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ABSTRACT 

Sustainability has an opportunity in the construction industry by the raising 
strong awareness of reducing CO2 emissions to the atmosphere with some 
fixed objectives being renewable energies an essential part to materialize 
them. These energies can produce green energy during their use stage, 
but on the contrary some of them may turn this perspective into a less 
environmentally-friendly when considering their entire life cycle. 

This thesis explores the quantitative environmental impacts of different 
Building Integrated Photovoltaic (BIPV) roof systems by the Life Cycle 
Assessment. This is developed by evaluating scenarios depending on 
different roof covering materials as well as diverse active PV technologies 
regarding the CO2 life-cycle footprint and its payback, with focusing on the 
current conditions of Denmark. 

Keywords:  

Sustainability, Life Cycle Assessment, BIPV, CO2, Roof systems, Roofing 

materials, Regenerative roof, Carbon Footprint. 
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LCA Life Cycle Assessment 
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1. INTRODUCTION

 Background 

The Det Ny Tag ("The New Tag") is a Danish Energy Technology Development 
and Demonstration Project (EUDP) of several stakeholders (PV suppliers, 
architects, building material companies, etc.) that aims to develop a multi-
functional future active roof for new constructions and renovations. 

This market-oriented project includes new BIPV solutions, consisting of 
prefabricated elements, good aesthetics, material quality, as well as minimal 
maintenance requirements and simple replacement of components. With 
special focus on components with minimal embodied energy that are 
reusable. 

This project has been the beginning point of the afterwards stated case study 
and thesis, in which it has been done a collaboration with one of the 
stakeholders of the research project, Vugge til Vugge (Cradle to Cradle 
Denmark). The direct relationship between the project and the thesis became 
to be an appreciated resource of networking and contacts for the qualitative 
research of the present paper.  

 Aims and Objectives 

The general approach of this thesis is the sustainable assessment by the Life 
Cycle Assessment screening, and consequent research of different roof 
covering materials taking part of a rooftop system, from traditional ones to 
other less tested and potential materials with integrated photovoltaic 
technologies. With focus on aesthetic integrated solutions for the possible 
retrofitting of existing buildings, therefore also possible to be used for new 
roof solutions focused in Denmark. 

This LCA screening is part of an entire panorama of different scenarios 
depending on the covering materials, the active PV technology used, as well 
as further variables of orientation and solar irradiation. An important part of the 
research will be dedicated to the photovoltaic materials, focus on potential 
Building Integrated Photovoltaic panels (BIPV) and its LCA with special 
attention to the CO2. Although it is a potential active system regarding energy 
production, it has a high embodied energy in its production. Therefore an 
evaluation about different technologies, as well as their recycling potential 
after its disassembly and how this could vary the LCA results has been 
considered in order to know the possibilities to achieve PV roofs with neutral 
or positive carbon footprint. 

Another objective of this thesis is the use and assessment of LCA in a 
practical way as a significant tool for a quantify development towards 
sustainable objectives. This has been done by using LCA as a support tool 
in order to evaluate materials from the beginning of the design phase with a 
specific impact in the environment.  

This thesis is focused on the environmental ideas, nevertheless it will include 
aspects also part of the sustainability, such as the economic and social point 
of view, focusing in the visual mitigation, integration and aesthetics point of 
view of BIPVs. 

INTRODUCTION | 7 
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 Problem statement 

After the aim is stated, several questions appear regarding potential issues 
that need to be faced for this research.  

 Is it possible to achieve regenerative roofs in terms of its carbon footprint 
by the use of active photovoltaic technologies and eco-friendly covering 
materials in a reasonable payback time in the framework of current 
situation in Denmark? 

Further questions need to be analyzed as the guideline to develop this project 
such as the following ones. 

 How much effect on the LCA of an active roof has the recycling potential 
of the photovoltaic panels that have been regenerating energy in the use 
stage? 

 What is the CO2 payback time (CO2PBT) (period required for the system 
to generate equal amount of CO2 to produce the system itself) of the 
most promising roof scenarios?  

 Is it worth to investigate environmental solutions that are also aware of 
social aspects mostly regarding aesthetics and visual impact of 
buildings? 

 Which are the main challenges for PV energy in the future? 

 Methodology 

The method to develop this thesis is based on the sustainable assessment 
of building components from a life-cycle perspective and has consisted into 
different approaches.  

The first is based on the empirical research, it will include a qualitative part 
and a quantitative part. The qualitative will be focused on conducting 
interviews as practical knowledge with several persons experienced in the 
analyzed topics in one way or another, and other potential people to value 
different perspectives about considerations. The questions and topics to be 
discusses are semi-structured and previously determined in an interview 
guide (Kvale, 1996). The order of the questions and topics to discuss were 
identified in the course of the interviews. All the interviews have been recorded 
and transcribed in the Appendix. The aim of the interviews came from required 
considerations about subjective topics about design of elements, 
development of PV technologies, and future perspective of PV in Denmark as 
well as further ideas from life-cycle approaches. 

The quantitative part regarding the life cycle assessment will be developed 
by the use of GaBi software and its database due to the possible full access 
thanks to VIA UC. This assessments will be done by following the International 
standards ISO 14040 and ISO 14044. Apart from that, LCA data and values 
from literature will be used too, mostly regarding the different photovoltaic 
components as well as existing Environmental Product Declaration (EPDs) of 
similar products for comparison of results. The empirical study has been 
developed done thank to the possible contact with members of the EUDP 
project, so-called Det ny tag o to conduct the above mentioned interviews 
among other information (Kvale, 1996). 

INTRODUCTION  | 8 
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The results of the empirical study will be completed with a case study of a 
existing building in Copenhagen (Nordhavnsgården) in which evaluate the 
different scenarios to calculate the LCA focusing on the CO2 and the potential 
of its mitigation due to the use of a renewable energy. Further discussion and 
conclusion about the results and the whole research project will be detailed 
from the holistic themes until more detailed aspects concerning this thesis.  

 Scope and Limitations 

Concerning the scope of this thesis, it has been developed firstly with an 
academic objective as Final Dissertation of the Master in European 
Construction Engineering in VIA University College, Denmark from April 2014. 
In order to introduce the student into the LCA calculations and sustainable 
assessment, a wide analysis of ISO standards and specific software for this 
matter have been used.  

The end users of this research would be scientific community and mainly 
Danish organizations to have different approaches and considerations about 
PV technologies integrated in existing roofs as well as a discussion tool for 
further investigations. 

For the development of this project there have been several limitations or 
issues to overcome, detailed as follows: 

- Academic limited time to develop the dissertation, from April 2014 until
August 2014. 

- The author has worked alone in the LCA software, apart from the
support from the supervisor. 

- Language barriers while searching for information of Denmark.
- The dissertation is focused on Denmark regarding the data used, apart

from the fact that the collaborating companies are mainly working in this 
area. 

- Data collection for LCA as an extensive, time-consuming process in any
LCA. Where data is not available, estimations based on background 
knowledge and possibly academic assumptions have been used.  

- Variability in the literature studies regarding the data of LCA due to
different locations, functional units, etc. 

INTRODUCTION | 9 
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2. THEORETICAL FRAMEWORK

Due to the increasing awareness towards more sustainable objectives and 
fixed targets on these facts, building and construction industry has the 
opportunity to include methods to adapt and be more aware in order to 
achieve them. 

Apart from that, construction works both civil and building ones, have a 
consumption of 60% of all the raw materials extracted from the lithosphere in 
a worldwide scale, being a 24% of the total from buildings (Zabalza Bribián et 
al., 2011). It represents a significant amount of natural resources that could 
mean a possible issue of scarcity in several cases. That is one of the main 
reasons why life-cycle views could be a main approach in order to achieve 
some of these objectives with close circular approaches from cradle to 
cradle, in spite of the fact that building industry have a long lifespan and an 
important operative stage of use (Grant et al., 2014). 

A current state-of-the-art concerning LCA in building materials and its 
operational features apart from its application and development in the 
construction industry in Europe and Denmark is settled afterwards. 

 Sustainability objectives and regulations in Europe and Denmark 

Current EU regulation efforts have been focusing in the achievement of 
sustainable objectives, mostly by the reduction of energy demands and 
toward a low-carbon economy by the reduction of CO2 and other GHGs. This 
have been applied also into the construction industry due to its large provider 
of CO2 emissions over 30% of CO2 emissions and about 40% of European 
energy consumption (E2B EI, 2013). 

It has been shown in several European strategies, such as the Europe 2020 
that has established the aim of a sustainable growth by the efficiency use of 
resources. Apart from other fixed targets that include the reduction of GHG 
emissions by 20%, the increment of renewable use in energy consumption 
to 20% and moving towards a 20% increase in energy efficiency (EU, 2012a). 

Thus, another long-term framework strategy is the Energy Roadmap 2050 
that is committed to reduce the GHG emissions to 80-95 % compared to 
1990 levels, get renewable energy sources of 55% in gross final energy 
consumption and achieve energy neutral buildings and districts (EU, 2012b). 

In the building industry, there is an growing attention in low energy buildings 
and other approaches regarding sustainability (Peters, 2012). The main 
European policy associated to the energy use in buildings is the Energy 
Performance of Buildings Directive (EPBD 2002/91/EC recast 
2010/31/EU), through which there have been imposed requirements for 
certification, examinations or renovation in Member States. Another example 
about this matter is the Energy Efficient Building European Initiative (E2B EI) a 
research and demonstration program set up by the Energy Efficient Buildings 
Association (E2BA) (E2B EI, 2013). 

Lastly, the entitled Construction Products Regulation (CPR) guarantees 
reliable information on construction products in relation to their performances, 
and contains some Basic (Work) Requirements (BWR) related to the 
environmental performance, mostly in the BWR 3 (hygiene and health) and 
the BWR 7 (Sustainable use of natural resources) that ensure the EDP as tool 
for the environmental impact that required a LCA. (Fraunhofer IBP et al., n.d.) 
When focusing in Denmark, the different directives and objectives are more 
ambitious than the European ones. The targets to accomplish for 2020 
include the reduction of 7´6% reduction in gross energy consumption in
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relation to 2010 and 34% reduction in GHGs in relation to 1990. Regarding 
the energy suppliers it is stated an objective of more than 35% of renewable 
energy in final energy consumption and around 50% of wind power supply in 
electricity consumption. 

Besides, Denmark has the target of being independent from fossil fuels by 
2030 with a system based on 100% renewable energies. Objective that can 
be achieved from the current conclusion of scenarios by INFORSE-Europe 
and Vedvarende Energi. Construction sector is also highly involve in the 
phasing out of fossils and have specified to decrease half of heat 
consumption of buildings (Danish Organisation for Sustainable Energy, 2013). 

There is a common issue to be solved in Europe, and specifically in Denmark 
when GHGs are intended to be reduced in the building industry. New 
buildings represents a low percentage stated by (Henning Larsen Architects, 
2013) as less than 1% in Denmark. Other literature states that 75% of the 
buildings that will be in use in 2040 already exist today (Jørgensen, 2010), so 
that it is estimated that in the future, 80% of the architectural work will include 
renovations of existing buildings (Culture, 2014). 

Therefore a reduction of global warming will not be reduced only by taking 
into consideration new buildings with passive house standards due to the 
long turn-around in the building sector. Apart from that, existing buildings have 
a lifespan time of 50 to 100 years while mitigation of global warming involves 
far shorter reduction times for the consumption of fossil fuels. As a 
consequence of these issues, renovation of existing buildings becomes a vital 
part of the GHGs mitigation strategy (Niels I. Meyer, 2014). That is why, 
different evaluations about the environmental impact of demolition, new build 
or refurbishment become an important tool to reduce these CO2 levels for 
the future. 

 LCA related general and construction material policies 

Life Cycle Assessment is a recognized quantitative method to evaluate the 
environmental and health impact of specific goods, permitting a direct 
comparison of products and materials (Cabeza et al., 2014). That is why, this 
life cycle thinking has been gradually integrated in several European policies 
as an accepted tool to assess the environmental performance and with a 
resource-efficiency-production-and-consumption aim into different sectors 
(Marc-Andree Wolf, Rana Pant, Kirana Chomkhamsri, Serenella Sala, 2012). 

This integration can be perceived in the plentiful standards and regulations 
that will be detailed afterwards. The Integrated Product Policy (IPP) recognized 
LCA like the best framework for assessing the potential environmental 
impacts of products. Another example of the current situation of this fact is 
the creation of the European Platform on Life-Cycle Assessment that has 
published the International Reference Life Cycle Data System (ILCD) 
handbook. 

In Denmark, life cycle perspective on buildings is also considered in several 
strategies. For instance the entire life cycle of the projects is considered to 
determine the possibilities of energy renovation of the existing building or on 
the other hand, the demolishment in favor of new lower energy buildings 
(Culture, 2014). 

The significance of LCA was achieved by the standardization by different 
international organisms, as well as European. Regarding the main general 
LCA standards: 
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- ISO 14040:2006  (Environmental management -Life cycle assessment -
Principles and framework) 

- ISO 14044:2006 (Environmental management - Life cycle assessment -
Requirements and guidelines). 

There exists also other general LCA standards: 

- ISO 14020:2000 (Environmental labels and declarations – General
principles). 

- ISO 14021:1999 (Environmental labels and declarations – Self-declared
environmental claims - Type II environmental labelling). 

- ISO 14025:2010 (Environmental labels and declarations – Type III
environmental declarations – Principles and procedures (identical to ISO 
14025:2006). 

- ISO 14067:2013 (Greenhouse gases - Carbon footprint of products -
Requirements and guidelines for quantification and communication). 

- ISO 21930:2007, Sustainability of construction works – Environmental
declaration of building products (as referenced by EN 15804 detailed 
afterwards) 

Coherent with international standards was published the ILCD Handbook with 
categories referred as General guide for Life Cycle Assessment (Detailed 
guidance and Provisions and Action Steps), Framework and requirements for 
Life Cycle Impact Assessment models and indicators; Review schemes for 
Life Cycle Assessment; Reviewer qualification for Life Cycle Inventory data 
sets; Review scope, methods and documentation and Nomenclature and 
other conventions & Terminology.  

 Overview of LCA in construction materials industry 

The construction materials is a large-consuming industry of raw natural 
resources and consequently with high amount of construction and demolition 
wastes in the EU of more than 450 million tons per year in 1999 (European 
Commission, 2007a). That is why it becomes to be a potential improvement 
to be reduced by a life-cycle approach of the materials from the very 
beginning of the project phase. 

Due to the long life cycle of building materials, as well as the different phases 
of operation and uncertainty of the end-of-life, the development of a building 
material LCA is a complex task (Blok et al., 2007; Kibert, 2002). The materials 
can be considered with different boundaries regarding their end-of-life defined 
from (Silvestre et al., 2014): 

- Cradle to gate:  including the extraction, processing of raw materials and
production. 

- Cradle to grave: including also transportation, distribution, assembly, use
stage (maintenance) and final disposal. 

- Cradle to cradle (C2C) (Braungart and McDonough, 2009): also including
the reuse, recovery and/or recycling potential. 

Eco-labelling programs with reliable environmental information are in the 
market for products and services. They have been classified into three types: 
Certified eco-labels (Nordic Swan/ Nordic countries or Blue Angle /Germany), 
Products self-declaration (by manufacturers or distributors with written 
statements or symbol) and Environmental Product Declarations (EPD). The 
Carbon footprint is another way of assessing the product with limited scope 
to only one impact category, nevertheless does not allow to have a holistic 
approach of the aspects of the entire life cycle environmental impact. 
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LCA is used mostly as a method for construction materials assessment, in 
the above eco-labels. In order to fulfil the requirement to obtain an EPD this 
LCA is required (Fraunhofer IBP et al., n.d.). The EPDs will provide important, 
verified and potentially-comparable information of the environmental impact of 
different products. The essential guidelines for the creation of EPDs is stated 
in the EN 15804:2012 (Sustainability of construction works – Environmental 
product declarations) standard. This standard has the key rules for the 
product category of construction materials and ensures that all the EPDs have 
the same environmental indicators and can be used into a European level, 
nevertheless the layout may be different (PE International, 2012). 

There are some standards related to the evaluation of the sustainability of 
construction world at building level, as well as product level. 

- EN 15643, Sustainability of construction works – Sustainability
assessment of buildings (Part 1: General framework, Part 2: Framework 
for the assessment of environmental performance) 

- EN 15978, Sustainability of construction works – Assessment of
environmental performance of buildings – Calculation method. 

- EN/TR 15941, Sustainability of construction works – Environmental
product declarations – Methodology for the selection and use of generic 
data. 

- EN 15942, Sustainability of construction works – Environmental product
declarations – Communication formats: business to business 

EPD is generally covered by the ISO 14025:2006 standard, which defines 
product category rules (PCR Product Category Rules) in the use of EPD to 
ensure products are consistently assessed. 

This environmental declaration is supported to be used when available by 
some other European regulations, such as Construction Products Regulation 
(CPR). This regulation stated that recommendation in one of its additional 

Basic Requirements (BWR), specifically in the BWR 7 (Sustainable use of 
natural resources).  

Lastly, the new EPD 2.0 concept integrates life-cycle management based on 
the following ideas. Firstly the interpretation of the actual situation and potential 
alternatives, followed by the evaluation of different innovative approaches in 
product design and applying life cycle thinking in organizations using EPDs. 
This way, the LCA will become an essential part of a designer's work with an 
integrated environmental perspective (Braune et al., 2012). The data from the 
LCA and consequently from the EPDs becomes important for the evaluation 
used in the building labelling certification schemes highlighted below.  

Figure 1. Current European situation in the context of EPD and building LCAs (Fraunhofer IBP et al., 
n.d.)
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Green Building Certification Systems regarding environmental and 
sustainable performance, such as LEED-USA, BREEAM-UK, DGNB-
Germany, HQE-France, VERDE-Spain and others, have own individual criteria 
for the buildings and hence for the materials and energy systems (Wang and 
Fowler, 2012).  

Although, BREEAM and LEED are at this time the most used systems, CEN 
standards are being developed with focus on economic and social 
sustainability on behalf of the German DGNB. Moreover, Denmark is currently 
immerse in the development of its own Certification scheme based on the 
DGNB, that is why is taken into account with further consideration.  

There is growing demand of these sustainable certifications and therefore of 
documentation regarding LCA. Each certification gives a different point of view 
regarding the use of LCA perspective (Wang and Fowler, 2012).   

In terms of the life cycle of the materials, LEED followed a criterion mainly 
centered on the recycled quantities and use of regional materials without 
consideration of environmental assessment of materials, consumptions and 
hazardous substances until the last version LEED v4. It means, its new 
approach about LCA requests an EPD or another accepted method of 
reporting to reveal the mandatory LCA-based data (Ebert et al., 2011). 

BREEAM certification incorporates the environmental assessment of 
materials, with a specific LCA tool to counsel about the selection of materials. 
Integrates criteria about reuse of existing materials, components and with 
special consideration on the required documented origins. The life cycle study 
only refers to the construction materials and other life cycle stages, such as 
the operation/use or the demolition are not measured. The results are 
expressed in units such as kg CO2 equivalent and afterwards transformed 
into the categories. Apart from that, there is not criteria about hazardous 
elements (Wang and Fowler, 2012). 

DGNB includes evaluation of materials in the chapter of Environmental Quality, 
with focus on the entire LCA of building material usage and energy operation. 
In addition it also includes an assessment of the building containing 
hazardous substances. Concerning waste management of materials, DGNB 
assesses in the category of technical quality criteria for cleaning and 
maintenance to ensure longevity and criteria of how easy it is to separate 
materials by building alterations and demolition or the usage into new material 
alterations (DGNB, 2013). DGNB has also a European Sustainable 
Construction database (ESUCO) LCA database based on EPD (EN 15804) 
that contains environmental data on over 500 construction materials.  

A summary of the level of importance shown in percentage given to ecology 
factors as well as related to LCA approaches based in the following 
comparison made by (Villegas, 2013). 

Figure 2. Comparison of certifications related to importance of 
LCA (Villegas, 2013) 

DGNB BREEAM LEED 

Ecology 

Control of 
emissions LCA 7,88

% 

Mat01/ 
Pol01 / 
Pol02 

11,8
% EAp3/EAc4 1,82

% 

Use of resources 8 1,10
% 

MATERIAL
S 5,2% 

MATERIALS 
& 

RESOURCE
S 

10,9
% 

Waste 
management 48 0,87

% WASTE 6,8% MRc2 1,8% 

Water use 14 2,25
% WATER 6,7% WATER

EFFICIENCY 9,1%

Economy Life Cycle Cost 16 13,5
% Man05 1,5% N/C 

Criteria group name 

Individual criterion code 
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As conclusions about LCA adaptation in the building industry, there are 
general ideas from literature stated that the modelling of life cycle inventories 
of materials is a strong and unique tool to assess the environmental impact in 
a general view to achieve potential sustainable development (Rebitzer et al., 
2004). Although there are some uncertainties to be answered regarding 
awareness, dissemination of the strategies, accessibility to suitable life-cycle 
data and tools, in order to achieve a global adaptation different organizations 
and entities, with the previously specified standards, regulations, etc., have 
also shown the presence of life-cycle strategies in some aspects of the 
construction industry (Rebitzer et al., 2004). 

From the interviews developed in the report made by (Bayer et al., 2006), 
focused in different sizes architecture companies, is extracted the fact that 
LCA is not a common practice presently because of the lack of incentives, 
but could provide advantages over other firms and projects and a consequent 
enlargement of its client value. It is stated that is more developed by large 
firms due to the time and money consuming, and normally developed by a 
LCA expert hired for that specific task. The report conclude with the concern 
that although it is not an essential issue, a holistic overview is required to 
understand the potential improvement by the consideration of the LCA 
results. 

By the development of interviews for a general qualitative research about this 
matter, it may be stated the different ideas, with common perspectives about 
the possibility to quantify environmental impacts, with some determinants 
regarding the necessity to know why for making a LCA and about the 
uncertainties and variability about the results. This ideas are shown more in 
detail for Discussion chapter. 

LCA is a good thing if you know where you want to go, but not to find out where you 
want to go, you need to have a design frame. LCA is not principles based, it is just data.  

(Quote Søren Lynggaard, Vugge til Vugge) 

 LCA Process 

After the current state of the LCA appliance in the building sector, it has been 
included several concerns about the LCA process, principles, levels, 
limitations and challenges to be used as an appropriate sustainable 
assessment. 

As described before, LCA is considered one of the most common methods 
used in the assessment of environmental performance of companies and 
processes (Rebitzer et al., 2004). 

The steps of the LCA process may be summarized as follows. It starts with a 
definition of the goals of the LCA that are wanted to be answered. The system 
boundary of the LCA permits understanding the materials and processes that 
are considered and which are outside the scope of the evaluation. In the 
inventory analysis the materials and different activities are considered and 
therefore the emissions from them are added. To end with, the results of the 
LCA need to  be analyzed in relationship with the questions of the beginning 
of the process (Bayer et al., 2006).  

Figure 3. LCA framework and direct applications from ISO 14040 
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When a LCA is developed there may appear many barriers to complete it, 
from the inadequacy of the data, inaccuracy, cut-offs, estimations, required 
assumptions and limitations. All these obstacles could limit the final scope 
and may create uncertainties and inconsistency in a life-cycle analysis. A 
perfect LCA is almost impossible to be accomplished due to the limitations 
and barriers, being the data collection and time availability the most critical 
ones (Hur, Lee et al. 2004).  

Regarding the challenges of data collection, there may exist a deficiency in 
some databases that need to be collected from other sources like product 
manufacturers with the consequent potential lack of suitability (Rebitzer et al., 
2004). 

Due to  many limitations to develop a full LCA such as the one stated before, 
and because of several unlike goals, scopes and level of details, there is a 
necessity to use simplified process-LCA methods in order to imply less 
cost, time and effort (Hunt et al., 1998). 

There are three elementary levels regarding LCA process (Hochschorner, 
2003), stated as matrix LCA or qualitative or semi-quantitative, screening LCA 
or quantitative using readily available data or semi-quantitative and  full LCA 
or quantitative and with new data inventory. EeBGuide includes a different 
one, the simplified LCA that is somewhere between the screening LCA and 
the full LCA (Fraunhofer IBP et al., n.d.). 

Simplified versions are therefore available to examine certain environmental 
aspects and characteristics of the product system, without the need to fully 
comply with ISO standards and can be done can be done mostly by limiting 
the scope of the study or by reducing the data requirements.  

What is so-called Screening Life Cycle Assessment (SLCA) will be the focus 
of the report in order to conduct a quick assessment and identify the 
important parts or those with data assumptions of a construction system.  

The LCA based in environment results may be used and combined for 
additional assessment in order to achieve further objectives from a life-cycle 
approach. Life Cycle Cost (LCC), represents a combination with economic 
data in order to assess the economic efficiency and life cycle costs of 
products or building from early investments as well as the long-term costs of 
its operating and maintaining (Bayer et al., 2006). Another representative 
example is the Life Cycle Management (LCM), as a process to reduce the 
environmental, social and economic burdens in relation with product 
sustainability operational trough the consideration of its life-cycle including 
continuous improvements of the systems, for instance in the integration of 
product policies (Remmen et al., 2007). 

When evaluating and interpreting the impact assessment it will be tested the 
variability of results, highly dependent on the data used in the LCI and 
interpretations. Variability may make researchers consider that can affect the 
acceptance of the objective of the results (Hsu, 2010). Moreover, it can be 
appreciated in the case that same products may have very different results. 
Due to those issues, it is vital to review critically in comparison to another 
already achieved result (Hsu, 2010). 

Therefore, the most challenging aspects present in the evaluation and 
required to overcome in a LCA are the data collection, its quality, and lastly 
the weighting of Impact scores (Bayer et al., 2006). 

Nowadays there are a wide variety of software to evaluate the LCA of 
products. There has been included a brief summary of them and its appliance 
into different industries in Appendix. 
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 Overview of building materials for roofing 

Top roofs as an essential part in the configuration of building, becomes barely 
significant from the functional and esthetical point of view, it means entire 
performance, color, shape and materials used.  

Materials for roof envelope represents for this thesis one of the most 
significant parts of a BIPV roof, due to the importance of combining materials 
and PVs for the best performance of the active roof.  

Because of the specific focus on Denmark, it has been developed a previous 
study about the materials used for this purpose from the tradition of building 
construction. Essential consideration of roofs are the extreme climate agents 
that from the historical point of view has given tilted roofs with prominent slope 
to fulfill in the best way these necessities as a general view.  

One of the first images about Danish traditional buildings that comes in mind 
may be the extendedly usage of bricks and clay materials. That is also 
extended into roofing with clay tiles with different shapes and dimensions. 
Other traditional material very used over the years in Denmark has been 
natural slate, with the representative dark color of many traditional existing 
building. From a more actual perspective materials such as concrete with tile 
shape and Cembrit fiber cement plates as well as bitumen layer and zinc 
sheets have been also traditional roof covering materials in Denmark.  

Apart from these, more innovative materials were incorporated to tilted roofs, 
from metal-based steel and aluminum sheets until treated wood for more 
aesthetic solutions. Corrugated polycarbonate sheet has been included 
nevertheless it is not used a lot in residential buildings. Lastly, other innovative 
materials and less common used such as glass tiles, wood composite panels 
and fiberglass reinforced polymer composite panels have been evaluated to 
be compared with more traditional envelope elements.  

In this way it has been defined an holistic view some covering building material 
and why they take part of the research for a further detailed evaluation of 
them. There are numerous studies published in which the LCA is applied to 
evaluate the impact of different construction materials (Zabalza Bribián et al., 
2011) with special focus to the  elements analyzed in the case study briefly 
summarized in the Appendix to be able to interpret following results of the 
LCAs.  

A description about their proprieties, picture, as well as a summary about their 
LCA in order to evaluate the environmental impact performance focused on 
the GWP and embodied energy are included in the Appendix. 

Each material has been used more and less depending on concepts of 
functionality, aesthetics and performance over their lifetime. However, 
aspects about their environmental performance have started to be 
considered more and more by architects and engineers. That has been 
shown in the previous chapters, in which sustainable policies of different 
organisms, labelling and certifications are taking part in the construction 
material industry. The framework about this matter seems to be clear and also 
how this has started to be more important in buildings design phases. 

That is one of the reasons why life cycle approach have become more 
important, and material and product level assessments may be used as a 
decision-making tool to assist in the selection of sustainable materials. Wider 
building level required large amount of data and used as a simplified-tool to 
evaluate a holistic environmental footprint used sometimes to meet regulatory 
impact levels (Bayer et al., 2006). 

Each of the construction materials reaches an end-of-life phase, being this 
stage also essential to be considered in order to mitigate the sustainable 
impact. Another more ambitious solution would be one in which the waste 
output can become a new product to keep in the cyclic loop (CEN, 2012) 
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considered as cradle to cradle (C2C) view (Braungart and McDonough, 
2009). It means that regarding the LCA after the established end-of-life phase 
there might be several optional sub-phases different from the disposal of 
materials as waste improving the quantification of sustainability. 

In order to be able to do it among the most significant measures nowadays 
to facilitate future recycling efforts is to use recyclable materials, to avoid 
materials that pollute each other, and to avoid construction designs that are 
difficult to disassemble (Thormark, 2006). 

Figure 4. General Waste Management Hierarchy (Couto and Couto, 2010) 

THEORETICAL FRAMEWORK  | 18 



  Life-Cycle and Sustainable Assessment of Integrated Photovoltaic roof systems 

 Aesthetics considerations 

As part of the sustainable assessment of architecture systems and 
components, aesthetics represents an important part in terms of the social 
aspects and therefore visual impact. That point has even more influence when 
referring to PVs, due to the fact that the adding of new elements of a 
considerable size compromises the visual integrity and harmony of the 
architecture system. 

From the qualitative research developed by the interviews (Appendix), as well 
as from the development of BIPV, can be extracted the idea of the high visual 
impact of PVs in some cases. Therefore it does not represent only a 
subjective consideration, achieving an objective level.  In general it has been 
used without taking care of the integration in the existing building and very 
little thought is given to the aesthetics, only as an addition to accomplish 
technical requirements.  

Due to the extended usage of this energy technology, it is staring to take part 
of the design phase of new building. However, in the case of existing building 
it represents a challenge to implement PVs in an integrated and aesthetically 
way. Denmark is promoting and moving towards this integration of PVs in 
existing building by the economic support of research projects (EUDP 2014) 
with focus in the integration with architectural good adjustments to the existing 
building, as well as reproducible by easy installation standard elements. 

That is due to the fact that when focusing in existing buildings, the specific 
case in Denmark with large necessity of energy renovations, the integration 
of PVs is more difficult, with great amount of elements of ventilation as well 
as other existing elements. 

Figure 5. Examples of no-considered aesthetics in the use of PVs 
(soloenergiasrenovables.com) 

Figure 6. Sanseslottet, Vonsild DK, CEBRA. 
(Lehrskov et al., 2011) 

Figure 7. Energyflexhouse, Taastrup, Henning 
Larsen Arkitekter (Lehrskov et al., 2011) 
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 Photovoltaic technologies 

An important part of the thesis is focused in the photovoltaic technologies as 
an extended part of the roofs nowadays that is why their current development 
and full performance is analyzed. Over the years, different parts of the building 
have Specifically in Europe, 70% of the newly mounted capacity of 
photovoltaics in 2011 where are accounted (IRENA and IEA-ETSAP, 2013). 
Over the past two decades, PV technologies have dramatically improved their 
performance and are undertaking a transition to new generation efficient and 
low cost products with special attention into their lifetime and energy payback 
time. Thus, features previously not taken into account so much, concerning 
sustainability with special focus in the reduction of the energy-production and 
the recycling potential of the cells have been investigated in this thesis. 

There is plenty of literature about PV systems, as a highly extended renewable 
energy, due to the potential of transforming natural solar energy into direct 
electricity. The system is developed as follows; the produced PV cells are 
assembled and electrically connected in order to form PV modules and 
afterwards integrated to be used in most electrical applications with an 
inverter. 

Concerning the BIPV systems, they consist of solar photovoltaic cells and 
consequently modules that are integrated in the building envelope as part of 
the building structure. These modules become building components 
providing additional function to the building envelope beside electricity 
generation, such as weather proofing, shadowing or sun protection, and the 
most extended one, the aesthetical integration  (Kostas and Van den Donker, 
2013). They have several advantages in comparison with the most common 
non-integrated PVs, they are almost maintenance-free, they required less 
amount of building materials, thus, BIPVs have lower overall costs because 
of the avoidance of dedicated mounting systems (Strong, 2010).  

 

However, several governmental policies and incentives have been reduced 
in these days, PV energy is expanding rapidly in many countries. Moreover, 
BIPV is one of the fastest sector growing in the PV business nowadays 
(Kostas and Van den Donker, 2013). 

These PV technologies have been categorized into three generations of cells 
summarized as (IRENA and IEA-ETSAP, 2013). 

[1st Generation] Silicon cells 

- Monocrystalline silicon cells (mono-c-Si)   
- Polycrystalline silicon cells (poly-Si, also called semi- or multicrystalline 

silicon)  
- EFG ribbon silicon and silicon sheet-defined film growth (EFG ribbon-

sheet c-Si) 

[2nd Generation] Thin-Film Solar Cells (TF) 

- Amorphous Silicon cells (a-Si). 
- Multi-junction silicon (a-Si/µ-Si). 
- Cadmium Telluride cells (CdTe). 
- Copper-Indium-Selenite and Copper-Gallium-Dieseline (Ci [G] S). 

[3rd Generation] Emerging and novel photovoltaic technologies 

- Concentrating PV (CIS) 
- Organic solar cells, in which polymer solar cells represents a 5%. 
- Advanced inorganic thin films 
- Novel and emerging solar cell concepts 
- Multiple solar cells 
- Black silicon 
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The development of all the technologies have been briefly analyzed regarding 
performance (cell efficiency, lifetime, energy payback time), extended usage 
in the market, cost estimation, aesthetic and further considerations,  as it is 
shown in a summary table in the Appendix. 

An important factor to be taken into consideration due to the necessity to 
reflect about the potential of them for the future is the usage of each 
technology in the market. Silicon-based cells have reduced the cost of 
production, what has been made the TF to reduce its previous growing, as 
represented in the following graph, and the achievement of the 89% of the 
market in 2011. Among different TF technologies, low cost CdTe may be 
leading with a market  segment of 5% (Marwede and Reller, 2012). New PV 
cells are expected to reach a wider market in the medium to long period 
(IRENA and IEA-ETSAP, 2013). 

Regarding the efficiency of the cells, silicon-based have achieved a 19-20% 
efficiency (objective of 23% in 2020), nevertheless most of commercial cells 
are around 13-19%. Whereas commercialized TF technologies deal with 
efficiencies around 6-12% (objective of 12-16% in 2020) (IRENA and IEA-
ETSAP, 2013). 

In terms of the costs, the projection of the industry in 2012 (EPIA, 2012) is a 
stoppage in the cost diminutions in general, being European market one of 
the most competitive ones. Apart from that, TF cells represent the biggest 
potential for the future regarding this cost factor because of the improvements 
in the production and efficiencies, with a cost of 0,76 $/Wp concerning, being 
CdTe modules the cheapest to be manufactured (European Communities, 
2007); Marwede & Reller, 2012). 

 

 

 

 

After the state-of-the-art of the current development of the PV technologies, 
the scope of the thesis about this matter focus further in the comparison 
between silicon-based mono-poly-crystalline cells and thin-films 
technologies, specifically CdTe and polymer a-Si cell technologies. It will be 
regarding their performance in terms of the LCA of the considered roof. The 
main reason is to evaluate the recognized high consumption of energy during 
its life cycle, concentrated in the manufacturing activities, stated by some to 
be in some cases larger than its entire life energy output (Peng et al., 2013).  

  

Figure 8. Usage of different PV cell technology worldwide from 1999 to 2009 (Mints, 2009) 
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 Critical materials in PV technologies 

Another issue that represents a significant factor to know the future use of 
one or another technology is the availability of some critical materials in which 
some of the above stated PV technologies has dependence. 

Concerning silicon-based technologies, due to the usage of silicon as 
principal raw element do not represent a problem from resource availability 
with large concentrations in minerals commonly quarried and used, being 
silicon the second most abundant component in the Earth crust (EPIA, 2013). 
Silver would be replaced by cheaper alternatives such as copper, because 
of the high prize by covering a PV wafer from a cost point of view (EPIA, 2012). 

In the case of TF, it has been stated as a possible barrier to decrease the 
costs, as well as the large scale development. Some elements used for TF 
cell technologies come, in a by-product way, from common metal ores such 
as copper or zinc. Some of them are indium (zinc), gallium, selenium and 
tellurium (copper) that generally would not be mined directly and exclusively 
for the by-product due to the high cost and therefore, in some cases the 
availability would depend on the growth of that market  (Candelise et al., 
2011). 

The most critical materials are thus, indium for CIGS cells due to reserve 
constrains and tellurium for CdTe technologies, because it is considered a 
rare material, but with high recycling value to produce semiconductor for new 
CdTe modules. Selenium and gallium are excluded because their high 
quantities of raw material (EPIA, 2013). 

From the concerns of the European Photovoltaic Industry Association (EPIA 
2013), it is assured a substitute technology in case of raw material scarcity 
due to the limited overlap of critical elements, represented exclusively by the 
indium.  

 LCA of PV systems 

Besides the high environmental impact of the production and manufacturing 
of the PVs some consideration about LCA of PVs regarding their stages are 
summarized as follows. 

In the production of metals components for semiconductors, coating and 
frames, GHGs from smelters were importantly reduced in the last decade  
(Fthenakis et al., 2005). 

In the PV manufacturing of PVs, there have been assured future scenarios 
which will consider better material resources utilization rates, as well as the 
use of thinner layers. 

When evaluating the PV use stage, they do not emit contaminants in this 
stage, only there might exist fortuitous emission due to fire. 

Considerations about the end-of-life of PVs are referred afterwards focusing 
on their recycling potential. 

 

Due to the difficulties to evaluate environmental impact in PVs technologies 
due to the generation of energy during their life-cycle (Stoppato, 2008), 
generic and scalable estimations are included in the Ecoinvent database, 
mainly based on current literature sources. For the calculations of this thersis 
references for LCA of PVs have been analyzed and detailed in the Appendix. 

LCA of thin-film technologies have been conducted but some research 
papers but their estimates are less representative of current and expected 
future efficiencies (Fthenakis et al., 2005). 
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 Recycling potential of PV technologies 

Following the different technologies and current development, it will be stated 
the life-cycle approach of them concerning the possibilities to avoid the end-
of-life stage.  

From some papers it is detailed that there are not many data from the potential 
emissions of the end-of-life phase of PVs being the he first life-cycle analysis 
about the potential recycling of c-Si developed by Deutsche Solar (Fthenakis 
et al., 2005). For the considerations in this part, the interview conducted to 
Mr. Jan Clyncke, Managing Director of PV Cycle (transcription in the 
Appendix), has been a highly valuable resource in order to get update 
information about recycling schemes of PVs in Europe. 

The solar cells withdrawal at the end of their useful life appears to involve a 
large environmental influence, nevertheless recycling potential needs to be 
analyzed in order to know its influence dimension (Fthenakis, 2000), what will 
be evaluated afterwards. 

Photovoltaic panels have an estimated lifespan of approximately 20-30 years, 
whereas the lifespan of an inverter is approximately 10 years. Consequently, 
many solar products have not yet reached their end-of-life, since installed in 
the early 1980s with still a good performance.   

The great influx of waste modules will not happen until 2020 with an increase 
until more than 35.000 tones from a study of BMU, BSW and EPIA; that is 
why it would be a potential sector in which investigate their possibilities (SEIA, 
2010).  

Due to the lack of regulation about the PV waste management until 2012, 
discarded PVs ended in the municipal solid waste, with greater incentives to 
recover Fe, Al and glass with more developed technologies than elements 
from the cell due to their high material value (Goe and Gaustad, 2014). From 

2012, an EU Directive specifies this necessity to take into consideration and 
to plan ahead collection and recycling programs of PVs. It is the Waste of 
Electrical and Electronic Equipment (WEEE) Directive that applies for PV 
modules and needs to be converted into national law by 2014 (Breyer, 2013). 

Regarding the current PV cell recycling infrastructure that is extending 
nowadays as well as the process it consists of, is briefly explained as follows 
depending on the cell technology and further detailed in the Appendix. 

Recycling silicon-based PV, technology that frequently encloses up to 80% 
glass, involves the preparation phase (removal of the frame and joint box), 
shredding and processing in the flat glass recycling line. The output elements 
of this procedure are ferrous and non-ferrous metals, glass, silicon flakes and 
plastics with an average recycling allocation of approximately 85% of the input 
weight, highly depending on recycling technology (PV Cycle, 2013).  
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Figure 9. Estimated increase volume of PV waste in Europe (BMU, BSW,EPIA, 2007) 
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Recycling of non-silicon-based PV. It is the case of CIS, CIGS and CdTe 
PV modules, which required specific recycling technologies with the usage of 
chemical processes to delaminate and separate the different PV module 
components as detailed (Breyer, 2010). 

Due to the high cost of these recycling processes, because of the low 
amount of specific waste with this characteristics yet, only some companies 
are developing technologies to recycle TF or non-silicon-based PV. It is stated 
by PV Cycle that up to 95% of the materials used in these modules can be 
recovered for use in new materials. Nevertheless, there are concerning about 
this cell technology due to the potential negative environmental impacts of 
cadmium contamination from CdTe. 

 

To conclude the chapter about the stated recycling potential, it is specified 
that the above processes are likely to decrease the EPBT of mounted 
modules by more than half for silicon-based PV and thin-film technologies, 
being aluminum frame and mounting rails responsible of most of the reduction 
(Goe and Gaustad, 2014). Results about this matter can be shown in the 
following figure of the LCA including recycling of a mono-c-Si module with the 
different impact of each component.  

Concerning Thin-film technologies, due to the absence of frame, it is achieve 
a decrease of  EPBT, CO2PBT, cost, life-cycle environmental impact, as well 
as reduction of the disassembly difficulty as a recycling encouragement (Goe 
and Gaustad, 2014). On the other hand, in short-lifetime-products TF PVs, 
EPBT is not improved because they are probably fewer collected in order to 
be recovered, being a challenge for coming photovoltaic uses (Goe and 
Gaustad, 2014). 

 

Lastly, it is necessary to state the variability in the outcome of the LCA 
including recycling processes, may be associated to the system boundary of 
each assessment, variances in the PV production processes, as well as 
different energy mix used of the analyzed grid. Moreover the efficiency of 
these PV technologies also varies the final results of the analysis. (Sumper et 
al., 2011) 

 

Figure 10. LCA c-Si PV module recycling  (Fraunhofer IBP and PV Cycle, 2012) 
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 Mounting Systems for PVs 

Depending of the PV technology selected, different mounting systems to be 
integrated in the roof have to be considered as the focus of this thesis. That 
will have consequent influence in the surface of covering material and amount 
of building material used in each case when using PV modules as roof 
covering. In order to estimate afterwards the percentage of the roof that can 
be protected by covering-material or in which may be avoided by the 
integration of BIPV with the fulfillment of the envelope required purposes. 

The focus will be on possibilities for existing buildings and more specifically 
pitched-roofs as the most common characteristics in Denmark building-
stock. The integration as stated before, can be divided in Building Adapted 
PV (BAPV) and Building Integrated PV (BIPV). 

Building Adapted PV (BAPV) in which modules are held after the construction 
of the roof on rails which are clamped by roof hooks from under the tiles. Not 
considered as a true integration, with lack of aesthetic consideration due to 
the different color of the roof material and the PV. In this case, the modules 
are manufactured as standard modules with specific disparity in the mounting 
system, dimension and integration characteristics. In this case the PV module 
is not a multifunctional element and usually the aesthetics is lost with color 
diverse from the existing roof. Apart for that system, there exists semi-
integrated mounting-systems that keep the PV modules closer to the existing 
roof-line with a more unified presence. This technique avoids wasting material 
for covering in the space for PVs. 

In the case of entirely building Integrated PV (BIPV) for existing pitched-roofs, 
they consist of PV construction components, which are conventional  

  

Figure 12. Semi-integrated PV roof (energyenv.co.uk) 

Figure 11. Building Adapted PV 

Figure 13. BIPV mounting system example 
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constructive elements specifically manufactured for the purpose of integration 
of PV cells. They can be tiles or PV shingles that incorporate solar cell 
technology into asphalt shingles, natural slate, clay tiles as well as other roof 
covering elements. They may have alike colors, being aesthetically more 
pleasing.  

Regarding BIPV systems, may be concluded that among different integration 
methods,  solar tile is the most common PV constructions element as 
represented in the following figure (Cerón et al., 2013). When the PV panels 
are directly intergraded into the shingles of a roof or in any other BIPV manner, 
lots of material is saved. 

 

Regarding the specific PV technology used in each case, some can be used 
in all the systems, whereas other cannot be integrated in the same way. 
Considerations about these possibilities are summarized in the table on the 
right, with the different possibilities and level of integration of the PV cells 
technologies analyzed. 

  

 

  

PV cell 
technology 

Frame Frameless 
Integration in 

material 
element 

Material 
covering 

potentially 
avoided 

Mono-Si         
Poly-Si         

TF CdTe         
TF a-Si cells         

Figure 16. Possibilities of integration different PV cell technologies 

Figure 14. PV integrated. Andreas Bjørns Gade, 
Christianshavn, Enemærke og Petersen, 2014 

 

Figure 15. Different aspects of BIPV roof (Cerón et al., 2013) 
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3. CASE STUDY: ENVIRONMENTAL LCA

This section shows the assessment performed to a representative case study 
located in Copenhagen in which it has been developed LCA screenings of 
roof construction materials as well the active photovoltaic layer. 

 Introduction and objectives of the case study 

The case study represents a large existing social housing building, located 
close to the harbor and railway in Copenhagen, called Nordhavnsgården. It is 
a traditional brick Danish typology from the decades between 1930 and 
1940. 

Due to these common characteristics in Denmark, it represents an example 
of the potential of renovations in this kind of buildings, defined as around 20,2 
% of the total residential building stock in Denmark (Merrild, 2011). In fact it 
has been part of a research project to renovate the entire building by 
upgrading the existing living conditions, improving accessibility, energy-
efficiency, inside daylight quality as well as refining a variation of distribution of 
the apartments.  

Origin date 1934-35 

Specific location 
Østbanegade 153, 2100 København Ø  

Denmark 
Floors 6, unused attic 

Construction Brick walls, corrugated asbestos-cement 
roofs and concrete staircases 

Ownership Almennyttigt housing 
Total gross area 3.180 m2 

Total energy requirement 159 kWh/m2 year 
Figure. Detailed data about the Case Study 

Figure 17. Pictures of Nordhavnsgården existing building 
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 Goal, scope and system boundaries 

The goal of this case study is the screening of the environmental impact 
through a life cycle assessment of different covering materials for the roof to 
achieve the above sustainable objectives, as well as the LCA approaches of 
the BIPV active layer of different cell technologies. Consequently, the usage 
of LCA is developed from a pre-design phase in order to support the 
environmental goals of the project, as a decision-making tool concerning the 
building-element footprint, as well as to trade-offs among stages of the life-
cycle such as the production and the operational/active phase of the roof. 

The covering materials will be compared conventional products widely-
extended in Denmark with potential materials in order to have a ranking of 
possible products to be used with a specific impact.  

Apart from that, this chapter discusses also the LCA in relation to PV systems. 
It is given a holistic description of the PV scheme considered, evaluation 
indexes, limitations, inventory analysis and finally the impact assessment and 
interpretation.  

The functional unit of the LCA screenings performed in this case study is the 
processing of one square meter of the materials and PVs. 

The system boundary comprises all relevant processes from the production 
and manufacturing until the benefits beyond the end-of-life stage of the 
product with the transportation stages included. The different stages 
considered in this system boundary are the ones shown in the following grey 
modules in the modular framework for EPDs in accordance with EN15804 for 
construction elements and works. 
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Figure 18. EPD format for LCA results of the case study 

The considerations and assumptions in each of the stages is show in the 
above figure. Besides, there are some excluded contemplations not include 
in a specific stage, such as the construction of buildings and machinery used 
for making the PV system, as well deviation from normal operation and 
extraordinary events (Fraunhofer IBP and PV Cycle, 2012). 

All datasets concerning end-of-life processes like material recycling or 
disposal on landfill are chosen to match Danish representative boundary 
conditions.  
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 Methods and Parameters to be evaluated 

The parameters to be evaluated in the present case study, taking into 
account as the most significant ones to evaluate the environmental impact, 
as well as the limitations of the Thesis (Introduction) are introduced as follows. 

The building materials that compose the roof envelope are evaluated in terms 
of the Global Warming Potential (GWP) [KgCO2eq/FU] and the embodied 
energy [MJ/FU]. The BIPV layer is also assessed by the same parameters, 
due to the fact that it fulfills requirements of covering material in the integration 
into the roof, but with further requirements to evaluate the final GWP of the 
system. BIPV technologies require to be assessed before by following the 
next methods to analyze the energy input and outputs during the life-cycle 
and consequent impact in the GWP. 

- Solar radiation model in order to define the estimated Annual Electricity 
Output (AEO) [kWh/year] for the chosen scheme to evaluate its energy 
activeness parameters. It is highly conditioned by the solar radiation, 
orientation, inclination considered, efficiency and full performance of the 
module conversion, life expectancy of the system’s components and the 
energy fuel mix consumed for manufacturing of the system’s components 
(Fthenakis and Kim, 2011). 

- GWP for energy generation systems is expressed as a CO2 equivalent 
called GHG emission rate [gCO2/kWh] that is used to measure and 
compare the environmental impact of different power generation 
systems. In the specific case of PV systems represents the total amount 
of GHG emissions of the installed system [gCO2] divided by the output 
electricity produced during the entire life-cycle [kWh/year] and the lifetime 
[year] (Peng et al., 2013). 

- CO2 Payback time [years] is based on the life cycle CO2 emissions of PV 
systems being compensated by the CO2 reduction from the substitution 
of the PV system for conventional fossil fuel electricity generation. With 
this parameter, it will be shown the breakeven point in which the avoid 
CO2 is higher than the CO2, when the carbon footprint has been 
mitigated.  

CO2PBT [years] = CO2total emissions [kg]  - CO2annual reduction 
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 Description of the PV system 

As a reference case to evaluate the PVs it has been chosen the following 
existing case that belongs to a renovation building project. 

Concerning the PV configuration the modules are installed integrated on the 
roof of the building, facing different orientations which potential is studied 
afterwards and a roof fixed angle of 30º. There are analyzed different PV 
technologies in the system, mono-crystalline, poly-crystalline cells and TF 
units, CdTe cells and Polymer a-Si. They have been chosen due to the 
extended usage of them, apart from the debate about the most promoting 
one in the future. They will be monitored and assessed regarding 
performance, as well as sustainability over their life time.   

Therefore it is required to study of different parameters to evaluate the system 
as described in the following subchapters.  

Solar irradiation model 

Due to the fact that electricity output of the PV is directly proportional to the 
solar radiation of the system location, as well as the influence of the 
orientation, it is estimated the yearly sum of global irradiation on optimal 
inclined photovoltaic surface in Copenhagen, Denmark. Data is obtained by 
the European Commission in an average of the period 1998-2011 given as 
kWh/m2 and the potential solar electricity in kWh/kWp generated by a 1 kWp 
system per year with photovoltaic modules mounted at an optimum inclination 
and assuming system performance ratio of 0,75. 
When focusing on the specific outline of the case study, the monthly and 
yearly solar irradiation has been calculated with the database PVGIS - 
CMSAF of the European Community for estimates of long-term averages. 

Considerations: 

- Location: Østbanegade 153, 2100 
København Ø DK - 55°42'28" N, 
12°35'20" E. 

- Elevation: 4 m A.S.L. 
- Optimal inclination angle 

considered: 40º 
- Annual irradiation deficit due to 

shadowing (horizontal): 0.0 % 

Therefore, with the above solar irradiation for the different orientations of the 
roof of the system, the annual energy output is calculated. It is stated in some 
literature (Peng et al., 2013) the importance of the energy losses of the 
operation of the PVs due to degradation and high temperatures of the cells, 
shadows and so on, the assumptions about this matter are stated afterwards. 

Figure 20. Solar irradiation 

Figure 19. Case study PV System description 
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Electricity output of the system 

Below are presented some parameters and own calculations used to 
estimate the electricity output of the particular case study depending on the 
PV cell technology to be compared. 

In order to prove the optimal orientation of the system for the implementation 
of the photovoltaics in the particular case of Copenhagen, it is presented the 
solar irradiation as well as the electricity output for 1 m2 of the different PV 
cells in an integrated roof system on a 30º tilt angle testing the different 
orientations. 

E = A · r · H · PR E = Energy output of the system (kWh) 

A = Total photovoltaic panel Area (m²) 

r = Solar panel yield efficeincy (%) 

H = Annual average irradiation on tilted panels 
(shadings included in the PR) 

PR = Performance ratio, coefficient for losses (range 
between 0.9 and 0.5)  (Alsema et al., 2009)| default 
value = 0.75). 

Therefore, it may be ranked the different orientations depending on the PV 
cells used for the specific case of Copenhagen, Denmark; with the best 
performance to the south, followed by the west, east and the worst orientation 
facing to the north. 

PV technology Silicon based Thin Film CdTe Polymer cell 

Efficiency 
considered 

15% 11% 5% 
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Figure 21. Electricity output of 1 m2 of the system 
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 Concerning the specific data of the analyzed building, surface of the roof in 
which integrate the PVs, as well as the solar irradiation of the different cases, 
it is estimated the annual electricity output of the system. It is separated 
depending on the PV cell used, mono-crystalline, poly-crystalline, Thin Film 
CdTe as well as Thin Film Polymer a-Si cells.  

The data used for the estimation of the electricity output is summarized in the 
following table. 

Figure 23. Yearly and life-cycle electricity output 

PV technology Mono-crystalline 
Poly-

crystalline 
Thin Film 

CdTe 

Thin Film 
Polymer 

a-Si 

Efficiency considered 15% 13% 11% 7% 

Detailed 
orientation 

Roof surface 
[m2] 

 Average 
sum of 
global 

irradiation 
[kWh/m2] 

Yearly electricity output [kWh/year] 

NE | 
108ºS 

717,9 m2 949 76.598 66.385 56.172 35.746 

NO | -
162ºS 

721 m2 744 60.311 52.270 44.228 28.145 

SE | 18ºS 714 m2 1.260 101.148 87.662 74.175 47.202 

SO |-72ºS 723 m2 1.110 90.230 78.199 66.169 42.107 

Detailed 
orientation 

Roof surface 
[m2] 

 Average 
sum of 
global 

irradiation 
[kWh/m2] 

Life cycle electricity output [kWh] 

NE | 
108ºS 

717,9 m2 949 2.297.940 1.991.550 1.685.160 1.072.380 

NO | -
162ºS 

721 m2 744 1.809.330 1.568.100 1.326.840 844.350 

SE | 18ºS 714 m2 1.260 3.034.440 2.629.860 2.225.250 1.416.060 

SO |-72ºS 723 m2 1.110 2.706.900 2.345.970 1.985.070 1.263.210 

Solar radiation database PVGIS-CMSAF 

Module location Roof-integrated 

Module type Mono-Poly-Crystalline | TF CdTe | TF Polymer 

Module efficiency 15-13-11-7% 

Tilt angle 30º 

Lifetime expectancy 30 years 

Performance Ratio 0,75 

Inverter losses 8% 

Temperature losses 8% 

DC cables losses 2% 

AC cables losses 2% 

Shadings 3% 

Losses weak irradiation 3% 

Losses due to dust, snow... 2% 

Figure 22. Characteristics and assumptions of the PV system 
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The energy requirements for operation of the existing building are very high 
due to the fact that it is an old propriety, hence it would require a full energy 
renovation. Nordhavn building required 159 kWh/m2 per year, what means an 
estimation of 231.574 kWh. That is why the PVs should be used with further 
improvements such as the change of windows as well as improve the 
insulation, out of the scope of the current project. 

For this thesis the energy generated represents an essential value in order to 
realize the mitigation of CO2 due to that generation depending on the different 
PV cell technologies. This avoided emissions are derived by the evaluation of 
the GHG emissions of the Danish conventional energy mix system and the 
PV system over its entire lifetime, as reflected in the following equation. 

CO2 mitigation/reduction = GHG conventional – GHG PV system 

Further considerations about the surface of PV panels required for each type 
of technology will be analyzed afterwards. 

 Accurate quantification of Danish electricity mix 

The Danish electricity mix is assumed to be as it is today and consequently 
for the period of the building operation lifetime. Further considerations and 
estimation about the adaptability to phase out fossil fuels of Denmark grid are 
evaluated in the results. 

From the IEA PVPS Task 10 it is presented some values to calculate the CO2 
mitigation in the installation of a specific PV system with results for the specific 
case of Copenhagen, of 13,70 tCO2/kWp potential for CO2 mitigation, 
considered a yearly average solar output for roof integrated PV of 850 
kWh/kWp. The case study presents higher solar output based on the 
improvements of the PV cells, as well as required adaptability to the possible 
changes and improvements of the Danish electricity mix.  

From the reference of the CO2 reduction from IEA PVPS Task 10, it was 
considered the electricity mixed determined in the table below for the situation 
in 2006, with an estimated GHGs per kWh generated of 536 kg CO2. With 
the improvement of the grid, as well as the adaptability to renewable sources, 
the data for 2012 is 458 kg CO2 per kWh produced.  

Year 
Nuclear 
Hydro 

Coal Oil Gas 
Geothermal, Solar, 
Wind, Waste and 

other RE 

Estimated 
GHGs/kWh 
generated 

2006 0% 55% 5% 21% 19% 536 g CO2/kWh 

2012 0% 33,35% 0,70% 14,50% 51% 458 g CO2/kWh 

Figure 25. Energy key figures electricity generation and estimated GHGs per kWh generated 
Denmark for 2012 (Energinet.dk 2013) 

Therefore, the CO2 mitigation potential with updated data to more realistic 
situation of the electricity mix will be used, and due to the improvement of the 
Danish grid, the accurate final data used is 11,70 tCO2/kWp. Figure 24. PV Estimation results. Crystalline-silicon 
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 Quantification of CO2 emissions and mitigation of the system 

Concerning the most accurate references used to estimate the life-cycle 
GHG emission rate of the different PV panels and technologies, it has been 
analyzed several studies included in the Appendix. 

In order to give representative results, it is included the potential influence of 
PV modules recycling in the technologies in which the empirical research has 
shown its availability with the consequent mitigation of GHGs. Regarding the 
crystalline  technologies, it has been used the reference of the study 
developed by PV Cycle (Fraunhofer IBP and PV Cycle, 2012), with the 
inclusion of credits for recycling mostly of glass, aluminum and copper. Thin 
Film CdTe PV technology is used data from First Solar with the recycling 
benefits included. Concerning Polymer a-Si technology, it is not considered 
any recycling potential due to the state-of-the-art on this matter. 

Thus, taking into account the most suitable references regarding update data, 
solar irradiation, efficiency, lifetime, as well as personal assumptions, it has 
been considered the following data. 

Regarding mono-crystalline cells, it is considered 53 g CO2eq/kWh; 40 g 
CO2eq/kWh for poly-crystalline; 19 g CO2eq/kWh GHGs emission rate the 
TF CdTe PVs and 24 g CO2eq/kWh the a-Si technology. 

Figure 26. Review of GHG emission rate of PV technologies analyzed and reference data used. 
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Figure 27. GHG emission rate of the PV chosen data in comparison with Danish grid 
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With these values and the previous electricity 
power output generated in the system, it is 
calculated the GWP of the system for the 
different PV technologies based on the total 
amount of CO2 in the considered lifetime of 30 
years. 

Consequently, the CO2 mitigation depending on 
the PV technology considered is shown in the 
figures on the right. 

These obtained values per m2 are used to 
evaluate the present case study the quantity of 
CO2 emissions. 

PV technology 
Mono-

crystalline 
Poly-

crystalline 
Thin Film 

CdTe 
Thin Film 

Polymer a-Si 

Efficiency considered 15% 13% 11% 7% 

Lifetime of the system 30 30 30 30 

GHG emission rate [gCO2eq/kWh] 53 40 19 24 

Detailed 
orientation 

Roof 
surface 

[m2] 

Yearly average 
solar irradiation  

[kWh/m2] 
GWP Life cycle 30 years [tCO2eq] 

NE | 108ºS 717,9 m2 949 121,79 79,66 32,02 25,74 

NO | -162ºS 721 m2 744 95,89 62,72 25,21 20,26 

SE | 18ºS 714 m2 1.260 160,83 105,19 42,28 33,99 

SO |-72ºS 723 m2 1.110 143,47 93,84 37,72 30,32 

PV technology 
Mono-

crystalline 
Poly-

crystalline 
Thin Film 

CdTe 
Thin Film 

Polymer a-Si 

Detailed 
orientation 

Roof 
surface 

[m2] 

 Yearly average 
solar irradiation  

[kWh/m2] 
GWP Life cycle 1 year [kgCO2eq/m2] 

NE | 108ºS 717,9 949 5,65 3,70 1,49 1,20 

NO | -162ºS 721 744 4,43 2,90 1,17 0,94 

SE | 18ºS 714 1.260 7,51 4,91 1,97 1,59 

SO |-72ºS 723 1.110 6,61 4,33 1,74 1,40 

AVERAGE 6,05 3,96 1,59 1,28 

Figure 28. GWP Life cycle 30 years of the system 

Figure 29. GWP Life cycle 1 year of the system 
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Figure 31. GWP Life cycle 1 year and reduction with the best performance orientation Figure 30. GWP Life cycle 1 year and reduction with the worst performance orientation 
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 Roof covering materials evaluated 

Due to the specific scope of the project, it will be 
taken into account and assessed the covering 
layer materials apart from active photovoltaic 
layer for the BIPV roof with real influence of 
environmental benefits from material recycling in 
LCA. 

All the information required and considerations in 
order to make a correct and LCA of the materials, 
both conventional and new materials are 
summarized are the table and data in the 
Appendix.  
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 Results and comparison of scenarios 

The results of the LCA of all the materials 
evaluated as well as the PV materials are 
summarized in the following graph regarding the 
GWP, taking into consideration the entire life 
cycle of all the BIPV roof per FU. These values 
are the base of the following comparisons about 
different considered scenarios in order to draw 
conclusions in the following chapter. Due to the 
large models developed for each material with 
GaBi software, as well as detailed information of 
the results per stages following ISO 14040 are 
included some examples in the Appendix.  

Figure 32. LCA of roof materials regarding GWP, without CO2 reduction for PVs generation 
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Figure 33. LCA of roof materials regarding GWP including CO2 reduction of PV generation 
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For this specific case study, the different 
scenarios to be compared are mainly focused on 
the different combinations between material for 
roof covering and PVs as well as the orientation 
attention defined as follows. 

From that point of view, it has been assumed 
three scenarios. Firstly, the covering of the 
entire surface with traditional envelope materials 
without any energy generation. Secondly, the 
integration of photovoltaic active layer in the 
optimal areas of the building, taking into account 
the best orientation among the possibilities of the 
case and conventional covering materials in the 
rest of the roof. This second scenario shows 
different results by evaluating different PV cell 
technologies (scenarios 2.1 mono-si, 2.2 poly-
si, 2.3 TF CdTe, 2.4 TF a-si). Lastly, the total area 
is considered to be covered by PVs with 
integrated systems, that do not required any 
envelope layer with the fulfilment all waterproofing 
and protection functions of a roof (Possibilities of 
integration analyzed in chapter of Mounting 
systems), with the same variations of PV 
technologies that scenario 2. Figure 34. Roof level scenarios applied to the building 
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Results of these combinations are shown in the 
following graph, where it has been considered 
50 years of the life cycle of the building, therefore 
with importance when referring to the 
environmental impact of PVs due to the 
necessity to replace them after 30 years. Apart 
from that, it has been used the best covering 
material regarding the GWP indicator as well as 
the worst material considering the same 
environmental parameter as representative 
results. The best material is the Steel, and the 
material with the worst environmental 
performance is the  Polycarbonat.  

All the data used has been developed separately 
including the final results from Cradle to Grave of 
them, as well as environmental impact results by 
stage, and can be shown in the Appendix. 

From these results can be deducted the high 
impact of the PVs, coming mostly from the 
production and manufacturing phase of about 
70% or more by (Palanov, 2014). 
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Figure 35. GWP of the different scenarios over the 50 years of the life-cycle of the building 
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The previous results make more sense when it is 
included the potential of the system to mitigate 
the CO2 over the life cycle when producing 
greener energy than the Danish grid, as it is 
shown in the figure below.  

These results are focused on the specific current 
situation, location as well as building 
characteristics and are used in order to reflect 
about the scope of this thesis. -4036,0
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Figure 36. GWP of the different scenarios over the 50 years of the life-cycle of the building including potential CO2 mitigation 
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In the specific case of Denmark, the electricity 
mix grid is getting greener towards renewable 
energies and fuels with a fixed objective of avoid 
fossil fuels by 2030. Consequently, in order to 
be adapted to these changes due to the long-
term of the photovoltaic systems, it has been 
made an estimation of the results taking into 
consideration these foresights. To do this, 
previous scenarios have been modified without 
replacement of the PV after the end of their life 
span (30 years) for the scenario 2 (2.1, 2.2, 2.3, 
2.4) and scenario 3 (3.1, 3.2, 3.3, 3.4). Apart 
from that, the potential of CO2 reduction of using 
PVs is eliminated from 2030, it represents 
around half of the lifetime of the PV system. Even 
though this is an indeterminate consideration, 
because there will be mitigation by using PV, 
probably insignificant, it would have more 
representative results.  
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Figure 37. GWP of the different scenarios over the 50 years of the life-cycle of the building updated for Danish future estimation 
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Although the future Danish grid will be out of 
fossil fuels by 2030, the phase out will be 
gradually done and it would not be completely 
out of emissions. Moreover, even though there 
are reasons to believe in the capability to achieve 
that goal on time, there may exist several 
uncertainties about it. 

Based on all these thoughts, these results 
should be considered informative as a result of 
the assumptions and estimations for the future in 
Denmark for further research about this matter.  
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Figure 38. GWP of the different scenarios over the 50 years of the life-cycle of the building including potential CO2 mitigation 
including potential CO2 mitigation 
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From these results, it has been calculated the 
last parameter to know the years when the 
carbon footprint can be eliminated over the life-
cycle of the system with the CO2 pay-back time 
factor (CO2PBT) as explained in the formula 
stated in the Method.  

This has been done in scenarios 2 and 3 with the 
results taken from the current situation of the 
Danish grid and potential CO2 mitigation, due to 
the fact that it will never happen without 
considering the potential of PV CO2 reduction in 
scenario 1. 

SCENARIO 2 
Scenario 2.1 

mono-si 
Scenario 2.2 

poly-si 
Scenario 2.3 

TF CdTe 
Scenario 2.4 

TF a-si 
total emissions PV 486,9 318,5 128,0 102,9 

total emissions roof (best) 492,8 324,4 133,9 108,8 

total emissions roof (worst) 593,3 424,9 234,5 209,4 

year reduction -80,7 -69,9 -59,2 -37,7 

CO2PBT PV 6,0 4,6 2,2 2,7 

CO2PBT (best) 6,1 4,6 2,3 2,9 

CO2PBT (worst) 7,4 6,1 4,0 5,6 

SCENARIO 3 
Scenario 3.1 

mono-si 
Scenario 3.2 

poly-si 
Scenario 3.3 

TF CdTe 
Scenario 3.4 

TF a-si 
total emissions 835,2 546,3 219,6 176,5 

year reduction -174,5 -140,1 -127,9 -75,4 

CO2PBT 4,8 3,9 1,7 2,3 

Figure 39. CO2PBT results for Scenario 3 

Figure 40. CO2PBT results for Scenario 2 
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Considerations about results potential 

First of all, regarding the general potential of the results of the thesis, it is 

necessary to state some considerations in relation to the specific scope of 

the study. 

However, it represents a specific case study focused on Denmark with 

different assumptions considered as accurate and source-referenced, some 

data used may be discussed. For instance, some representative information 

concerning the data of the electricity mix of the Danish grid, further data. 

Required to estimate the prediction on how would change, as well as 

references utilized about PVs among others. 

Apart from that, when evaluating PV systems, it is also important to consider 

other factors; different degradation of the system, diversity in the radiation 

estimation, as well as other unforeseen determining aspects unable to be 

predicted and thus included in the study. It would mean a possible influence 

in the performance ion the system and the results. 
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4. DISCUSSION

After the development of this research and results have been achieved, some 
ideas are discussed in order to establish a possible reflection about different 
ideas.  

Regarding the main indicator for sustainability assessment used, the LCA can 
be discussed different points of view to value potential results of this 
environmental tool or other considerations about this matter. 

The literature reviewed for this thesis recognized LCA as an essential 
quantitative tool that enhance the identification of opportunities for 
contamination avoidance as well as for decreasing resource consumption for 
different kind of products and systems (Sandin et al., 2013).  

Described by other reports and policies as the best framework for assessing 
the potential environmental impacts of products (Integrated Product Policy). 
And supported also by the standardization and the use in further applications 
as described in the Theoretical Framework.  

Apart from that, from the empirical research about the LCA it has been proved 
the growing interest of the different companies to assess the environmental 
impact of products for different objectives.   

I think, developing a LCA has several advantages, one is the possibility to 
monitor how we use the materials consumption in each of the components that 

allows improving them. 

(Quote Jesper Frausig, Gaia Solar) 

On the other hand, quantify the environmental aspects of a product by using 
LCA, needs to be used following a specific final objective. It represents a 
design frame to know the objectives to develop this analysis and how that 
can help you to improve and optimize processes. Apart from that, LCA may 
be a powerful tool for decision making during the design phase by 
benchmarking products (Dimache, 2007) as has been analyzed for different 
materials for roof covering as a necessary part of roof with significant variation 
of materials in terms of their LCA for this thesis. 

It is a good thing to make LCA if you know where you want to go, but not to find 
out where you want to go, you need to have a design frame […] So LCA is not 

principles based, it is just data. 

 (Quote Søren Lynggaard, Vugge til Vugge) 

Despite of the fact that all LCA need to be developed following ISO standards 
procedures, they may represents some weaknesses due to potential 
inconsistency of the data. These facts may be used as a clear example to 
discuss the difficulties to overcome in order to reach accurate results when 
assessing the life cycle of products. Moreover, there could easily happen the 
case in which same products may have different results that would make 
sometimes this process very challenging. Due to those issues, it is vital to 
review critically in comparison to another already achieved result as well as 
weight properly the impact categories (Hsu, 2010; Bayer, Gentry, & Joshi, 
2006). 

About the variability of the results, there are new approaches proposed Global 
Sensitivity analyses (GSA) to identify most environmentally influential 
parameters for LCAs (Padey et al., 2012). 
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When you compare LCA results you can see the same product with different 
results, which one to choose […] there are some many parameters to evaluate. 

I just want to point out that it is very difficult to trust it.  

(Quote Rie Øhlenschlæger, AplusB Architecture) 

In order to have the possibility to compare results with other similar products, 
EPDs were created to provide consistent LCA information with a specific 
format and transparency detailed by the ISO 14025. Apart from the potential 
reference, EPDs are important as marketing for companies’ sustainable 
responsibility, as well as for quantifying parameters in buildings sustainable 
schemes. (Braune et al., 2012). 

On the other hand, EPD to be a reference need a lot of considerations due 
to possible system boundaries of the analysis and assumptions. Some 
experts stand for the boundary of the use phase, which contains too much 
uncertainty, while others considerer important to include the full life cycle in 
order to be more appropriate for detailed product comparisons.  

Regarding public’s attitude toward EPD some stand for communicating 
quantitative indicators while others advocate that EPDs might assist only 
users with already a strong environmental concern (41st LCA Discussion 
Forum, Switzerland, 2010) (Doublet and Jungbluth, 2010). 

Information of the EPDs is considered as an essential tool to be a reference 
of the results that is why they may have similar system boundaries, as well as 
more information. Although it represents a very useful tool, in some cases is 
not very common to develop it, therefore new ideas about more ambitious 
information systems such as material passport as well as common databases 
for the construction industry may become strategies to simplify the process 
to reach sustainable objectives for this industry. 

Once diverse ideas about the potential of using LCA as a sustainable tool 
have been discussed, more ideas move towards the quantification of 
environmental impacts of the scope of this thesis, meaning Photovoltaics for 
the specific actual situation of Denmark. 

The target of phase out of energy from fossil fuels in 2030 for operational 
activities of building in Denmark has represented a significant constrain for the 
evaluation of conclusions and has been part of the results in the case study 
research. Firstly regarding which renewable energy should be the one more 
promoted, with different opinions about these matters. 

We still have the discussion about renewable energies if should be 
wind, solar or another. But they will be complementary on way or another.  

(Quote Jesper Frausig, Gaia Solar) 

Being Denmark a particular case among European countries, where for 
instance wind energy and consequently their lobby has a remarkable 
influence (Karin Kappel). As well as other legislation, that are making 
challenging to promote solar energy. 

It is a hard time to work with PVs in Denmark, there 
are some laws and some things that are working against.  

(Quote Karin Kappel, Solar City Copenhagen) 

Secondly, it may appear some ideas about the place for photovoltaic energy 
for the future when systems in Denmark and moving towards the use of 
district scale and centralized plants. What is the role of PVs in this panorama? 
Being part of big centralized and efficient photovoltaic plants, or on the 
contrary there would be place for decentralized systems for to be integrated 
in buildings? 
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In this situation, there would be significant challenges for the photovoltaic 
industry for the future and more specifically decentralized systems in 
Denmark. It may be thought that Danish government would use this potential 
to contribute to reach the objective of 2030 without the entire dependence 
on centralized and district plants. Although the mitigation of the environmental 
impact could be done in a less efficient manner, several connotations due to 
fewer dependence of general centralized systems would appear.  

What about if something happens to the big centralized systems? In a crisis 
situation, it is not good when you have all centralized, so I am more to 

decentralized systems. 

(Quote Søren Lynggaard, Vugge til Vugge) 

Another topic highly discussed concerning photovoltaic industry in the way to 
be integrated in buildings, and which is the more promoting PV technology 
to be used in an extendedly way for the future. 

The current situation seems to be clear, with the extended used of mono and 
polycrystalline technologies in the market (Mints, 2009), stated in several 
reports and literature about the development of PV technologies (IRENA, 
2011). Among the main reasons for this success were the decrease of the 
prices due to the Chinese market (Interview Karin Kappel), and the 
establishment of well-established industries that permitted to develop higher 
efficiencies and competent market prices.

On the other hand, another idea that can be discussed is how this 
conservative established PV industry will be if we consider emerging PV 
technologies (Nasti, 2012). How is going to be the future of PV, keeping the 
same technologies or new ideas will succeed? It is important to be sure that 
it would  take much more than just  ideal revolutionary idea to bring a 

technology to market, because it takes a long time of market involvement for 
a technology to mature (Lacey, 2012). 

There are several thoughts of the promotion of TF technologies, such part of 
the scope of this thesis with promising results from the environmental point of 
view analyzed. But, with lots of determining factors that require further than 
the energy and environmental impact perspectives. 

Previous studies from literature evaluated the potential of TF technologies 
(References) such one developed by the DTU Frederik C. Krebs shows 
promising results for plastic polymer solar cells.  And other research project 
like ThiFiTech about TF technologies for Denmark (Danish Technological 
Institute, 2012), with conclusions of the difficulty to point out areas in which 
TF will have obvious benefits over crystalline silicon PV in a Danish context, at 
least in the short and medium term. While other experts such Michael Graetze 
stated the desirability to make these cells thicker, rather than thin films, in 
order to be used for window and  roofing materials  (Bulkin, 2014). Opinions 
are diverse for debate and truly open for the possibilities for the future. 

On the other hand, going further than exclusively the use of one PV 
technology or another, important ideas may be discussed from a holistic view, 
from the concept of PV element as an integrated part of a building which has 
a long lifetime that produce energy. That is generating an actual scheme 
where you can buy panels that will last around 20-30 years without attention 
about it when becoming waste.  

A lot of PV is put in the market in Europe, 8 billion tons of PV panels of potential 
waste, but nobody knows when these panels are going to come back.  

(Quote Jan Clyncke, PV Cycle) 
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It represents that considerations about the end-of-life  waste form these 
products had not been considered until the WEEE directive with several 
disagreement in the way that need to follow the same rules than other 
electronic products completely different (Interview Jan Clyncke). 

It is proved that the actual recycling rates are very high, as described in the 
Theoretical Framework about this matter. But mainly due to the high 
concentration of elements such as glass, aluminum and copper, without 
taking into account other components. 

I think the current design is not ideal in a C2C world, because there is still a lot 
of waste in the way they are recycling the PVs today 

(Quote Søren Lynggaard, Vugge til Vugge) 

What is happening with the silicon and dangerous elements of PVs represent 
a challenge, due to the fact that are not enough considered from the actual 
recycling perspective, mainly because of the lack of market for the affordable 
use of these technologies. 

There are some technologies with extra substances like indium, tellurium and 
CdTe. If you recover, and you have at a time 8 tons of that material you would 
have a nice price. So, silicon to give you an example specific, because it is a 
common question, are you recycling silicon? No. Why? Very simple, in 2008 

the price if you bought it in the market your PV panels and cells was 500 $/kg; 
today, 2014, barely 6 years after, the price is 25 $/kg.  If you find somebody in 

the world who can recover for me the silicon from PV panels for let´s say the 
highest 24 $/kg you can always send me his business card, I am willing to 

listen. These companies do not exist today.  

(Quote Jan Clyncke, PV Cycle) 

Due to these issues, some perspectives about PVs are starting to have in 
mind the entire life-cycle of the product on how we design these products. 
Frederik C. Krebs stated that the cost of solar cells during total life can be 
significantly reduced by effective methods for setup, dismantling and 
recycling of cells. Søren Lynggaard said that maybe we do not need this very 
efficient technology, maybe it is just a matter of having cheap recyclable 
materials that can be used again and again. There are opinions are moving 
towards more challenging and design for disassembly features in the PV 
industry. 

These considerations have a direct impact socially, by the potential creation 
of different kind of new business models. Firstly for the solutions about short 
lifetime elements that need to be replaced periodically in contrast to 
conventional long-lifespan systems, contemplated by Tom Aernouts, 
research director at the Belgian Interuniversity Microelectronics Centre (IMEC) 
on behalf of polymer solar cells. 

Apart from that, there exists other possibilities concerning reuse potential, it 
means considering longer PVs with new approaches to optimize the value of 
the system by continuing the use for extensive time. 

If you could make a production process by using materials that were better, and 
making it in a way so they actually have value after 20-30 years. 

(Quote Søren Lynggaard, Vugge til Vugge) 

For instance about this approach there are new systems of leasing elements 
of the building, not own totally when buying it, but can be removed afterwards 
in cases that require a modification and may be used in further stages or 
applications.  
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Companies don’t really have experiences with continuing owing their own 
product […] you could make PVs system that you do not own as a developer, 

you only use the energy, the produce of the PVs sell the energy. 

So it is only a matter of time before the producers see this, if I still own the PVs, 
then I should make them differently, because then I can make it easier to 

replace it, just put something new in it and then it should work fine. But the 
whole service industry is not very well thought through when it comes to actually 
recovering materials, afterwards. But I think more and more actually will begin to 

think about it. 

(Quote Søren Lynggaard, Vugge til Vugge) 

Another example of this matter is the so-called rent-a-roof schemes, these 
companies offer to lease your roof for 20-25 years and, in exchange, install 
and maintain solar PV panels on it.  

In accordance with the previously stated possibilities for PVs there would 
appear new business models, materialize into different social aspects as well 
as economic development. As stated in several parts of this thesis, 
sustainability assessment need to be settled not only regarding the 
environmental point of view, but taking into consideration economic and social 
approaches as described by Elkinton, 1998 by the triple bottom line people, 
planet, profit. 

From different opinions, the possibilities of re-thinking photovoltaic industry 
with a holistic life-cycle overview would generate new business models with 
direct influence socially by the creation of new companies and employment 
opportunities (European Commission, 2007a). This will have direct 
connotations in the economy, new entrepreneurs activities can invigorate the 

economy by increasing economic productivity as well as creating jobs 
(Kritikos, 2014). 

Apart from that, facts about architecture and aesthetics in new solutions 
represent requirements to be fulfilled. As a general rule in the integration of 
PVs in existing building little thought is given to the aesthetics, only as an 
addition to accomplish technical requirements. 

We are a lot of architects, complaining about what energy firms do it by 
implemented PVs because they do not care, just put them everywhere, without 

any integration […] 

(Quote Rie Øhlenschlæger, AplusB Architecture) 

How it looks today? I think it looks awful in most places. 

(Quote Hanne Lindstrøm, Designit) 

In the case of PV roofs, it has been shown how new integrated solutions can 
be developed from the very beginning of the design phase, storing energy as 
well as avoiding solutions only compiling functional requirements giving an 
pleasant image, important requirement for the objectives of Det Ny Tag  EUPD 
project. 

you can actually change the material or a different kind of colors, or different 
materials, and the sizes as well […]  So it should be flexible, and you can 

change parts of each element as well. 

(Quote Hanne Lindstrøm, Designit about Det Ny Tag product) 
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Strengthen of new solutions considering aesthetics and visual integration has 
been produced as can be shown in the fact that BIPV is one of the fastest 
growing segments of the photovoltaic industry (SunGreen Systems, 2010). 

Initially the focus was in increasing the efficiency, actually was the cost, people 
look at it as an investment object. […] Then, they focused more on aesthetics 

and better support schemes to integrate PV systems that are installed in the 
roofs.  

(Quote Jesper Frausig, Gaia Solar) 

The future of photovoltaic will need to be conscious of these aspects as a 
challenge to overcome by creating integrated systems. 

It is very important to use the integrated method as a part of the architecture, 
not as an external part. It could be integrated to be a roof, or something more 

interesting feature to make sun shadings or whatever, but you have to cope 
with it artistically, it has to be a part of the architectural idea of the house. 

(Quote Rie Øhlenschlæger, AplusB Architecture) 
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5. CONCLUSIONS AND FURTHER RESEARCH

This study presents the possibilities to achieve regenerative roofs in terms of 
mitigation of CO2 due to the avoidance of using the conventional electricity 
grid, with a payback time between less than 2 years and approximately 7 
years. Therefore, it may be considered as a positive promising outcome from 
the questions specified in the problem statement with the required 
considerations (Results), but may be an encouraging step forward new and 
sustainable building systems. 

Despite of the fact that the production of PVs have a high environmental 
impact mostly in the production and manufacturing, this effect is objected to 
be eliminated in a reasonable period of time considering the lifespan of 
buildings and PV systems for this specific case.  

The environmental performance of different types of PV cell technologies has 
been shown over their life cycle, with significant differences between 
conventional crystalline technologies and less extended Thin Film cells with 
already positively competitiveness for TF. The influence of the orientation of 
the PVs becomes an important factor when calculating PV systems, with 
results about this matter that ensure the required consideration and possible 
rejection of totally covered roofs with PV panels.  

Hence, further research would be developed in order to improve this analysis 
can be updated taking into consideration the changes in the electricity mix 
grid of Denmark for the future as well as more accurate LCA for materials and 
PVs in relation with possible improvements.  

As a final point, it is expected reading of this thesis has given an 
understandable and valuable reference contributing to go forward sustainable 
objectives for the future. 

6. REFLECTIONS

The methodology used for this thesis for the empirical research, with the 
possibility to see a background about this matter in a real research project 
and to get information of experienced professionals have allowed me to have 
a wider point of view from very different perspectives about my proposed 
ideas. 

The beginning research questions about this thesis and the final scope of the 
project were not fixed and clear from the very beginning, what made me 
investigate more contents that helped me to learn values to be used in further 
parts of the thesis. 

It may be considered that focus on specific objectives that would be too 
positive cannot find final answers. On the other hand, the process throughout 
you work can help learning and moving towards future improvements to 
achieve objectives. 

I don’t know if we can achieve it yet, but we don’t have to be perfect from the 
beginning. […] Sometimes is the wish to be perfect from the beginning the 

opposite of being good, so it is a very important that we set positive goals and 
define the next step in the right direction. 

(Quote Søren Lynggaard, Vugge til Vugge) 

I may have more questions now than when I started, due to the experience and 
knowledge I have gained through this thesis. From different topics about new 
perspectives for PV energy until issues about the value of LCA for environmental 
assessment and its variability of results. 
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8. APPENDIX

 Theoretical framework additional information 

Software for LCA 

Nowadays there are a wide variety of software to evaluate the LCA of 
products. This list is a brief summary of them and its appliance into different 
industries. 

BEES 4.0: Building for Environmental and Economic Sustainability software 
developed by the National Institute for Standards and Technology Building 
and Fire Research Laboratory.  

CMLA: Chain Management by Life Cycle Assessment for industrial 
processes, developed by Centre of Environmental Science of Leiden 
University.  

EQUER: Software that performs simulations of building life cycles with 
environmental indicators, developed by the Ecole des Mines de Paris. 

GaBi 6.0: Extended software for LCA with Ecoinvent database and others, 
developed by PE International and IBP University of Stuttgart. 

GEMIS: Global Emission Model for Integrated Systems is a software and 
database for energy, material, and transport systems developed by Oko-
Institut.  

IDEMAT: Software for material selection in the design phase with a database 
of technical information about materials, processes and components to 
compare, developed by Delft University of Technology.  

LCAPIX: Software that combines LCA and Activity Based Costing, developed 
by KM Limited. 

OpenLCA: Open source software for LCA and sustainable assessments. 

Quantis Suite: Website that offers of enterprise and product level assessment 
focusing on GHG emissions, multi-indicators, and water footprint. 

SimaPro 8.0: Professional LCA software that include the Ecoinvent database, 
developed by PRé Consultants. 

TEAM: Professional tool for life-cycle environment and cost profiles of 
products and technologies, developed by Pricewaterhouse Coopers.  

UMBERTO: Software to visualize material and energy flow using external data, 
developed by Institute for Environmental Informatics of Hamburg. 
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Overview of building materials environmental impact 

Ceramic materials 

As a group of products very extended used in the roof covering of traditional 
building, ceramic materials have a high primary energy demand because of 
the demand in the production phase, mainly in the kiln stage with more than 
80% of that energy consumption in the plant (Zabalza Bribián et al., 2011). 

As a summary in these terms, it can be stated that ceramic tiles yield a saving 
of 60% compared to fiber cement roofs, whereas concrete tiles saves more 
than a 42% compared to ceramic tiles.  

Concerning bricks, not considered to be used in the solutions addresses 
later, the use of light clay bricks or silico-calcareous bricks clearly reduces the 
impact with a nearly neutral CO2 balance. 

This actual environmental impact and primary consumption are being reduced 
due to the technical development in the production, such as cogeneration 
installations (10%) and the usage of rapid burners that recover the heat of the 
smoke to dry the ceramic (5-8% reduction). Apart from that, the usage of local 
clays should be always highly considered due to the fact that the 
transportation could increase the primary energy demand and GHGs a 16%. 

Concrete and cement-based materials 

The building materials based in cement, composed of clinker, gypsum and 
limestone, are conditioned by the manufacturing of the clinker and its high 
environmental impact on the life cycle. However, the impact in kg is not very 
high, it changes when taking into consideration the cubic meters, because of 
the high density of all their elements. 

The impact of reinforced concrete is much higher than that of mass concrete, 
as the inclusion of corrugated steel increases the impact notably.  

Wooden materials 

Wooden based materials for covering have mostly a lower environmental 
impact. This fact is due to the requirement of less industrial processes, with 
a carbon dioxide emissions almost neutral or even negative thanks to the 
capability to absorb CO2 and benefit if the wooden material is recycled, 
reused or incinerated afterwards. 

Despite the low impact of these products, there is room for improvement, in 
particular related to the replacement of conventional resins with natural resins. 
In this way, the quantity of resin used in each product, the equivalent 
emissions of CO2 would be reduced around 16% for laminated wood and 
46% for fiberboard. (Zabalza Bribián et al., 2011). 

Metal-based materials 

Other important materials to take into account are the metal-based ones very 
used in the construction, like steel, aluminum and copper. They demand high 
levels of primary energy, as well as raw materials, in the several phases of 
their production. 

The reduction in the impact of the metals analyzed occurs due to the increase 
in production of the secondary industry of steel, aluminum and copper to the 
detriment of the primary industry. This industry contributes to the depletion of 
reserves of iron, bauxite and copper and to the gradual increase in the energy 
costs of extraction, including high impact processes such as electrolysis and 
pyro-metallurgy. 

Development of the secondary industry of these products, which would help 
increase their recycling, favoring the transformation of waste into resources 
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Thus, every kilogram of secondary steel produced prevents the emission of 
1.2 kg CO2eEq (74%) with respect to the same quantity of primary steel 
produced. In the case of the secondary copper, the reduction is 1.7 kg 
CO2eEq/kg (64%), and 11.3 kg CO2eEq/kg (92%) in the case of secondary 
aluminum. 

Bio-based materials 

Refers to non-food products derived from biomass (plants, algae, crops, 
trees, marine organisms and biological waste from households, animals and 
food production) (European Commission, 2007b). There is a lack of LCA data 
and product quality standards for bio-based products 

Conclusions 

After the above description of the different groups of materials in terms of the 

impact in a general point of view, there have been analyzed the comparison 

among them and other common materials in the building industry. Firstly, 

organized by the primary energy demand and CO2 emissions for the 

manufacturing of different construction materials. 

Figure 41. Contribution of CO2 emissions for the manufacture of materials 
needed in the construction of 1 m2   (Zabalza Bribián et al., 2011) 

Figure 42. Contribution of primary energy demand for the manufacture of 
materials needed in the construction of 1 m2  (Zabalza Bribián et al., 2011) 
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PV recycling processes 

Apart from the basic process explained beforehand. The resulted glass is 
mixed with standard glass cullet, and partly reintroduced in glass fiber or 
insulation products and partly in glass packaging products. The metals can 
be incorporated in product streams and plastics can be used for the 
production of new raw materials. 

Regarding the recycling of non-silicon bases some need to be solubilized in 
a chemical eluent bath to reclaim the metals (such as cadmium, selenium, 
tellurium and indium). The generated liquid has a high concentration of the 
metals which can be taken out and reused. The laminating plastic is cast out 
early by mechanical treatment. The glass is removed afterwards. After 
cleaning, the glass is being brought into homogenous particle size, checked 
for containments for float glass production. 

Due to the high cost of these recycling processes, because of the low 
amount of specific waste with this characteristics yet, only some companies 
are developing technologies to recycle TF or non-silicon-based PV. For 
instance, First Solar as the leading producer of PVs has developed one for 
the recycling of CdTe, which process is represented in the scheme below. 

Figure 43. Simplified process of PV module recycling 

Figure 44. Simplified recycling process of CdTe modules (First Solar, 2012) 

Figure 45. PV waste and recycling processes (PVCycle) 
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 Case Study information 

Information about the case study 
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Solar irradiation calculation 

Figure 46. Yearly sum of global irradiation and solar electricity potential in Denmark. (CM SAF, European Comission & 
European Research Center, 1998-2011) 

Figure 47. Global irradiation for Denmark (IEA, 2006) 
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 Materials for roof covering evaluated 

Clay tile Kebony wood Concrete tile 

Felt | EPDM Natural slate Steel 
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Fibercement Glassfiber Glass 

Zinc Alluminium Polycarbonat 
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Proprieties of roof covering materials evaluated 

 MATERIALS Weight Price / m2 Dimensions Fire safety Slope Density Durability lifespan Maintenance Form-potential 

Clay tile 

Heavy roof 
Approximately 42 

kg/m2  
3-4 kg / tile.  

523kr/m2 
(pantile)|1.249kr/m2 

(glazed) 
1.000kr/m2  

mounting included |  
1.900kr/m2 (glazed) 

274 x 447 mm 
215 x 345 mm 

Fire-resistant Min. 15/20 degrees 
Close, but needs 
during ironing or 

under eaves.  

80-100 years 
 (15-30 years 

warranty) 
Maintenance-free 

Ironing hand, soft 
ironing or pressing 

into the desired 
shape.  

Baksteenfederatie 
(BE) 2012 

Cradle to Grave 

Concrete tile 

Heavy roof          
Approximately 38 

kg/m2    
3-4 kg / tile 

390kr/m2 
830kr/m2 mounting 

included 
420 x 330/300 mm Fire-resistant Min. 20 degrees 

High | requires 
underlay layer 

50-70 years  
(15-30 years 

warranty) 

Maintenance-free 
Not replacement 

required 

Molded into the 
desired shape 

Standard shape and 
measures 

Monier (IT) 2010 
Cradle to Gate 

Natural slate 

Heavy roof 
Approximately 

30kg/m2 
2-3 kg/tile 

1.200 kr/m2 

200 x 400 mm 
300 x 600 mm 

 often with 
duplication 

Fire-resistant Min. 25 degrees 
High |  require 
underlay layer 

80-100 years 
 (30 year warranty) 

Maintenance-free 
Not replacement 

required 

Cut / sawn into the 
desired shape 

 Rathscheck Slate 
(GE) 2006 

Cradle to Gate 

Felt | EPDM 
Light roof 

Approximately 5,50 
kg/m2  

400kr/m2  
700kr/m2 mounting 

included 

Surfaces (drop-
down) and tiles 

Fire-resistant Min. 1-2 degrees Close, but requires 
special underlay.  

30-40 years (10-15 
years warranty)  

Maintenance-free 
(may need. Repaired 

in time)  

Thin material web 
can be rolled out 

and used directly or 
punched out to 

shingles.  

Cradle to gate 

Zinc 
Light roof. approx. 6-

7kg/m2  

650kr/m2 
2.400kr/m2 incl. 

mounting  
Lanes up to 12m Fire-resistant Min. 1-2 degrees 

Close, but requires 
special underlay.  

60-80 years (30 year 
warranty)  Maintenance-free 

Soft material that can 
be folded or rolled 
into the desired 

shape.  

VMZINC (GE) 2010 
Cradle to Grave 

Kebony wood 
530 kg/m3 (Kebony 

Cladding) 30 mm 
thickness  

Costs a bit more 
than traditional 

treated wood, but 
will keep about three 

times as long.  

As a conventional 
timber.  

Brand Ranked 
untreated wood. 

? 

The material is dense 
in itself. The density 

of a roof depends on 
the design.  

30 years 
Kebonisering 

minimizes tree water 
uptake = very long 

life.  

Maintenance-free - 
limited to normal 
cleaning. It needs 
two be erstattes 

once in the life cycle. 

Available in planks of 
different dimensions, 

but not more 
malleable.  

Steel 
Light roof 
5 kg/m2 

70-100kr/m2  
800-900kr/m2  

mounting included 
1100 x 348 mm Fire-resistant 

Min. 12 degrees 
(Profile Metal)  

Dense in itself, 
depending on the 

design 

40-50 years 
(10/40 year warranty) 

Maintenance-free 
(may need to be 

painted)  

Machined  (rolled / 
pressed) to the 
desired shape 

IFBS (GE) 2012 

Aluminium Light roof 
2,50 kg/m2 

? 600 x 1200 mm  
0,50 mm thickness 

Fire-resistant Min. 10-15 degrees 
(Novelis FALZONAL) 

The material is dense 
in itself. The density 

of a roof depends on 
the design.  

50-75 years (30 year 
warranty) Can 

withstand harsh 
weather conditions.  

Maintenance-free High plasticity and 
easy moldability.  

European Aluminium 
Association 
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Glass 
25-30kg/m2 3.8 kg / 

tile (SolTech)  ? 
334 x 420 mm 

(SolTech)  Fire-resistant 
My 22 degrees 

(SolTech)  

The material is dense 
in itself. The density 

of a roof depends on 
the design.  

40 years 

Maintenance-free - 
limited to normal 
cleaning. It needs 
two be erstattes 

once in the life cycle. 

Available as "flat 
glass" or "cast" glass 

Fibreglass 
reinforced polymer 
composite panel

13.5 to 11.70 kg/m2 
(Steni Protego)  

? 400 x 400 mm 
600 x 600 mm 

Fire-resistant ? 

The material is dense 
in itself. The density 

of a roof depends on 
the design.  

60 years Maintenance-free. 
Easy to keep clean. 

Can be molded into 
the desired size of 

sheet.  

Steni (NO) 2014 
Cradle to Grave 

Fibercement 
16.5 kg/m2 8.26 kg 

/ tile (Cembrit)  

150-200kr/m2 (see 
also conventional 

materials)  

1160 x 625 mm 
(Cembrit Tuscany) Fire-resistant 

10 degrees with 
solid underlay. 22 
degrees without 

underlay  

The material is dense 
in itself. The density 

of a roof depends on 
the design.  

35-45 years (15 year 
warranty)  

Minimal 
maintenance. It 
needs two be 

erstattes once in the 
life cycle.  

Can be molded into 
the desired shape 

and size.  

Polycarbonat About 2 kg/m2 
(Linear)  

1025 x 1280 
(Maxim) 

Fire-resistant 

The material is dense 
in itself. The density 

of a roof depends on 
the design.  

(10 year warranty) 

Low, but requires 
cleaning. It needs 

two be erstattes flera 
time in the life cycle 
due two its life span 

(4 times)  

Available in sheets 
and can be 

thermoformed, cold 
or varmebukkes, 
milled and bent.  

Wood composite 
panel  

2440mm x 1220mm 
and 8mm thickness. 

50 years Prodema EX (ES) 
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LCA Results of roof covering materials 

 MATERIALS 
Cradle to Grave 

GWP  (Kg CO2/m2) 
[GaBi database]   

GWP  (Kg CO2/m2) 
[INA database]   

[EPD data] 

Embodied Energy (MJ/m2) 
[GaBi database]   

Emb. Energy (MJ/m2) 
[INA database]   

[EPD data] 
Origin of material End of life considered 

Clay tile 19,10 18,80 300,00 280,00 Germany 400 km 

Landfill  
Can be reused in the ceramic 

industry  
production  with many 

uncertainities 

Concrete tile 11,20 
10,26 

- 108,00 
96,90 

- Denmark 250 km 

Landfill 
Can be reusable after crushing 
as inert in other manufacturing 

and/or product 

Natural slate 6,75 3,6 91,7 42,8 Germany 800 km Landfill 

Felt | EPDM 24,20 24,14 448,00 190,40 Denmark 300 km Incineration 

Zinc 5,90 16,66 210 111,61 Germany 800 km 
Recyclcing potential 
95% Recycling rate 
construction applic.  

Kebony wood 17,82  - 767,4  Norway Incinerated 

Steel 2,10 6,14 51,7 86,02 Gemany 800 km 
Recycling potential 
90% Recyling rate  

10% Disposal 

Aluminium 6,72 4,04 101 64,5 Switzerland 1200 km 
Recycling  | 91% real recycling 

rate 

Glass 68,2 60,48 939 1035,72 Germany 800 km Incinerated 

Fibreglass reinforced polymer 
composite panel 40,2 

- 
425 149 (EPD data)  - Landfill 

Fibercement 27,9 30,73 389 271,78  Denmark 250 km Landfill 

Polycarbonat 74,70  - 1020  - Germany 800 km Incinerated 

Wood composite panel - 25,7 - 636,6 
Sapain 

Incinerated 
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LCA RESULTS | CRADLE TO GRAVE - EPD STAGES 
E

P
D

 S
TA

G
E

S
 

[1] 

A1 | Raw material supply 
A2 | Transport 

A3 | Manufacturing  

[2] 
A4 | Transport         

A5 | Const. Installation 
B1 | Use        

B2 | Maintenance     
B3 | Repair     

B4 | Replacement      
B5 | Refurbishment 

[3] 
C1 | Deconstruction       

C2 | Transport        
C3 | Waste processing  

C4 | Disposal      
D | Reuse, Recovery, Recycling potential 

PRODUCT STAGE [A1-A2-A3] CONSTRUCTION PROCESS [A4-A5] + USE [B] END OF LIFE [C] + BENEFITS BEYOND SYSTEM [D] 

 MATERIALS 

GWP  (Kg 
CO2/m2) 

[GaBi 
database]  

GWP  (Kg 
CO2/m2) 

[INA 
database]  
[EPD data] 

Embodied 
Energy 

(MJ/m2) 
[GaBi 

database]  

Emb. Energy 
(MJ/m2) 

[INA 
database]  
[EPD data] 

GWP  (Kg 
CO2/m2) 

[GaBi 
database]  

GWP  (Kg 
CO2/m2) 

[INA 
database]  
[EPD data] 

Embodied Energy 
(MJ/m2) [GaBi 

database]   

Emb. Energy 
(MJ/m2) 

[INA 
database]  
[EPD data] 

GWP  (Kg 
CO2/m2) 

[GaBi 
database]  

GWP  
(KgCO22/m2) 
[INA database]  

[EPD data] 

Emb. 
Energy 

(MJ/m2) 
[GaBi]  

Emb. 
Energy 

(MJ/m2) 
[INA]  

[EPD data] 

Distance EoL 

Clay tile 17,50 
18,00 
19,97 278,00 

272,00 
208,66 18,30 - 289 - 0,82 

0,80 
- 12,00 

8,00 
- Landfill 100 km 

Concrete tile 9,94 9,50 
10,05 

87,60 89,30 
119,62 

10,50 - 96,20 - 0,74 0,76 
- 

11,70 7,60 
- 

Landfill 100 km 

Natural slate 4,76 3,20 
- 

62,40 38,80 
- 

6,17 - 83,10 - 0,58 0,40 
- 

8,6 4 
- 

Landfill 100 km 

Felt | EPDM 18,70 19,60 
- 

580 308 
- 

18,90 - 584,00 - 5,30 4,54 -136,00 -117,60 Incineratior 250 km 

Zinc 16,1 
23,8 

22,17 298 
332,15 
334,00 16,40 - 302 - -10,50 -17,42 -92,60 -232,31 Recyclcing plant 250 km 

Kebony wood -40,60 -26,63 843 92,31 -38,70  - 871  - 29,00 17,57 -377 -195,46 Incineratior 250 km 

Steel 9,88 10,37 117 142,94 10,00 - 119 - -8,02 -4,22 -67,5 -56,93 Recyclcing plant 250 km 

Aluminium 47,10 758 47,30 761  - -40,60  - -661  - 

Glass 61,40 30,8 857 527,45 64,50 - 903 - 3,67 0,55 36 5,5 

Fibreglass reinforced 
polymer composite 

panel - 16,83 - 148,98 - 17,43 - 0,10 - 0,74 - 0,96 Landfill 100 km 

Fibercement 26,40 30,4 368 268,48 27,30 - 381 0,53 0,33 7,82 3,3 Landfill 100 km 

Polycarbonat 42,40 1020 42,40 1020 32,30 7,07 
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LCA GaBi model examples 

For the LCA of the differnet material has been used GaBi software and its database as 

well as other documentation such EPDs and databases named beforehand. Due to the 

large quantity of models it is included just one example of thi process of LCA modelling
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 Literature references for LCA values of PVs 

Mono-crystalline PV cells 

Year  Reference Author 
Location radiation 

[kW h/m2/yr] 
Module efficiency 

[%] 
Lifetime 
 [years] 

EPBT 
[years] 

GHG emissions 
 [g CO2eq/kW] 

1996 Wilson and Young UK  | 573-1253 12,00% 20 7,4-12,1 NA 

1997 Kato and Murata Japan | 1427 12,20% 20 8,90 61 

2000 
Schaefer and 

Hagedorn 
Nederlands 14,00% 30 3,20 60 

2000 Alsema NA | 1700 na 30 3,20 60 

2000 Alsema NA | 1700 14,00% na 3,10 63 

2005 
Alsema and Wild 

scholten 
South Europe | 1700 13,70% 30 2,60 41 

2005 Fthenakis and Alsema NA | 1700 2,70 45 

2005 Jungbluth NA | 1700 14,80% na 3-6 39 - 110 

2006 
Alsema and Wild 

scholten 
South Europe | 1700 14,00% 30 2,10 35 

2006 Kannan et al. Singapore 10,60% 25 4,47 165 

2006 Muneer et al. UK  | 573-1253 11,50% 30 8,00 44 

2007 Jungbluth and Dones Switzerland | 1117 14,00% 30 3,30 NA 

2009 Wild-Scholten South Europe | 1700 14,00% 30 1,75 30 

2009 
KomotoVan Der 

Vleuten,  
China | 2017 na 30 2,20 52 

2010 Ito and Komoto China | 1702 NA NA 2,50 50 

2013 Nikola Palanov Denmark 14,20% 30 3,00 53 
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Poly-crystalline PV cells 

Year  Reference Author 
Location radiation 

[kW h/m2/yr] 

Module 
efficiency 

[%] 

Lifetime 
 [years] 

EPBT 
[years] 

GHG emissions 
 [g CO2eq/kW] 

Remarks 

1995 Phylipsen and Alsema South-European/1700 13% 25 2.7 N/A Frame 

1998 Kato, Murata and Sakuta Japan/ 1427 11.6% 20 2.4 20 Frame, 10 MW/yr production scale 

2000 Alsema South-European/1700 13% 30 2,5-3.2 60-46 Frame, roof-top installation 

2003 Ito and Kato 
Gobi Desert of 
China/1675 

12.8% 30 1.7 12-44 Large scale PV systems installed in desert 

2005 Battisti and Corrado Italy/1530 10.7% 30 3.3 NA Frame, flat roof installation 

2006 
Alsema, Wild-Scholten and 

Fthenakis 
South-European/1700 13.2% 30 1.9 32 Frame 

2007 Pacca and Sivaraman U.S./1359 12.9% 20 2.1-7,5 72.4-54.6 Frame, 54.6 is for European conditions 

2007 Jungbluth and Dones Switzerland/1117 13.2% 30 3-6 39-110 Frame, slanted-roof mounted 

2007 Raugei and Bargigli South-European/1700 14% 20 2.4 72 
Frame, 30% of the material and energy 

requirements of EG-Si production are allocated to 
PV 

2009 Wild-Scholten South-European/1700 13.2% 30 1.75 29 Frameless, on-roof installation 

2010 Ito and Komoto China/1702 N/A N/A 2.0 43 - 

2008 Ito and Kato China/1702 12,80% 30 1,9 12,1 100MW 
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2005 Hondo Japan 10% 30 NA 53,4 3kW 

2005 Tripanagnostopoules et al. Greece N/A 20 3,3 26,4 

2009 
Komoto, Ito, Van Der 

Vleuten, and Kurokawa 
China | 2017 na 30 2,8 62 1000MW 

2009 Frost - - 30 NA 58,6 3kWp slanted-roof 

2013 Q-Cells France | 1535 - - - 29,5 - 

- Raugei, Bargigli and Ulgiati Europe | 1700 14% 20 4,5 142 - 
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Thin Film CdTe PV 

Year  Reference Author 
Location radiation 

 [kW h/m2/yr] 

Module 
efficiency 

 [%] 

Life time 
[years] 

EPBT 
[years] 

GHG emissions 
[g CO2eq/kW] Remarks 

1998 Alsema NW-European | 1000 6% N/A 3.2 N/A Frame 

2001 Kato, Hibino and Komoto Japan | 1430 10.3 20 1.7 14 Frame, 10 MW production scale 

2005 Fthenakis and Kim USA | 1800 9% 30 1.2 23.6 Frameless 

2006 
Alsema, Wild-Scholten and 

Fthenakis South-European | 1700 9% 30 1.1 25 
Ground-mount system, 

U.S.production, frameless 

2007 Jungbluth and Dones Switzerland | 1117 7.1% 30 2.5 N/A Frameless, slanted-roof, integrated 

2007 Raugei and Bargigli South-European | 1700 9% 20 1.5 48 Frame 

2009 Wild-Scholten South-European | 1700 10.9% 30 0.84 16 Frameless, on-roof installation 

2009 Fthenakis et all. South-European | 1700 10.9% N/A 0.79 18 Ground mounted module 

1997 Ito, Komoto and Kurokawa China | 1702 N/A N/A 2.1 50 Very-large scale PV systems 
installed in desert 

2011 Held [100] Europe | 1200–1700 10.9% 30 
0.7–
1.1 19–30 Ground mounted module 

2013 First Solar Europe | 1200–1700 11,30% 25+ <1 18 - 

2009 Komoto, Ito, Van Der Vleuten, 
Faiman and Kurokawa 

China | 2017 na 30 2,50 66 1000MW 

2014 Kin, Cha, Fthenakis Malasysia | 1810 11,20% 30 0,94 15,1 - 

Raugei, Bargigli and Ulgiati Europe | 1700 8% 20 0,90 32 - 

2013 First Solar Europe  0,80 19-21 Recycling considered (benefit 10%) 
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Thin Film a-Si polymer PV 

Year  Reference Author 
Location radiation 

 [kW h/m2/yr] 

Module 
efficiency 

 [%] 

Life time 
[years] 

EPBT 
[years] 

GHG emissions 
[g CO2eq/kW] Remarks 

2002 Meier and Kulcinski USA | 1934 6% 25 1,2 39 - 

1997 Lewis and Keoleian USA | 1974 5% 25 3.0 NA 
Frameless, low energy consumption 

case 

2000 Alsema NW-European | 1000 6% NA 3.2 NA Frame 

2007 Alsema South-European | 1700 7% 30 2.7 50 Frame 

2007 Jungbluth and Dones Switzerland | 1117 6.5% 30 3.1 N/A Frame, slanted-roof mounted 

2007 Pacca and Sivaraman USA |1359 6.3% 20 3.2 34.3 Frame 

2008 Ito and Kato China | 2017 6.9% 30 2.5 15.6 
Frame, 100 MW very large-scale PV 

plant 

2009 Wild-Scholten South-European | 1700 6.6% 30 1.4 24 Frameless, on-roof installation 

2012 N. J. Mohr et al. Nederlands 10% 20 2,3 
NA 
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 Interview guide 

The interviews planned to be developed have the aim to give a qualitative 
approach regarding the following ideas in different groups by the field of 
expertise. The key persons to be interviewed are involved in the PV industry, 
apart from stakeholders of the EUDP project and other potential people. 

° Sustainable views and design in the construction industry: LCA and 
C2C approach into design, current situation and future possibilities. 
[A/ Architecture firm / C2C consulting company] 

° Promising PV technologies, potential improvement of the entire life-
cycle view and integration in aesthetic solutions (BIPV) [B/ PV industry 
/ PV recycling company] 

INTRODUCTION 

Introduce of the person and relation about the specific topic. 

[Groups A/ B/] 

- Would you please introduce yourself and the company you represent?
- What reference experience do you have into sustainable design / PV

technologies / Covering materials production? 

GENERAL OVERVIEW IN SUSTAINABLE STRATEGIES AND LCA 

Overview of Cradle to Cradle and LCA approaches in the construction 
industry. [A/ Architecture firm / C2C consulting company] 

- How much value do you think that LCA views and C2C approaches of
materials (and therefore buildings) have in the current way to face 
projects? 

- Could you please give any example from your professional experience?
- Where in the consideration of these approaches do you see the

potential advantages? 
- What about possible disadvantages and issues to overcome?
- 
- It may be said that it is a more complex and time-consuming way to

develop projects due to the necessity to focus in the entire life of a 
product. 

- How can this affect the assessment of the economic point of view?
- What kind of impact does this life-cycle approach have in the

sustainability of the final project? 
- Which parameters you consider the most important ones to focus when

evaluating the sustainability in the construction industry? 
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° Primary Energy Demand – Embodied energy 
° Energy Demand from fossil fuels  
° Energy Payback Time 
° Greenhouse Gas Emissions -  special focus on CO2 GWP 
° Water consumption 

- What other new strategies do you know regarding sustainability that
need a life-cycle overview? 

CURRENT DEVELOPMENT OF PV TECHNOLOGIES 

[B/ PV industry / PV recycling company] 

The photovoltaic industry has been developed a lot over the years, 

- From your personal experience, which PV technology is the most
suitable to be use in an extendedly way nowadays? Could you point 
out what are the main reasons to justify that? 

- Based on your experience from PV panels production, which three
parameters do you consider the most important among the following 
ones to decide between one technology and another? 

° Efficiency of the cell 
° Embodied energy  
° More extend in the industry 
° Aesthetics 
° Cost of production 
° Pay-back time  

- Could you give an estimation of the embodied energy of the production
phase? Which one could be the PV cell technology with the lowest 
energy requirement in its production? 

- How do you consider the change in the production since the beginning
of this energy industry? Are your company have implemented any 

renewable system to support the energy requirements for the 
production? 

- There is some debate about the promoting technologies in the future,
how do you see the photovoltaic energy in 20 years? 

- What are the main challenges of the photovoltaic industry for the future?

UPCYCLING – REUSE – RECYCLING POTENTIAL 

[B/ PV industry / PV recycling company] 

Currently there are several companies/organizations focus on the recycling 
of PV panels due to the WEEE Directive that mandates European countries 
to adopt waste management programs. Producers are responsible for the 
take back and recycling of the panels they sell. 

- What is the consideration of you company about this new WEEE
Directive and application in the PV industry? 

- Has your company already taken part in any take-back and
recycling program for the potential waste of the panels? 

- What has been the following stage after its use so far? When that has
been changed? 

- What type of cells is the most common one to be recycled up to now?
- Which is the amount of waste from PV panels that can be recycled?
- How many processes do the full recycling phase consist of? Are all of

them in the same recycling plant? Which could be an estimation 
average distance of the plants?  

- Could you give an estimation embodied energy of the entire recycling
process comparing between different PV technologies? (Impact of the 
recycling phase) 

- Based on your experience, how do you see the future of the PV
recycling in 10 years? 
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FUTURE ROOFS 

[Groups A/ B/] 

- From your personal ideas, do you consider the capability to achieve
regenerative roofs with positive carbon footprint? Do you think these 
roofs would be implemented into new and existing buildings? 

- How do you see the future roofs in 15 years?
- What would be the potential and challenges about energy active roofs?

Based on the target of phase out of energy from fossil fuels in 2030 
in Denmark. What are the main challenges of the photovoltaic 
industry for the future from your point of view? What could be the 
place/role for photovoltaic energy? 
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 Interviews transcription 

 AplusB Arkitektur 

Mrs. Rie Øhlenschlæger, owner of AplusB Architecture Office. 

Place and time: 10th June 2014 | AplusB Arkitektur, Aarhus.  

INTRODUCTION 

A building has to be as good as possible in itself, if you cannot do anymore 
then you ca go to PVs and other technologies. PVs has a big load for the 
environment in the production and they are not long lasting and so on and 
they have even some dangerous substances in the materials. 

If you can recycle you can improve it of course, it is not in function yet but 
they are working. We have been through a period in which building owners, 
in particular big institutions, official organisms and municipalities, they really 
grasp the idea of just adding PV panels, and then thinking we are making 
sustainable buildings which in my opinion is Green washing. Because you 
want to show, but actually you can do a more sustainable building in another 
way. 

Would you please introduce yourself and the company you represent? 

My name is Rie, I am an architect. Educated in Aarhus many years ago, I have 
been employed architect for many years in private firms here in the town. I 
have been a teacher at the school of architects for 9-10 years. Then I created 
a small firm, for building houses about the process of Sustainability, my 
colleague is now a teacher in the school of Architecture. I left the School here 
to become a member of the staff of the Danish Urban Ecology Centre situated 

in Aarhus, a national centre for spreading knowledge about sustainable 
planning and buildings for some years. Then we turned into other government 
in 2001 that said that they do not need experts, so they wanted to close 
down all the centres with experts saying that they know more about things. 
This is not correct, but they closed down this centre. 

In that moment I was very much engaged in doing project on ecology and 
sustainability, so I open my own firm and I continued until 2004-5. Now I am 
consultant for some housing organization, environment strategies, developing 
competition programs, I am consultant during the competition process, 
finding the right companies to compete and so on. A little bit of teaching, I 
have been doing study tours, taking Danish building owners and consultants, 
architects to see more sustainable buildings for Austria for instance. I am 
100% focus on architecture with sustainable qualities, because my essence 
is to say that architectural quality is very important, functionality, aesthetics, 
etc. but also about environmental qualities. If you don’t have them all, without 
functional, aesthetics and social qualities you do not have good architecture. 
When I started with that a lot of architects in Denmark 20 years ago said that 
all this about sustainability, ecology, it is not for us. What I was interested is in 
moving the building industry. 

GENERAL OVERVIEW IN SUSTAINABLE STRATEGIES AND LCA 

How much value do you think that Life-Cycle-Assessment views and 
Cradle to Cradle approaches of materials have in the current way to face 
projects? 

I think for quite some years we had been talking about Life cycle and 
embodied energy and cradle to cradle thinking, but we did not call it cradle 
to cradle. And we did not have ways to measure it, to make exact marks. We 
always say that we are focusing on using materials without dangerous 
substances, long-life materials and possibility to recycle materials and not to 
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use scares resources. Focusing in materials that are regenerative, and we 
have talked about it in our programs for new buildings but we had not called 
it Cradle to Cradle before. A couple years ago, we heard Michael Braungart 
and so on talking about these ideas, and we said that it is what we have been 
doing so many years we didn’t call it C2C.  

Could you please give any example from your professional experience? 

For instance, in the Social housing organization, in 2003 we had an 
international competition with participants of all Europe, the first prize was 
given to German Thomas Herzog for his very good project. How to make a 
building that you can take apart again without destroying the materials, about 
different materials with different long time materials for different part of building, 
and we thought his is the way we want to go.  

Another example is a project that we use large tree self impregnates, without 
any treatments, you can burn it afterwards, can last very long, becoming 
nearly black. In the gables in this project we used a wooden material made in 
high pressure called Prodema ProdEx IGN. We used it in the gables, are 
resins very well glued together with a surface of wood. It does not need any 
maintenance, something important. And that was very early time to have a 
focus on that we wanted to put more emphasis in describing these kind of 
things. 

How could we create a sustainable future and with which strategies? 

To my opinion is quite simple actually. You just need to be focus on don’t use 
not scares materials, dangerous materials, the ability to regenerate, reuse, 
optimize again the material. To put all the other aspects of social, economic 
and environmental.  It is just plain thinking, to my opinion. I know that in the 
building sector, there is a need to have more professional calculation methods 
to be convinced. It is not difficult to know a basic things but building industry, 
it need to have systems and that is why we have DGNB, Denmark has 

chosen the German DGNB. That can help some people who do not have a 
holistic view themselves, and can be something very good for professionals 
to check it. As well as Cradle to Cradle, are also demanding for your personal 
knowledge really. You don’t have exact information ready. 

At the moment, with the Danish Technological Institute, we are trying to do 
environmental profile of building surfaces of facade. Let’s try to compare 
different buildings and environmental load in 1 m2 of facades, all the layers. 
We used the German Ecovao database that have quite some information on 
environmental load of different material. You very soon can said that one 
material is not good to be used. We have very strong work in the level in the 
EU Commission to work on this kind of demanding having LCA definitions for 
all products, we are really far from that. They have that for different kind of 
bricks, the Ecovao cannot difference between red or yellow brick, and we 
know the differences it is clear that we need. 

At the moment, every LCA people, C2C people they are lost sometimes. And 
what I can see is that some engineering firms are doing these LCA things and 
when you compare them you can see the same product with different results, 
which one to choose. 

Rockwool have been criticised because the High load of energy in the 
production. They have done their own LCA paper comparing to other 
products and other have done the same calculations with different results. 

I am an architect not able to do it, I would like to have some exact science in 
this subjects, but there are some many parameters to evaluate. I just want to 
point out that it is very difficult to trust it. We need more European agreement 
about how to develop this kind of analysis. I am sure we need to go in this 
way that it is the way to secure sustainable building.  
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Which parameters you consider the most important ones to focus when 
evaluating the sustainability in the construction industry? 

When we look at the building stock the running energy is the main important, 
we are losing so much energy. In the projects I am involved in there is a need 
for the building for 0 or 2, 3, 4 kWh/year, barely nothing. That is why we 
should take into consideration the materials, which takes many years to get 
rid of that. The energy is the most serious problems for the environment, but 
if you just focus only in energy you miss the chance to take out some of the 
dangerous substances that we have been using. In Denmark we have some 
materials that are poisoning you, the gases from the wall paintings, etc. When 
I am making lectures, I tell young men that your ability to have children is far 
less than earlier, fertility of young men is going down, some is because what 
we are surroundings us. That is stupid, we are destroying ourselves little by 
little.  

OVERVIEW OF THE EUDP PROJECT Det Ny Tag 

Which in your opinion could be the main aim of the project? 

To my opinion the most important thing is to design and to be able to produce 
a system for a new roof that integrate PV that would be beautiful, that can fit 
to exiting building and can compete economically with ugly solutions. Big 
roofs in the future, would be a suitable place to harvest energy. I am not so 
sure about small private houses, but big social housing areas, but big offices, 
schools and so on with big areas. I am very sure we will have to harvest 
energy there and should be done in a beautiful way, what we are doing now 
is very ugly. Godsbanen in Aarhus, a new cultural centre in the old railway, 
not the main one, the warehouse railway, they have been turned it into kind 
of studios for artists and so on, meeting rooms and a nice restaurant between 
the old warehouse. Good architects are building a new building like a ship, 
from the AROS, in the circular thing you can see the building very high with a 

roof that you can walk on the roof, and in the south it is cover by black PV 
cells with triangular shapes, that is very nicely integrated. My idea on going 
into tat project, was because we need very skilled designer and Designit is a 
very good firm with business around the world. Now, it is rather thick, I can 
tell you it is going very good, it may be a product sold all over Europe, I have 
the best hope. 

Which could be the most innovative potential of the EUDP project Det Ny 
Tag from your point of view? Could you point out the most remarkable 
difference with other existing solutions? 

The innovative and the very import thing, and the idea of the project is to have 
an all-together solution, taking care of all the functionalities you need in a roof, 
such as ventilation, taking rain off, exhaust from reduce things coming up, 
harvesting solar energy and taking care of the edges of the roof, how to ended 
and so on. It will take cares of all the aspects, an integrated solution. 

Do you consider the final solution would be commercialized in the 
market?  

I don’t know if anyone is doing something similar but I think it is a needed 
product, if they can manage to keep it in a reasonable price, keeping in a 
reasonable price it will have really big potential. 

Could you point out the main consideration regarding aesthetics of the 
solution to be taken into account? 

Aesthetics it is very important, that is going to be that the thing, and if we have 
a beautiful solution with the same price we will take the more beautiful one. 

We are a lot of architects, complaining about what the energy firms are 
obliged to reducing CO2 emission they do it by implemented PVs but they do 
not care, just put them everywhere, without any integration. If you do it in the 
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wrong way, you will get problem water coming in, craftsmen sometimes do 
not know how to do it. 

CURRENT DEVELOPMENT OF PV TECHNOLOGIES 

Do you consider PV energy as the one with more possibilities to be used 
in an extendedly way nowadays?  

I am sure we should put renewables in the district heating we use in Denmark, 
which is extremely important, we have a distribution net, we can do get that 
heating with less load than the PVs anyhow, if they are not resettle. I do not 
think that we should say that never mind about the district heating and use 
PV, that it is not a good solution, but on the countryside where you do not 
have district heating you need to use other renewable such the heating from 
the earth, so what is really important is not be we have very many different 
solution depending on the different locations. 

EU commission, is very much focus in energy hopes trying to make combined 
systems, add different kind of energies and distribute into the buildings that 
would be a more clever way to do that. 

There are some research in that. I was an evaluator for the commission in 
Brussels and we have some projects about combined systems and urban 
district in an urban scale. I do not believe in small energy things for one little 
house. I am not really interested in the technicalities of the systems. 

I am sure some people who own these systems, they do not really understand 
it, not the tight check. It is not the right solution, we should be more collective 

What kind of cell is used for the EUDP project and what is your 
consideration about the BIPV?  

Monocrystalline I think, as far as I remember. There is an interesting 
development in PVs now, some that they ca be placed in windows, that you 
cannot see them.  

It is very important to use the integrated method as a part of the architecture, 
not as an external part. It could be integrated to be a roof, or something more 
interesting feature to make sun shadings or whatever, but you have to cope 
with it artistically, it has to be a part of the aesthetics and architectural idea of 
the house, we are on that track. 

FUTURE DEVELOPMENT 

From your personal ideas, do you consider the capability to achieve 
regenerative roofs with positive carbon footprint?  

It depends on how many years you are calculating I of course. It will be difficult 
to reach zero or positive carbon footprint, but as long as we are worrying 
about the CO2 as much as possible, it is good because anyhow all important 
thing is you do not build more than what you need. A Danish family they like 
to have 60 m2 per person what it is not needed. We are building so many big 
family houses that we don’t need. Some people is talking about reducing 
schools and offices m2, that is the main problem we have in DK, lower 
consumption per m2  for the last 15 years, very much, we are very good at 
that, but the energy consumption is steady because we are building more 
and more and the m2 is growing and growing. So the actual total CO2 
emission from our m2 is not lower very much. That is the very important aspect 
that is an important role for sustainability to my opinion. 

How do you see future roofs in 15 years? 
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As I said before, I think that in a big building harvesting energy but I hope not 
to see all single families using it. They will be connected to a net with good 
environmental performance, which is my hope.  
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 Designit 

Mrs. Hanne Lindstrøm, Senior Project Manager Designit 

Place and time: 10th June 2014 | Designit Aarhus.  

Would you please introduce yourself and your company? 

I am Hanne, and I am working here in Designit as a senior project manager. I 
have been working here for about four years. A lot with digital projects but 
also a bit with more identity and strategic projects as well. 

The company is very much focusing sin the design but today has been 
specified by products design in the beginning. Mainly focus in the product 
design and doing product design does often a lot of other projects, in relation 
to that, you need to kind of introduce projects, we need to solve projects or 
products, and we need to tell stories. That is how Designit is kind of growing 
in bigger companies, over the last 20 years. And regarding this project I am 
sitting and working as project management for this one as well, for the 
designer part and the designer delivery. Hopefully the most particular strategic 
approach into this project as well. Normally we do not work very much with 
this kind of public or half public funding projects, mainly with the privates. So 
this is kind of new to us, being a part of a bigger group with different 
participants. 

Have you worked in other product regarding constructions or materials? 

Yes, we have been working with the windows construction, Velux for 
example. But not building constructions, it is been mainly like small parts being 
like a particularly part, but still very much with the design approach and not 
that much with the engineering approach, it is how we work. Normally we do 

with the ideas and how it should together engineers to find out if it is going to 
be stable, or it is going to be sufficient constructive part enough. So it is often 
cooperative between different persons. 

Do you have, or any in the office has, any experience about sustainability 
or LCA? 

I think several have a very interest in it, but of course since it is really based 
on a lot of products. It is often connected to our clients to look at the approach 
to sustainability. But of course we do a lot of packaging projects as well. But 
it is often an approach specially when there is end users into the cycle, 
circulation of a packaging as well, many kind are focusing on having the right 
for example papers, what kind of material is used to have this focusing kind 
of branding and also because they have some kind of vision about what to 
use and what to tell, as well. 

And for this kind of packaging have you used or have you worked with some 
people making for example the LCA of the materials? I mean only to know if 
the LCA could be included in the design that you are developing, or not, only 
to have an idea. 

Not that I know about, not us, not as C2C is working. It has been my first 
experience doing like the materials passport. But of course a lot of product 
designers  do this kind of fundamental, know about it, I think that the studies 
are kind of interested in materials, I think they are very much aware of having 
this approach, to help when you think of projects, or think packaging, or think 
production things as well. 

About your new project that you are developing, which in your opinion could 
be the main aim consider or the main objective to be achieved? 

First of all, I think, the main issue is to make a whole roof system, so instead 
of using solar energy, as a part of the roof, then the whole roof should be 
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though as one solution. Of course the solving aesthetic approach as well, so 
is coming into a more integrated part of the roof. We would be working making 
the energy generating part as a main part of the roof. So it is actually kind of 
recycling the energy as much as possible. So we are not to be using human 
material as possible in the roof. So that is of course to make it both more 
sustainable but also to make it less expensive, so that is the different parts 
focusing in both, it is kind of a balance to make it a success. That is probably 
what we are focusing a lot of how of much should it be sustainable and how 
much should it be cost efficient.  

Which could be the most innovate potential about the final product? 

I think is probably the aesthetic approach to it, because it is not something 
new. I think that is been several projects similar to this, but not have been 
thinking about the whole total economy and the total esthetic part of it. So I 
think it is probably going to be approachable, but I think it is a lot of storytelling 
having this kind of recycling, using the right materials, as well, and kind of 
having the approach to people actually interested in new forms of energy. 

In that way, do you think that the final solution would be commercialized 
in Denmark? 

I think it would, and hopefully that would be even more than once to have this 
kind of roof, and personally I do not like how it is now because I think it doesn’t 
look good any houses that it is now. So hopefully a lot more people would 
like the idea that actually like the idea of having energy roofs that kind of not 
demotivate   because it is so expensive or it looks too ugly in your houses, 
so is something that kind of solve this kind of issues. I think it could be a 
success. 

What is your consideration about the existent PVs panels and most of 
the houses have, in your first impression. 

How it looks today? I think it looks awful in most places. One of my neighbor 
has just one on the top of the red and nice roofs, and it doesn’t look very 
good, esthetic at all. But of course it is not an idea of having it, especially in 
Scandinavia or countries in northern Europe, that use a lot of energy during 
winter periods as well. It makes good sense, but as it is now, there is a lot. It 
can be a good idea but it is something you know, that can pay back overtime 
but it is still take you 10 or 15 years before it pay back. So it is not a good 
business to do it. It should be of your interest to kind of be very focused on 
doing this kind of environments benefits. 

Could you point out the main consideration regarding an esthetic that 
you have taken it into account in this project? 

Of course since it has these panels that is going to be kind of the dominated 
part. The main thing is been how we can make it looks good. They are not 
looking good in themselves actually, and they have once surface that you 
cannot really do anything, how can your frame it with something else and in 
the same time use materials at make sense for the environment as well, based 
on C2C, of course with the balance of aesthetics. I think something that can 
match the look of the panels, then of course it is been very much about 
focusing on how would be easy to replace parts of it and easy to implement 
on a house as well, well, mostly that. 

I am not sure if you can tell me, how is the development of the project, 
have you improved it a lot? 

I think we have improved a lot, doing a lot of details and so it is going to even 
smarter work and more flexible. That is one of the bonus things, that it is 
flexible inside and flexible in how to integrate parts, flexible about ventilation 
and all that. I think it is going to be a very good benefit on it, instead of you 
having to buy different parts in different places, because it is not a part of the 
design as well. 
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Is it going to be a specific size or a combine of the photovoltaic and the 
material, or is it going to be one thing only? 

No, actually it is going to be for the first, we are doing one material, but it is 
now, probably you can actually change the material or a different kind of 
colors, or different materials, and the sizes as well. It is kind of what we have 
mentioned. So it should be flexible, and you can put parts of each element 
as well. Of course it is much easier to implement and think as well of different 
thickness of materials in the roof. It is what we are working on. 

Regarding the PVS technology, which is your consideration about the 
BIPV do you think that it is a good technology to develop? 

I think it is a very good solution for housing. I don’t know how much 
technology, is a system of course that can be used in many different places, 
for small housing or for bigger housing. Yes, I think it is. I don’t know because 
it is still like a system, consistent element, that is somehow is thought through 
to be flexible.  

Probably it can be used in existent buildings and their roofs, right? 

Yes, the main though is to exchange the whole roof. It is to put a new roof, 
only a part of it, of course you can exchange one size and then keep the old 
one. In the other size, that it is what you want. But for the aesthetic the roof 
should be replaced.  

Regarding the inside of the roof, the insulation and all of that, that is not 
considered? 

Of course it is always a part of it. But it is not a part of our project. But that is 
how you do the kind of the housing today. I don’t know how you call it in 
English, but it is a solution as well as a part of it. Of course all kind of circulation 
all that is a part, through into the concept. But it is not going to be that in this 

one. It is also more flexible for now, if you already have an insulated roof. It 
just needs to be more for the skin. 

If I understood well, you have like a specific building that you are going 
to implement like a study or something like that. 

I think it is kind of a house, we have contacts to try out later on the process, 
doing prototype for the house, I don’t know. It is a bit late for the beginning of 
next year it is going to be part of the project. 

About the future development of roof, how do you see it in 30 years, 
what is your consideration about the future? 

Well, there is politics about energy generating roofs as a main issue all over 
Europe, because then the look a few may change but still is very individual 
from nation to nation, how roofs are designed, and people is very traditional. 
I am choosing their roof, I think for new buildings there are a lot of possibilities 
but for old housing, probably is going to be a very big issue to change about 
the conviction of how a roof look, , so probably in countryside could be easier, 
but in old cities, is going to be more complicated to actually change norms. 

There will be a lot of different types, a lot of new innovation about roofs, and 
green roofs because it is a lot focus in how expand in that direction and also 
in the kind of collecting energy, through different sources as well. That is 
probably going to be something that would be focused on that, not necessary 
the same technology as we are using in the roofs. It is something that has 
been predefined for this project, but probably different kinds of how to collect 
energy can be used as well, and hopefully we can do this, roof concept, more 
flexible as we are working in different types of technologies into the roof. We 
haven’t defined this yet, it is just on the model now, but of course it should 
be flexible for new technology as well, because that is going to change. In a 
few years as well it is going to be very different picture than it is now.  
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The final PVs panels that you are going to use were predefined by one of the 
stick holders it is monocrystalline? 

I think is one, when we should apply for the project, was already defined this 
kind of technology that we are going to use. So we haven’t been into the 
technologies that are something that has been, you know, so it is only been 
mentioned and stand us, what can be actually modified. It has to make sense, 
if we do it too small, they get more expensive, and the bigger one is more 
efficient, so issues like that is what we need to think about, not the 
technologies. 

Do yow know what was the main reason to get involved in these project? 

Actually we were asked to be a part of it. I think that already been the other 
participants, already met at several times and then they probably thought to 
make it different. We need some design to be part of the it instead of only 
engineers, because there have been a lot of projects, where they have been 
making in to creating panels, not we have thought about the whole design 
solutions. So that is probably been the idea from the beginning. If they want 
to make like a system, a roof system that should be designed, like the skin of 
the actually be part of it, application and then help doing the application. So 
that is kind of a coincidence I would say. I think it is interesting also, because 
it has different potential innovative working as well. 
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Solar City Copenhagen 

Mrs.Karin Kappel | Manager Solar City Copenhagen. 

Place and time: 21st July 2014 | Telephone interview 

INTRODUCTION 

Would you please introduce yourself and the company you represent? 

My name is Karin Kappel I am the head of Solar City Copenhagen. It is a non-
profit organization working with the convention of solar energy where the 
focus is on the architecture integration. We have different members, mainly 
companies, municipalities, government, etc. and architects and engineering, 
and we are having conferences to show what is going on and to tell architects 
and engineering what is new and what kind of projects are we making right 
now. Then we are taking part in different projects all over Denmark.  

GENERAL OVERVIEW IN SUSTAINABLE STRATEGIES AND LCA 

How much value do you think that Life-Cycle-Assessment views and 
Cradle to Cradle approaches of materials (and therefore buildings) have 
in the current way to face projects?  

About the LCA and C2C, I have got some questions about it. From the 
municipalities in the last time and right now we are making a new website and 
I will try to make some information about it. Because it is an upcoming 
question now, I think is because in the beginning people were only interested 
in PVs, but now it is more common in municipalities to look at it in the same 
way than with other materials. 

Which parameters do you find important when evaluating sustainability in 
architecture or the construction industry? 

It is mainly Primary Energy Demand and then the Energy Payback Time. 

CURRENT DEVELOPMENT OF PV TECHNOLOGIES 

From your possible personal experience into photovoltaic energy, which 
PV technology is the most suitable to be used in an extendedly way 
nowadays?  

Right know in Denmark it is mainly silicium cells and TF are too expensive right 
now. It is because of the market, when the Chinese put a lot of cheap silicium 
PVs in the market, the prices went down and that made the TF more 
expensive. But people are very interested in TF as well, because it has other 
possibilities. Silicium and TF They can be used in two different ways.  

The photovoltaic industry, I guess you mean the producers, another thing we 
focus very much in Denmark is not only the product, it is more the way you 
use it to make it easier. The government has given two funding, one last year 
and one this year and you could apply for subsidy to develop new product 
where PV is essential. Develop new product where PV in that way it was 
essential, was asked from the architect to make product that were easy to 
use for example in old buildings. The detailing is always a problem in old 
buildings, there are a lot of chimneys and it is very difficult to make the roof 
an integrated thing. Denmark is working in detailing and how to make that 
easier for the architects and the costumers. 

We challenge very much aesthetics in Denmark and of course economy. And 
also the laws, because the government has changed the laws last year and 
as it became cheaper, with lot of products from China, many people in 
Denmark bought PVs and the government though was too much, because 
they put a lot on the grid and it is difficult for the grid to have too many PV 
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plants. And it is also a question about the way it looks like, people don’t like, 
they think it is ugly. So they changed it, and now it is more difficult especially 
in the municipalities. You have to make like a company and that is a very big 
administrative thing. We have been talking a lot about the laws and the 
regulations. 

Based on the target of phase out of energy from fossil fuels in 2030 in 
Denmark. Do you consider that decentralized photovoltaic systems will 
be supressed/eliminated by district/centralised systems? What is the 
place/role for photovoltaics? 

No, no, I do not think so. I think you have those in Denmark. You mainly put 
the electricity generated to the grid in Denmark. There are some rules right 
now. 

There is some debate about the promoting technologies in the future, 
how do you see the photovoltaic energy in 20 years? What are the main 
challenges of the photovoltaic industry for the future from your point of 
view? 

I think it would be growing and they would be developed more in the way of 
design, it is very suitable for new architects, some architects want to make it, 
young architects are thinking in that way. 

In Denmark, I do not know. Maybe not in the same way than in the rest of 
Europe because there are some negative feelings about it. The thing that 
would something to do with the fact that we have a lot of wind, wind lobby, 
so they are not interested in PV. That is my private feeling, nothing of my job 
to do. 

It is a hard time to work with PVs in Denmark, there are some laws and some 
things that are working against. I think it is easier in some of other countries. 
That is why we are promoting it to attract people to see the possibilities to 

work with it. A lot of municipalities are working with it. It was very popular, now 
is more because of the rules have changed it is more difficult for 
municipalities. 

That is a pity because last year a lot of municipalities made kind of regulations 
for solar plans, they can tell people, stimulate people and show how to do it 
in buildings. 

Now because of the new regulations, it is quite silence about it. So I don’t 
know what will happen now. It is easier to use it in new buildings, the problem 
is that we have a lot of old buildings, therefore energy renovations is a big 
issue, we have a lot of old houses, in that case photovoltaic it is a good thing. 
To make the renovations when the goals are very high, it is very difficult to 
make it without PV. You need to insulate a lot and so on. 

FUTURE DEVELOPMENT 

How do you see future roofs in 15 years? 

We are working on it right now, we have projects about it. The government 
has given subsidies to develop new ways to do it. In Denmark we are looking 
at old roofs, that is the main interest. If you have an organization with lots of 
flats and you need to change all the roof and you if you have a nice system, 
that is cheap and aesthetic with solar. So that is what some are working with 
that, there are14 projects all over Denmark, they are different, but some are 
to be implemented in old roofs. 
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 Gaia Solar 

Mr. Jesper Frausig | Research and Development Engineer Gaia Solar 

Date and place: 04th June 2014 | Telephone interview 

INTRODUCTION 

Would you please introduce yourself and the company you represent? 

I work for the company Gaia Solar. We focus on Building Integrated 
Photovoltaic panels (BIPV) but also standard solar modules. We are module 
manufacturer, what means that we simply sell modules of different size, 
colour, according to the needs of the building or it can be according to the 
architects and so on. 

Then we also install standard system that can be for industrial roofs, and can 
be for private houses owners, so that we also do. 

I am working in Research and Development, we work within new concepts, 
it can be new module sizes, or perhaps solar technologies, and we also have 
some cooperation with universities. It is a mixture of different things. 

GENERAL OVERVIEW IN SUSTAINABLE STRATEGIES AND LCA 

Where in the consideration of developing a LCA of your product do you 
see the potential advantages? 

I think, developing a LCA has several advantages, one is the possibility to 
monitor how we use the materials consumption in each of the components 
that allows improving them, become aware of the most contributor to. A long 
EPBT or a short EPBT and continuous improvements it has a value in terms 

of costumers, architects, and the increase of the need also to document how 
much CO2 friendly it is. It reduces energy but also need some energy to 
manufacture it, and it takes around 2-3 years in terms of energy payback. The 
last thing is just an increase demands on the technical LCA 

Basically it is a good way of assessing how the resource scarcity, each of the 
values that we use to build the module is a monitored value, that is how we 
price the module, at the same time some of the materials are scarce or 
abandon of materials. For example siclicium, this it is a very abandon material, 
comes from sand. TF is based in CdTe where Cadmium is toxic, and I think 
is CdTe which comes also as a by-product of other product. It can help 
making simple improvements. Developing several advantages by monitoring 
how we use the resource because you cannot really be sure how will be the 
performance after 20-30 years from now.  

CURRENT DEVELOPMENT OF PV TECHNOLOGIES 

From your personal experience, which PV technology is the most suitable 
to be used in an extendedly way nowadays? Could you point out what 
are the main reasons to justify that?  

Silicon mono and poly crystalline are the ones most extended nowadays due 
to their industrialization over the years, they have been developing in order to 
have different possibilities of colours and dimensions. Silicium solar cells they 
are cut and they are stuck as you need, physically you cannot handle thinner 
silicium solar cells, so that means it is a waste of materials. TF has only been 
industrialized for 5 to10 and this technology it is not mature yet, and this is 
very important when you talk about like energy production which has to be 
producing for 25 years to 40 years and we have seen that silicium cell that 
they have been produced in some places 40 years ago are still producing a 
good amount of energy, so you need the solar track record and therefore it is 
very difficult also for new technologies to be implemented and tried out. 
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What cell technology do you use for the BIPV? 

For BIPV we are using poly and mono crystalline cell technologies. 

Based on your experience from PV panels’ production, which parameters 
do you consider the most important among the following ones to decide 
between one technology and another? 

° Efficiency of the cell not 
° Embodied energy  
° More extend in the industry 
° Aesthetics 
° Cost of production 
° Pay-back time  

Of course it is part of what the costumer want. We are lucky we are one 
production we can make what the costumer want. I think if you use standard 
modules you have the chance of pure and black and same dimension, you 
go mostly for price. There are two markets, one is the standard market, there 
is less considerations, less parameters you have to consider; efficiency is 
usually not the biggest issues, it is mostly how much power you get by money 
invested. For BIPV, there are many more considerations, aesthetics of course 
it is one of the biggest concerns, it is also a challenge to keep aesthetics if 
you want one or more modules, if you want they look like tiles and these 
things. The demands that we are used when you think about architecture and 
we want in that way 

Solar cell itself puts some limits on what we can do. Of course everything can 
be done but it is more expensive. Somehow we need a way to find the 
minimum amount of solar cells in a module that is big enough and it is worth 
to put it, and then have different colour and the extra costs of it; it is 
defendable and it is very welcomed. It always depends on what material you 
are replacing in the building, so if you were to have very expensive banging 

building with material such marble stones, then of course solar cells can easily 
compete cost wise and you can even produce energy and so on. But if you 
are just building a building with low cost materials since then, it is more difficult 
to compete in terms of architectural beauty and maybe you could go for 
building integrated modules that are just completely black and this is maybe 
good enough for and maybe you can use standard sizes. It depends on what 
the customer needs. 

The embodied energy required for the production of PV cells is very high, 
Could you give an estimation of the embodied energy of the production 
phase? Which one could be the PV cell technology with the lowest 
energy requirement in its production? 

We just took a LCA of our production and we founded to be 2,5 years EPBT, 
this was calculates for a small scale system so If you come to Bigger scale 
installation it is lower. One thing is that Denmark has lower solar irradiation 
than other countries, so for example in Germany could be 1,5 or 2 years 
EPBT. Also the Energy system in Denmark is more efficiency than in other 
countries that means the energy that is replaced is slightly cleaner than other 
countries. We founded that is 2,5 years the industry for mono-crystalline solar 
cells. 

For TF is slightly lower, but it depends a little bit on how you look at it because 
in BIPV the efficiency is lower, it is a trail off. 

How do you consider the change in the production since the beginning 
of this energy industry?  

Yes, initially the focus was in increasing the efficiency, actually was the cost. 
People look at it as an investment object. In Germany there is a lot of the blue 
shiny poly-crystalline they put in top roofs, maybe they have a good EPBT but 
the houses can be more difficult sold, people may not want cells in their roofs 
that look bad. This was the initial focus of people, I think people in Denmark, 
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Italy and France that started installing solar cells after Germany and tried out 
these technologies, they focused more on aesthetics. They also made better 
support schemes to integrate PV systems that are installed in the roofs. 
Because if you put solar modules on normal lands that then you take off 
agricultural lands and this is a waste of resources in a way, but also they 
produce more energy than you could have generated otherwise, but if you 
should look into the rule in Europe that in the roof you can only cover 1/3 of 
the energy consumption in the roof you already have. 

Therefore was a focus on mounting systems, that fits better in the roof, they 
are light and can fill out more space in the roof mostly to the south due to the 
highest performance, but later  it does not matter that you produce the most 
of the energy that you can, it is that you produce a lot of energy. 

Now BIPV modules it is an option, takes a long time to realize people to use 
them, but it can easily seem to be the best option for new houses because it 
is much more cost effective to your solar cells. Maybe you have a high 
investment in the first years but over ten years they are pay backed, this is 
definitely an option to consider. 

UPCYCLING – REUSE – RECYCLING POTENTIAL 

Has your company already taken part in any take-back and 
recycling program for the potential waste of the panels? 

We are membership of PV Cycle, they take care of the end-of-life modules. I 
think this membership started around 1,5 or 2 years. They took back few 
modules with defects, there I think they recycle high part of the aluminium. 
They have a end of life in this way. 

FUTURE DEVELOPMENT 

How do you see the future roofs in 10-15 years? 

Building integrated will increase their amount massively, is a slow start, even 
politicians understand that the society will produce energy in this way. Of 
course we still have the discussion about renewable energies if should be 
wind, solar or another but they will be complementary on way or another. 

About TF will find some and maybe some of them will success. But I think still 
will be mono-crystalline and poly-crystalline. I think solar technologies will 
come more to our daily equipment like smartphones, computers, and all 
these things. 

And then the bigger picture of smart grids, people be aware of using electricity 
when the wanted and will also continue to be similar but will be more in relation 
with the production of renewable energy. Maybe we somehow use a 
dishwasher will start up when there are more wind or solar energy. Therefore 
will mean that all the society will be more in smart grid and solar energy 
integrated.  
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PV Cycle 

Mr. Jan Clyncke | PV Cycle Managing Director 

Place and time: 11th June 2014 | Telephone interview 

INTRODUCTION 

Would you please briefly introduce yourself and PV Cycle? 

My name is Jan Clyncke, I am the managing director of PV Cycle, I joined PV 
Cycle in April 2008. Previously I worked 14 years in the waste management 
industry. PV Cycle is an international, non-profit association based in the 
Belgium law and international stages. It has been founded in July 2007 and 
the main purpose is to organize take-back and recycling programs for 
discarded PV panel. There is an association in that time as a completely 
volunteering approach without legislation from 2007, nor 2008, 2009, 2010, 
2011, 2012 and 2013, even today it is still questionable to have legislation 
due to the WEEE directive in some countries that is already the transposition 
in other no, so we are considering ourselves partly as a voluntary club, partly 
as a club who is offering WEEE compliances. We started PV Cycle in June 
2010 the operation, meaning really collecting the waste and organizing the 
recycling and the year before we had mainly internal discussion with our 
members, how to organize it, how to settled it up and etc.  

 UPCYCLING – REUSE – RECYCLING POTENTIAL OF PHOTOVOLTAIC 

What is the consideration of PV Cycle about the Waste Electrical and 
Electronic Equipment Directive (WEEE Directive) and its application in the 
PV industry?  

We welcome the WEEE directive in the sense that there will now be the 
possibility to have a level plain field for everyone putting PV panels on the 
market of a European country member of the EU, so that is the good part of 
it. On the other hand, including only PV panels in WEEE which is purely a 
consumer electronic waste legislation, it is maybe not such a good option, so 
we all plat for a solution which will take care of all the renewable energies 
products waste and not only PV panels. Now we already see that some 
Member States have questioned why PVs are in the WEEE directive, because 
they are products in some countries that are  managed and installed by 
professional and it is difficult to be compared with television, laptops, cell 
phones where everyone can decide if want to dispose it or not, or just to 
throw it itself. It has easy possibilities and it can handle itself.  

We are happy, with the WEEE directive we always say we would like to its 
application in the PV industry is a difficult topic because such a long life of the 
PVs, more than 20 years, different from the short life of electronics or at least 
promoted short life time, there is a very strong market to replace them with 
new upgrades yearly, that is not the same case with PV panes. At least we 
will not discuss any more about if is member of PV Cycle or it is not member 
of PV Cycle, everyone needs to comply with the law, that is at least very good 
thing. For the rest you can question some the characteristics of PV panels in 
the WEEE directive, it is a quite difficult relation with the legislation at the 
moment. 

What is your consideration of the awareness of producers to adopt take-
back and recycling programs so far? 

Referring to producers of PV panels, and also according to the WEEE, not 
only manufacturers, but also importers selling and resellers the products and 
putting their own brand on the panels. There is still a long way to go, they 
have possibilities enough to be aware of it. But, as I said with this long life of 
the products the topic about waste it is for lot of them it is a hard discussion, 
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they sell modules with product guarantee of 10 years and additionally a 
performance guarantee of 20 years, or even 25 years; so, for strictly 
somebody putting a PV panel on the market, then already asking the 
question, how this waste will be treated and are you already willing to pay 
today the cost of the recycling in 25 years?, it is a very disarge  for such a 
product with such a long life. So, the awareness is growing and also due to 
the fact that the WEEE directive is now more and more implemented. On the 
other hand, the deadline was end of February 2014 and so far only 5-6 
member of the 28 has really transposed the WEEE into the national legislation, 
and I hope by mid-2015 we finally will see the results of the whole 
implementation, and then I will assume the producers will be completely 
aware of this new legislation. 

What has been the following stage of PV after the end-of-life stage until 
now? When that has been started to change? 

Before the law there was nothing so what we had was already something, a 
voluntary approach which we never saw in other industry before. Until the last 
4-5 years you could just they dropped PVs in a PV box of PV cycle if you 
were part of it and then it was recycled. 

We are not involved in the production scrap, of course PV panels have 
discharge materials during production waste, but the WEEE directive is not 
dealing with production scrap. It is full and individual responsibility of each 
manufacturer, including PV panels’ producers and therefore it is the general 
waste legislation applicable. I cannot answer in the behavior of every 
manufacturers in the past, but if they should have followed the legislation 
disposing in an environmental friendly manner depending of the type of 
production scrap. For example, if it is only flat glass it is easy solution, it is not 
an issue; other products, such copper you can reuse it because it has a nice 
recycling value; silicon can also be used for recycling feedstock. Therefore in 

Europe I do not see any issue in the past, and now there are some possibilities 
to do it, more than in the past. 

Regarding PV panels sold in the past and became waste, I only hope the 
companies did the same procedure than with other waste products. At one 
point at time, the majority of the panels disposed in the past were at least in 
PV Cycle boxes. We are also aware that the number of tones were, and are 
now very low, it is a very limited number of tones. 

What type of PV cell technology is the most common to be recycled up 
to now and why? 

The biggest market share up now it is silicon-based modules, these are for 
us  the crystalline mono, poly but also amorphous and micro-amorphous 
these are for us all the silicon based; even the last two are also known as Thin 
Films technologies when they are put on the market. And at one point in time 
in 2010, in Europe 80% of the market was silicon-based modules and the 
rest 16% was CdTe and 4% left was a mixture of CIS, CIGS and other 
technologies. Now already 4 years later I think what I see and in the literature, 
and magazines I think silicon took the marker back and they are representing 
at least in Europe 95% of the market. It is quite normal then, that the 
technology which is coming back if there is already waste is 9.7 times out of 
10 is silicon based module. Why they are thrown away as waste already 
today? Well, Today´s waste is generated due to transport damage, because 
it is glass that can be broken on the road; installation damage when you climb 
in the façade and in the field. There are some that already that are coming 
back still in the guarantee issue, they are defected during the 1st or 2nd year 
of their lifetime. The 4th possibility, the real end-of-life, does not really exist 
yet. We collected once an installation of 1982 in Belgium and once an 
installation in Italy in 1985 and that is it. What I remember as the  oldest ones, 
all the others are so young, and there is already a possibility if you would find 
some there would be in Germany, these is the oldest PV market, all the other 

APPENDIX | 94



  Life-Cycle and Sustainable Assessment of Integrated Photovoltaic roof systems 

countries with all the respect, they barely installed something since 2007, 
2008. So if you count 20 years the first big amount will come back around 
2020, 2025 and later. 

Which is the amount of waste from PV panels that can be recycled? 

Today we have an average rate with all the technologies together we have an 
average rate of 80% recycling. If you separate the technologies, the non-
silicon based is 95% recycling and purely 80% climbing a bit towards 85% 
recycling. 

What is the following use step for the most dangerous components of 
the PVs (silicon, cadmium, tellurium, etc.)? 

There might be dangerous substances in PV panels, you are right. Secondly, 
there are also dangerous substances in many other electronic equipment. 
Thirdly, dangerous substances are not dangerous, I would say dangerous 
from the waste perspective, because in the waste industry when you have 
cadmium, tellurium, indium, etc., the value of this materials is 20 times,100 
time smaller than for instance silicon or for instance glass or aluminum. Your 
question is not surprising I have heard it over the last 10 years have been 
coming back to me, especially when engineering are asking the questions. In 
the waste industry there are other rules.  

For me it is not a special product, it is a problem, it is quite a basic product, 
glass, aluminum and copper as main components of a PV panel. Aluminum 
and copper were recovered when Jesus Christ was still living and you can 
read it into the Bible. At that point, it is not big deal, float glass can be used 
such the car glass or glass from windows.  

There are some technologies with extra substances like indium, tellurium and 
CdTe. If you recover, and you have at a time 8 tons of that material you would 
have a nice price. So, silicon to give you an example specific, because it is a 

common question, are you recycling silicon? No. Why? Very simple, in 2008 
the price if you bought it in the market your PV panels and cells was 500 $/kg; 
today, 2014, barely 6 years after, the price is 25 $/kg.  If you find somebody 
in the world who can recover for me the silicon from PV panels for let´s say 
the highest 24 $/kg you can always send me his business card, I am willing 
to listen. These companies do not exist today.  

So, PV industry, as any waste industry is volume, mass tonnage, as PV 
industry does not generate big amount of waste. It is difficult to put all the 
effort in treatment facilities which is with the last technology and realize that all 
the waste in 2014 has been recycled in only one day. So, from my personal 
point of view it is not possible to have 290 days empty and only one day 
working or maybe 5 days in a years, so that  

That is the big problem with PV panels’ issue. It is not like iPhones, it is not 
like computers and coca cola cans, everyday 1 million Coca-Cola cans are 
generated as waste in the world. This is not that case, with PV panels. And 
for the technology CdTe I know a company for solar, they have their own take-
back and recycling programs technology, they recover almost 95 % of the 
total weight of the product, indium, gallium, selenium, yes, there exists a 
solution , that it is chemical bath. And for the silicon-based, you recover the 
copper, the glass recycled for glass insulation for buildings and the glass 
between 5-10 mm reused for glass.  

There is not a big deal by recycling PV panels, if you research about recycling 
rates for packaging waste or for batteries, you will be astonished how PV 
panels are still with an average of 80% rate. PV panels, due to the big 
component that it is glass, that is true, we cannot forget that 85% of the 
components of PV panels is essentially glass, it is not comparable with metals 
used in components in electronic components.  

APPENDIX | 95 



  Life-Cycle and Sustainable Assessment of Integrated Photovoltaic roof systems 

To conclude, recycling it is not a big challenge, it is mainly about logistics, 
there is a huge challenge because there is not waste you have to optimize 
costs, and that is not so easy. 

Could you give an estimation of the embodied energy of the entire 
recycling process comparing different PV technologies or rank them? 

For the moment, you can rank them but it is a discussion we want to avoid. 
In the recycling between technologies, in waste environment nobody cares 
about technology x, w or z and at the end of the day you see a waste and it 
is called solar panels and it is scramble glass and aluminum. From the waste 
perspective, the rest there are only some extras. Therefore I do not jump in 
that discussion, I do not care. 

We did so far a LCA on silicon-based solar panels, not in non-silicon based 
because we have not the full enough amount of waste to do a good LCA. 
We saw that when we recycled 1 ton of silicon-based PV panel we save 1,2 
tons of CO2 emissions and that is what we currently know based on  about 
Fraunhofer IBP in Germany in 2012. For non-silicon maybe you can find some 
information from First Solar or in other literature. 

FUTURE DEVELOPMENT 

From your point of view, have you appreciated intentions of PV producers 
of searching more sustainable processes into the production and entire 
life cycle of the PV panels?  

Yes, our intentions, we have already seen manufacturers with intentions. 
Design for recycling, the wiliness is there. 

What is your consideration about the possibility to improve the business 
model by designing for disassembly the PVs (in order to use the scrap 
materials of the PVs as a material bank for predefined new products)?  

Yes, I think there is probably possibility to improve it. There are two options, 
you still want to guarantee that this is a long life time product, so then you 
have to glue and laminate and will work only 1 month. The industry will come 
from the recycling industry, but again this will come when there will be a higher 
volume. They will find a solution to delaminate easy the panels. From the 
technology perspective, I would say all the possibilities already exists. There 
are some existing projects, you can heat up a PV panel to delaminate the 
panel, and freezing technologies, pyrolysis, and you can apply thousands of 
possibilities. Delaminate itself the panels it is not the problem, even the current 
ones that are laminated to last a long lifetime. It is more the question about 
who is going to invest in a plant that can treat 10-12 thousand tons per year 
and today nobody will invest in that because you will not receive back your 
investment. 

A lot of PV is put in the market in Europe, 8 billion tons of PV panels of potential 
waste, but nobody knows when these panels are going to come back. 

It is a big problem, different from the example of Coca-Cola cans. The answer 
will come more from the recycling industry more than the producers. 

Which could be the PV cell technology most extended in the future from 
a holistic point of view? 

I am willing to answer that question, I do not waste to open a discussion that 
has nothing to do with the waste, and we are trying to find solutions for this 
problem. 

Based on your experience, how do you see the future of the PV in 10 
years? And what about the PV recycling? 
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It is a question a bit difficult to answer, it could be a question for the European 
Photovoltaic Industry Association (EPIA). I only hope that PV, and what I am 
convinced on what I have read is that PV will survive for the following 10-15 
years. I think also that the industry need to find a business model like in 
packaging products like Coca-Cola and other electronic equipment, sell their 
product as it was a replacement packet, also where they sell their products 
and they compare with classic energy production and the price of versus and 
classic electricity production. 

I am quite optimistic about the future PV and about recycling in the sense that 
there will be good years, around 2020, especially in Germany the first waste 
will come back to the recycling installation. I do not think that you get money 
from Nokia or Samsung when you buy a smartphone, you do not get money 
from the governments where you buy your smartphone. It is a different with 
PV panels and PV installations, in most of the countries you get money from 
the governments so you need to ask yourself the question:  are you willing to 
throw away a product which it is still generating green energy? At a good 
performance energy and it is still generating money. I do not think you are 
throwing away products in your house that have a positive value. If I throw this 
I will not receive my subsidy anymore. That is a very big different from WEEE 
products, they are very replaceable. 

 I am optimistic also about PV recycling with a very low abandon waste, the 
possibilities will be larger and etc. in the future. 
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Vugge til Vugge 

Mr. Søren Lynggaard | Creative Director Vugge til Vugge 

Date and place: 22nd July 2014 | VIA University College, Horsens 

INTRODUCTION 

Could you please introduce yourself and your company? 

My name is Søren Lyngsgaard and I am the creative director at the Vugge til 
Vugge Denmark, which is a consulting company founded in 2008. At this 
point the environmental discussions were about the climate summit 2009 for 
creating a new climate plan in Copenhagen for the world. Around that time 
too we were discovering that in the Netherlands there was a whole movement 
about Cradle to Cradle. In 2006 they were showing a TV documentary that is 
called “Waste Equals Food”. It came as a direct response to Al Gore’s movie 
“An Inconvenient Truth”. And in the Netherlands it kind of started a movement 
around C2C within regions, companies and the government. Designers and 
people there saw C2C as a response to the climate and environmental 
problems, in a way that was not judging the growth ideology. C2C says that 
it is not bad to have growth, if it is the right growth. So if you do things in the 
right way from the beginning, you can scale it up and make beneficial results. 
It was that kind of message that the C2C documentary had and that is why 
the Dutch responded so well to it. We thought if it can start a movement in 
the Netherlands then we might be able to do it in Denmark, too. So we began 
to knock on people’s doors, went to schools, universities, politicians, political 
parties and to the industry organizations and everywhere we came we got a 
response that was better than we expected. So we launched the idea behind 
C2C at the right time and in 2008 we created a big conference in 
Copenhagen, where we invited Michael Braungart and Steelcase, which is a 

big C2C furniture company and for the first time C2C was introduced to 
politicians and many big companies in Denmark. It was decided as well that 
it would be interesting for the confederation of industries in Denmark, to work 
with C2C as a concept in their organizations as well. So that was a kind of 
breakthrough and from that moment on people began to call us instead of we 
had to call them. So from 2008 we made an agreement with Michael 
Braungart and EPEA in Hamburg that we wanted to work together with them. 
So we actually founded a company called EPEA-Copenhagen and Michael 
Braungart was the owner of that company which existed for a couple of years 
until 2011, when we decided that we wanted to have our own company. And 
we worked with them on a basis of a contract; instead of him hiring us to run 
EPEA Copenhagen we decided that we wanted our own company.  

In which areas or fields have you worked before? 

I was working for 18 years in the Danish National Broadcasting station, as a 
film editor and producer. My colleague Martin Fluri, Co-founder of Vugge til 
Vugge Denmark, was a sociologist. So from the beginning we were idealist 
and we wanted something to happen that had not happened before. The 
whole idea that the environment is something out there that we must protect 
and conserve – and then there is us and we are separated from the 
environment and nature. This we felt is a false notion, which leads to we must 
protect nature from us, which makes us bad people that need regulations. 
That might have been true before, but now it leads to environmental guilt 
management, which is not good for the way we do things and how we 
produce. Cradle to Cradle offers us a different way to look at nature, where 
human beings are an integral part of nature. In that reality you work creatively 
with nature, because we are all native to the planet and we have nowhere to 
go. We are all interconnected in nature and you can either be a regenerative 
force in nature, or you do not care. We wanted to care and it means we need 
to do things right from the beginning instead of just do things less bad. So, 
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we were idealist in that way, because we could see that if we don’t change 
our mind about this, we will never be able to accommodate nine billion people 
on the planet. It is not possible to sustainable house nine billion people on the 
planet by merely reduce our footprint, because there will always be more 
products coming around as people get richer and richer. And even though 
you can say, we can make efficient energy in housing, efficient cars, efficient 
whatever; it will never be enough. We need to rethink the way we are here. 
What Braungart and McDonough have done is actually to make a concept 
out of that fact and a way, how we can work with companies around this.  

Where in the consideration of developing a Life-Cycle-Assessment of a 
product/material do you see the potential advantages? And about 
Cradle2Cradle? 

Life cycle analysis has a long history. From the beginning, they wanted a way 
to measure how products are impacting the environment. So, I think that the 
good thing about life cycle analysis is that you can actually put some numbers 
on e.g. of how much energy is going into a product, and how it puts a strain 
on the environment. In the sense that, if you have a C2C design frame then I 
think it is a good thing to use a LCA. But a LCA in and of itself does not 
necessarily lead to a C2C design frame and valuable components/materials 
for future cycles.  

LCA is a way to be more efficient and to be less bad, e.g. with the amount of 
materials you use, the toxicity of the materials you use, the energy of the 
transport, and so on. 

 In C2C it is not enough just to minimize your footprint. We want to be able to 
optimize a good footprint. So, from the beginning we want to know, is it a 
good footprint or not? So, of course, in that trajectory from where you are to 
a good footprint, it is a good thing to make LCA, if you know where you want 
to go, but to use a LCA to find out where you want to go is not always a good 

thing, because in C2C we live by principles and values.  So LCA is not 
principles based, it is data based. 

So in C2C we want to use healthy materials, we want that the materials can 
go in a biological or technical cycle and it should be done by renewable 
energy. So those are the values/principles. And if you have to find a posture 
go whit in the design frame, is a good thing to make a LCA, because then 
you can see, maybe we can reduce energy here because now we know how 
much energy we are actually using here, or we could actually maybe buy the 
staff somewhere else, I mean that could be a good thing. But you have to 
choose the design frame first.   

Which parameters do you consider the most important ones to focus on 
when evaluating sustainability (in the construction industry)? 

Well, we have chosen five in the C2C methodology. The quality of the 
materials as what is in your product, is it toxic for people/environment? So, I 
think that is one of the most important thing we want to know in the building 
industry. Is this good for people to be around? And can it be disassembled 
into its constitute parts and reused in the technical and biological cycle.  And 
how much energy has been used to produce it, and what kind of energy 
(Exergy)?  Because we want to use renewable energy as the main energy 
producer.  So we want to be able to count how much energy and renewable 
energy has been used to produce this. 

OVERVIEW OF THE EUDP PROJECT Det Ny Tag 

Which could be the most innovative potential of the EUDP project Det Ny 
Tag from your point of view? Could you point out the most remarkable 
difference with other existing solutions? 
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I think the project is about to find a roof system that is affordable and still 
beautiful, I think that is the main target for the project, because there are many 
projects integrating PVs into the roof systems.  

I think there are four or five different projects supported by different schemes 
at the moment and I think this is about how can we make it affordable and 
still aesthetic, so the public buildings community can use it integrating PVs in 
their limited project funds. I think that is the main target, to make it affordable. 

CURRENT DEVELOPMENT OF PV TECHNOLOGIES 

From your possible personal experience into photovoltaic energy, which 
PV technology is the most suitable to be used in an extendedly way 
nowadays for Building Integrated PVs? 

Definitely, Thin Film should be. You can recycle it much easier and it is much 
easier to put on different materials. It has a fantastic future if they can make it 
efficient enough. 

But C2C is not about solely being efficient in that sense, because maybe we 
do not need to have buildings producing that much energy, they should be 
covering their own use, if that is possible. But in Denmark you can get 
renewable energy from lots of different sources, so it may not be the target 
that a building should be totally self-sufficient with PVs or films, but it might be 
the target for a specific use in a building that could be a part of the whole 
energy design. In that sense, it could be a good solution if you have a limit, 
for example, PV films could cover all the energy going for the common areas. 
But you can use it a lot more, because it is also cheaper. So you can use it 
in more places, and if we look at nature and see how inefficient a leaf is with 
the whole photosynthesis and water circulation. It is not because one leaf is 
producing a lot of energy, and water circulation. There are just many of them 
and they are not expensive to use. Maybe we don’t need this very efficient 

technology, maybe it is just a matter of having cheap recyclable materials that 
can be used again and again. 

When talking with PV Cycle, the answer to the idea of design for 
disassembly for PV panels was justified as not possible, because 
manufacturers need to guarantee a service for a lifetime of the panel, 
what is your consideration about this?  

With the existing PVs and how they are recycled, I don’t know that much 
about it. I do know that there is a national kind of take back system for PVs in 
Denmark and also in Europe. And I think the current design is not ideal in a 
C2C world, because there is still a lot of waste in the way they are recycling 
the PVs today. I think more and more producers now know they need to 
design for disassembly (at least in Europe). I think people in the green tech 
industry will make it easier to take it apart and make it recyclable as by design. 

Some parts of the photovoltaic are not recycled because there is not a 
business for that. Because the amount generated in that recycling is not 
enough to make a business. So that is the reason why is not profitable, 
so it is not done afterwards. 

Right, but if you could make a production process that was faster by using 
materials that were better, and making it in a way so they actually have value 
after 30 years, or 20 years, you could make a new business model on it. That 
is the big turning point today. Companies don’t really have experiences with 
continuing owing their own product, but more and more are actually trying. 
Especially in Holland, they are actually working more and more with this 
business model in the building industry. Because you could make PVs system 
that you do not own as a developer, you only use the energy, the produce of 
the PVs sell the energy, I think it is going on already. 
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So it is only a matter of time before the producers see this, if I still own the 
PVs, then I should make them differently, because then I can make it easier 
to replace it, just put something new in it and then it should work fine. 

But the whole service industry is not very well thought through when it comes 
to actually recovering materials, afterwards. But I think more and more actually 
will begin to think about it. 

FUTURE DEVELOPMENT 

Based on the target of phase out of energy from fossil fuels in 2030 in 
Denmark. What are the main challenges of the photovoltaic industry for 
the future from your point of view? What could be the place/role for 
photovoltaic energy? 

Good question! I think solar energy has its place on buildings because it can 
actually serve a function there, producing our basic needs for energy, and we 
can do that, a lot more than we are doing already. It should be part of every 
building to have some solar energy on them or some solar way, and I think it 
will be like that in the future. I am always a little bit scared about big centralized 
units. We have a culture in Denmark that is called Andelsbevægelsen that 
came into existence in second part of the 1800 hundred and the first two or 
three decades of the 1900 hundred. Farmers went together to buy 
equipment, established slaughterhouses, dairies and all kind of stuff, because 
they didn’t want to be exploited by big business. They wanted to own their 
own stuff. So there is a culture based in Denmark, that when it comes to 
something we are affected by, we want to be owners of it. So it is a tradition 
also with windmills, you can buy parts in a windmill. For example in Samsø, 
the way they have been working with energy, is that everybody is coming 
together with the municipality and the people, so they are all part of owning 
the whole energy system, which I think it is part of why Denmark is so 
proportionally peaceful, because people own their own houses, the have 

parts in the infrastructures. When we have a share of a windmill, it is very good 
looking and if you don’t have a part in it, it is ugly.  

Actually involving people in this goal of being totally renewable in 2030, for 
example, with the biogas, all the nutrients are coming from the farmers. Here 
in Jutland they have created enormous centralized system, the farmers come 
from ratios of 30 kilometers and I don’t like it because all people go there. 
What about if something happens to the system they have created all this? In 
a crisis situation, it is not good when you have all centralized so I am more to 
decentralized systems and creating ownership. 

From your personal ideas, do you consider the capability to achieve 
regenerative roofs with neutral/positive carbon footprint?  

It doesn’t look that good with the PVs at the moment. But I think that is a goal, 
I think we want to make it a goal, actually creating roof that produces more 
energy than it took to create it. I mean, that would be the goal. I don’t know if 
we can achieve it yet, but we don’t have to be perfect from the beginning, so 
that is one of the things that we are talking with companies about. Sometimes 
is the wish to be perfect from the beginning the opposite of being good, so it 
is a very important that we set positive goals and define the next step in the 
right direction. 

The most important thing we want to do is actually create some positive goals 
where we want to go, we want to have a roof that is beneficial for the building 
and for the area in which it is placed within the life time. So that is the goal. 
Can we do that today? Maybe not, but if we kind of look for materials in the 
future that have the quality to be recycled again and again or can go back to 
soil, then I mean in the future, we may be able to do it. Let’s see! 
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