study used
SimaPro instead of openLCA to analyse the impacts. The LCIA method used in
their study was IMPACT 2002; this study used ReCiPe, midpoint, Hierarchist
(GWP in 100 years). Differences in boundaries and method of LCIA used in
these studies and in other studies may cause discrepancies in the final results
of LCA represented in the value of emissions.
Table 31 Comparison of LCA Brazilian Study vs. Swedish
Potential Environmental benefits of Single Use concrete & ceramic RT
Boundaries of The Studies
Climate Change (kg CO2eq)
FU 1 m² roof covering (period)
Environmental Impact Evaluation
Distance Transport Concrete RT
Distance Transport Ceramic RT
Software
LCIA method

Brazil
GWP
20 years
Cradle to Grave
450 km
120 km
SimaPro
IMPACT 2002

Sweden
GWP
40 years
Cradle to Grave
342 km
185 km
OpenLCA
ReCiPe, midpoint, (H)

Table 32 Comparison of LCA Brazilian Study vs. Swedish
Impact category - Climate Change GWP (kg CO2eq).
Reference unit = 1 m2 ∙ area (kg CO2eq).
Product System
Single Use Ceramic
Single Use Concrete RT

Brazil
4.97
15.69

Sweden
1.91
9.53

6 Conclusions
This study assessed the potential environmental benefits of reusing concrete
and ceramic roof tile within the Swedish context in terms of their CO2 emission.
Life cycle impact of GWP was compared between two materials (concrete and
ceramic RT), in a single use versus single reuse considering two life cycles.
OpenLCA 1.7.0 was used as a tool to calculate LCA, to assess the emissions,
the LCIA method selected was ReCiPe, midpoint, Hierarchist model, climate
change category expressed in GWP 100 years (in kg CO2eq); version
December 14. Grouping method was selected to represent the outcomes. The
same LCIA method was used for all calculation in this study.
In order to calculate the LCA for concrete and ceramic roof tile, a configuration
setting was made in openLCA. All flows and processes were created for both
roof tile. To assess the environmental impact, three product systems were
created for each material; single use, single use covering and single reuse. The
product system single use considered standard 40-year lifespan, from cradle to
grave (from extraction to disposal), single use covering also considered 40-year
lifespan, from cradle to user while single reuse considered extending the
longevity of tiles up to 80 years via cleaning, washing and applying fungicidal
on the roof after the initial 40-year lifetime, from user to grave approach, as the
reused material was transported from user (site) to landfill at the end of its life
cycle. The three product systems were calculated and then compared in
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Project 1 single use and Project 2 single reuse. The product systems generated
the results based on 40 years lifespan (one life cycle) while Project 1 and 2
represented two life cycles. Project 1 compared single use (1 to 40 years)
versus single us/e (replacement 41 to 80 years), the sum of the emissions of
both product system produced the outcome of project 1. Project 2 compared
single use (1 to 40 years) covering versus single reuse (recovery 41 to 80
years), its outcome was generated by the sum of the emissions of these two
product systems. In order to allow comparisons between concrete and ceramic
RT, two scenarios were created, Scenario 1 representing concrete RT and
Scenario 2 ceramic RT. Scenario 1 compared single use (Project 1) and single
reuse (Project 2) using concrete RT whilst Scenario 2 used ceramic RT. The
comparison of both scenarios provided the results of the roofing tiles in two life
cycles. In addition, to facilitate the communication of LCA results of concrete
and ceramic RT, a single-family house Dalarna’s Villa located in Dalarna region
in Sweden was used as a model. The roof area of the model is around 218 m2,
including the roof of the garage. In addition, the disposable material generated
by this model was quantified. As the local municipality has future intention to
build a storage facility for reused materials, Ta Till Våra in the centre of
Borlänge was considered. In order to investigate the benefits of the storage
facility, a model single family house also was used.
The LCA analysis in a single use roof tile for both materials (concrete and
ceramic) was considered replacement of the roof tile with the same kind of
material, to reach 80 years in two life cycles, from cradle to grave. The findings
show that concrete RT releases 19.06 kg CO2eq in this period while ceramic
RT 3.82 kg CO2eq. Concrete RT releases almost 80% more emissions than
ceramic RT. In addition, at the end of their lifespan, these materials go to
landfill. The disposal (waste) generated by these roofing tiles in 80 years
represents 80 kg/m2 for concrete and 60 Kg/m2 for ceramic RT, demonstrating
that concrete RT sends 25% more disposable material by weight to the landfill.
In the single reuse of the roof tile to calculate LCA, it was considered the
recovery of the roof by washing and cleaning extending the lifespan up to 80
years. Both scenarios used the same processes. CO2 released at the end of
the two life cycles is hence 9.95 kg CO2eq for concrete and 2.32 kg CO2eq for
ceramic RT. In the reuse context, concrete RT releases almost 77% more
emissions than ceramic RT. Although reuse reduces associated emissions by
about 80% in both cases. Reusing concrete is more beneficial, as emissions
are reduced by 9.95 kg/m2 as opposed to 2.32 kg/m2 at the ceramics. Besides
of that, reusing the roofing tiles reduce the disposable of both materials go to
the landfill after 80 years due to the recovery of the roof tile. Furthermore,
concrete roofing tiles in 80 years generate 40 kg/m2 and ceramic RT 30 Kg/m2.
In the comparative LCA, a single family house (218 m2) finding showed that
Scenario 1 concrete RT released 4362.80 kg CO2eq in single use and 2485.35
kg CO2eq in single reuse. In addition, reusing the concrete RT had a reduction
of almost 43% of CO2 emissions compared to a single use. Also, reusing
concrete RT material avoids the release of 1877.45 kg CO2eq (in this context).
In addition, reusing the roof material reduced the disposable material from
18312.00 kg to 9156.00 kg, representing a reduction of about 50%. On the
other hand, in Scenario 2 ceramic RT the same model single family house
emitted 874.40 kg CO2eq in single use and 547.40 kg CO2eq in single reuse.
Reusing the ceramic roof tile reduced the emissions by 37% compared to
single use, avoiding 327.00 kg CO2eq. In addition, Scenario 2 ceramic RT, in
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single use generated 13734.00 kg of disposable waste against 6867.00 from
single reuse.
The comparison of Scenario 1 concrete RT and Scenario 2 ceramic RT
revealed that ceramic RT is more beneficial for the environment as emits a
lower amount of CO2. In single use concrete RT, the model produced around
80% more CO2 than ceramic RT. This huge discrepancy of CO2 emissions
between the concrete and ceramic roof tile is accounted mainly to Portland
cement used in the production of concrete RT, as Portland cement is
responsible for 85% of the total emissions in the production concrete RT. Also,
the disposable materials ending at the landfill at the end of their lifespan was
4578 kg less than concrete RT (single use).
Nevertheless, reusing concrete RT material saved 1937.35 kg CO2eq (in this
context) compared to single reuse ceramic RT. This demonstrated that reusing
concrete RT is more beneficial to the environment than reuse ceramic RT. As it
saved the embodied energy reducing the CO2 emissions released to the
environment. Also, the single reuse of the concrete RT avoids extraction of new
resources.
Furthermore, this study demonstrated that the construction of a storage facility
is more beneficial to the single use in both scenarios as the roof tile are
replaced after 40 years lifespan and it can be extended up to 80 years. The
total of 70% of the disposable material produced by the single use scenarios
could be reused. In the single family house12818.40 kg of concrete RT and
9361.80 kg ceramic RT, could be sent to Storage Facility Ta Till Våra reducing
significantly the amount of materials ending at the landfill. The emissions
emitted by transportation in a 100 km was 84 kg CO2eq for concrete RT and 62
for ceramic RT, and these values increased gradually. The reuse of concrete
RT can be beneficial respecting the transportation of maximum of 3624 km
while ceramic RT maximum 995 km. Beyond that, contributing to the
municipality of Borlänge to achieve the EU and Sweden target for the waste
reduction of 70% by 2020. Moreover, reusing roof tile materials is an advantage
to reach EU and Sweden climate strategies and targets to reduce GHG
emissions by 80% in 2050 (from 1990 levels) and energy consumption of
buildings by 50%.
This study has shown that GHG emissions (CO2) associated with the reuse of
the roof tiles were considerably smaller than those associated with the
production of the concrete and ceramic tiles. These differences were due to
reusing the same tile to extend their lifespan and to avoid the production of new
materials that involves the embodied energy of the material. Therefore, reusing
roof tiles and thus extending the lifecycle avoids production and effectively
reduces negative environmental impacts, even more so by using ceramic rather
than concrete roof tile.

Limitations of the Study
One of the limitations of this study is the selected location boundary (Borlänge,
Sweden), which has a particular socio-economic and geographical
characteristic. The results are also limited to analysed concrete and ceramic
materials, as different materials produce different outcomes. In addition, the
processes of production and transportation also affect the results when
compared to other studies.
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Another limitation is the database used to assess the environmental impacts of
concrete and ceramic roof tile in terms of CO2 emissions. In order to calculate
the environmental impacts, this study relied on the free database offered by
openLCA Nexus. This database has limitations with regards to the available
inputs and LCIA methods. For example, explosive and quartzite were not used
as input flow to produce cement, as the input choice of explosive and quartzite
were not available free version of openLCA. Furthermore, instead of accounting
for each raw material in cement production individually, a default Portland
cement needed to be used as the raw material approach lead to large errors in
the results.

Recommendations for Future Work
An extension of this LCA study is recommended with the consideration roof
tiles with CO2 absorption properties (such as the Ecologic Ludlow Major Tile,
produced by Marley in the UK). According to Marley, Ecologic roof tiles are
manufactured using roughly 50% recycled materials. The study would ideally
compare production-related emissions (from extraction to production) with the
amount absorbed during the lifespan of the tile. Thus, the study could highlight
the real amount of emission captured by the roof tile during its entire lifetime.
Additional studies could assess the benefits of reusing waste construction
materials, which would reduce landfills. Some companies that receive these
waste materials separate them into components to be used as aggregates.
These materials are usually stones, bricks, concrete and so on. Evaluating how
much energy is spent on crushing these materials can reveal the level of
emissions produced in this process. In addition, a quantification of the amount
of reused material can be calculated to show the benefit of reusing waste
construction materials.
The current study could also be extended by a Life Cycle Cost Analysis (LCCA)
to assess the cost benefits of a single use versus single reuse roof tile. Such a
study would be able to demonstrate not only the environmental, and but also
the economic impacts of reusing roof tiles. Hence, it could inform owners and
decision makers in whether reuse or replacement is more beneficial.
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OpenLCA 1.7.0 – Projects
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