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Summary

Environmental impact assessment of Building Integrated Photovoltaics
— numerical and experimental carrying capacity based approach

The continuous increase of extraction, processing and consumption of natural re-
sources creates an increasing environmental impact. The new and existing building
stock is responsible for a significant amount of this resource consumption, with col-
lateral environmental impact. To assess the environmental impact of buildings, Life
Cycle Assessment (LCA) tools are applied. Currently, there are over 60 LCA tools to
assess the environmental impact of buildings. However, these tools have important
shortcomings, since they function through weighting of different indicators, are not
related to carrying capacity, and are based on a linear process (from ‘cradle-to-
grave’). In this thesis, the carrying capacity is defined as the ability of a system to
(re)generate the resources consumed within the system itself. What is lacking is a fully
developed method to assess the environmental impact of a building related to the
carrying capacity in a circular non-weighted indicator. The MAXergy approach, de-
veloped by researchers at the Wageningen University (WUR) and the Zuyd University
of Applied Sciences, consists of a non-weighted single indicator related to carrying
capacity, expressed in Embodied Land (EL), covering all process steps involved in
construction. EL quantifies the land and time needed to generate and compensate all
building related environmental impact, and overcomes the barriers of weighting
between environmental impact indicators unrelated to the physical circumstances.
With this approach, an environmental impact assessment is reached based on a
closed cycle and shows the balance between the building and its carrying capacity.
Currently, within the European Union (EU) it has been agreed that by the end of
2020 all new buildings must be nearly Zero Energy Buildings (nZEB’s), and by the end
of 2050, the complete building stock has to meet nZEB standards to reach the EU
sustainability targets. Moving towards nZEB and Zero Energy Buildings (ZEB) results in
a reduction of CO, emissions related to the operating phase of the building. Howev-
er, nZEB and ZEB development in the North-western Europe climate results in an
increase of building material consumption to improve operating energy efficiency by
the application of active and passive solutions and technologies in the building enve-
lope such as insulation and PV. Both higher insulation values and PV installations
affect the material related environmental impact. PV systems applied in the built envi-
ronment can either be added to the building envelope (BAPV) or integrated in the
building envelope (BIPV). In BIPV both energy aspects (operating and embodied) and
material aspects (PV installation, BIPV construction, building construction, and insula-
tion packages) show a strong interaction. However, the environmental impact of BIPV
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is not fully understood and LCA application on PV integration in the building envelope
has still to be fully developed. The carrying capacity based approach MAXergy ex-
presses environmental impact in the claim on carrying capacity, but the approach
does not cover PV integration in the building envelope. To be able to lower the claim
on the carrying capacity of our planet, better understanding of all the variables of
BIPV influencing carrying capacity based impact is needed, covering not only operat-
ing and embodied energy aspects but material aspects as well.

The aim of this thesis was to develop a framework for carrying capacity based en-
vironmental assessment of Building Integrated Photovoltaics (BIPV). The framework
covers the environmental impact of (operating and embodied) energy and materials
of BIPV, and expresses the environmental impact in the claim on carrying capacity.
The framework is based on the LCA method and consists of a circular Life Cycle
Inventory (LCI) and assessment equations. Two approaches were applied to realize
this aim; a numerical approach in the field of environmental assessment model de-
velopment using the claim on carrying capacity as indicator, and an experimental
approach covering BIPV performance measurements and environmental assessment
model application in a field test.

The carrying capacity based environmental impact assessments presented in the
first chapters of thesis show that the lowest environmental impact is reached with
limited added insulation values and large PV systems, demonstrating the effect of
applying a non-weighted joint assessment of materials and energy. The assessments
cover different configurations of an office facade renovation and two dwelling build-
ing envelope renovations and illustrate that the current trend of increasing insulation
values does not result in the lowest overall carrying capacity based environmental
impact. In these cases, material related environmental impact becomes the determin-
ing factor with respect to the carrying capacity based environmental impact. Building
envelope configurations with lower insulation values and large PV systems contribute
to reaching ZEB level while showing less carrying capacity based environmental im-
pact than building envelope configurations with high insulation values and small PV
systems.

The measurements of the realized BIPV field test presented in this thesis show that
the non-ventilated BIPV configuration has a lower electrical performance and shorter
lifespan than the ventilated BIPV configurations. Ventilation proves to be an effective
way to prevent PV modules from accumulating heat with collateral negative effects
on PV performance and lifespan. To investigate the environmental impact of different
BIPV configurations, the environmental impact of the realized field test described in
this thesis has been assessed in the current situation and three future scenarios cover-
ing both Energy PayBack Time (EPBT) and EL. Although the ventilated BIPV shows a
higher electrical performance and better end-of-life characteristics, the EPBT is 6-9%
longer than the EPBT of the non-ventilated BIPV rooftop configuration, and the claim
on carrying capacity of an m? ventilated BIPV rooftop configuration is 10-18% higher
than the claim on carrying capacity of the non-ventilated BIPV rooftop configuration.
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The future scenarios indicate that due to higher module efficiencies, higher grid effi-
ciencies and lower embodied energy in PV modules, the EPBT can decrease with 28-
37% in the optimal scenario, compared to the current situation and the claim on
carrying capacity can decrease with 21-40% in the optimal scenario, compared to
the current situation. But in all scenarios, the non-ventilated BIPV configuration shows
a lower environmental impact than the ventilated BIPV configuration. In this first as-
sessment, the environmental impact assessment is limited to a number of BIPV tech-
nologies, configurations and life cycle stages.

The results in the last chapters build further on the results presented in the previ-
ous chapters and present a circular Life Cycle Inventory (LCl) and collateral equa-
tions to assess the complete life cycle impact of BIPV configurations. The LCI and
equations are applied on three different PV technologies; Amorf-Si, Multi-Si and
CIGS, in three different BIPV rooftop configurations; non-ventilated, ventilated with
an aluminium construction and ventilated with a bamboo construction. Given the
selected technologies and BIPV configurations in this study, the Amorf-Si bamboo
ventilated BIPV rooftop configuration with current maximum recycling percentages
shows the lowest environmental impact but the environmental impact of all configu-
rations exceeds the carrying capacity with current maximum recycling percentages.
Reusing and recycling are successful routes for extending cycles with less environ-
mental impact in combination with a minimal portion in the circulation route, em-
phasizing the necessity of closing loops of non-renewable resources. To stay within
the carrying capacity, reusing and recycling percentages of current PV technologies
have to be further improved or non-renewable resources have to be eliminated or
replaced by renewable resources.

The results of this thesis offer comprehensive insight in current applied environmen-
tal assessment tools and carrying capacity based environmental impact related to spe-
cific building envelope configurations for offices, existing dwellings and BIPV. This the-
sis is a step forward in the field of environmental impact assessment by the further de-
velopment and application of a carrying capacity based environmental impact ap-
proach for BIPY rooftop configurations in the Netherlands covering the impact catego-
ries energy and materials. This thesis demonstrates the effect of a joint assessment of
materials and energy in the building envelope to indicate the overall environmental
impact in the single non-weighted indicator EL, related to the carrying capacity. To
minimize environmental impact, environmental impact models and LCA application
should be based on non-weighted indicators, and the carrying capacity based envi-
ronmental impact assessment presented and applied to a number of materials and PV
technologies in this thesis is an example of a single non-weighted indicator.

This thesis provides guidelines to LCA practitioners and developers to apply carry-
ing capacity based environmental impact in assessment tools. After further develop-
ment of underlying databases and material cycles, the developed LCl and equations
can be embedded in mainstream environmental assessment tools or can applied
independently.
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Chapter 1

Environmental impact assessment of Building Integrated Photovoltaics
— numerical and experimental carrying capacity based approach

Reaching a sustainable society entails many challenges, in many fields. Of those, the
(new and existing) building stock is one of the most important and complex fields. It's
economic, social, environmental, technological, energetic, and material aspects, as
well as the long time periods buildings generally last, demand insight in the environ-
mental impact they have on the carrying capacity of our planet. To evaluate the
environmental impact of buildings, a sustainability indicator expressing environmen-
tal impact in the claim on carrying capacity is still to be fully developed. This research
is focused on the elaboration of a sustainability indicator expressed in the claim on
carrying capacity covering two main aspects of a building; energy and materials.

The aim of this thesis is to develop a framework for carrying capacity based envi-
ronmental assessment of Building Integrated Photovoltaics (BIPV). The framework
covers the environmental impact of (operating and embodied) energy and materials
of BIPV, and expresses the environmental impact in the claim on carrying capacity.
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1.1 Natural resource consumption in a global perspective

The continuous increase of extraction, processing and consumption of natural re-
sources creates an increasing environmental impact. In the period 1980-2013, an-
nual global resource extraction increased with more than 100%, to more than 80
billion tons, shown in Fig. 1 [1], and without significant changes in environmental
policies, it is expected to grow to nearly 200 billion tons in 2050 [2]. Natural re-
sources are either abiotic, such as fossil fuels, minerals and metals, or biotic, such as
biomass and wood. Some natural resources are used directly, but most resources
undergo one or more steps before being used as materials or as a source of energy.
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Figure 1. Global resource extraction in the period 1980-2013 [1].

Considering energy, the annual world total Primary Energy Consumption (PEC) in
2012 was more than 155,000 TWh [3]. In the period 1971-2012, annual PEC in-
creased with more than 100%, as shown in Fig. 2, and without significant changes in
environmental policies, it is expected to grow to over 300,000 TWh in 2050 [2]. This
consumption is mainly based on non-renewable resources such as coal, oil, and
natural gas. Approximately 17% of the PEC is used as electricity [4]. Only 1.4% of
the PEC is based on renewables, such as geothermal, wind and solar [3]. In 1.5
hours, enough solar energy reaches our planet to fulfill the energy demand of 1 year

[5]. One of the technologies applied to convert solar energy into electrical energy is
photovoltaics (PV), which has a technical potential of 450,000 TWh-a [6].
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Figure 2. Worldwide Primary Energy Consumption (PEC) and electricity consumption between 1973 and
2012.

The total of PV systems installed by the end of 2013 generate 160 TWh-a electricity,
which is expected to increase to over 6,000 TWh-a (16%v of total energy consump-
tion) in 2050 in the high renewable (hi-Ren) scenario of the IEA, as shown in Fig. 3.
[7].
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Figure 3. Global electricity mix in 2011 and 2050 in three IEA future electricity scenarios (6 DS: 6°C
temperature rise; 2DS: 2°C temperature rise; hi-Ren: high renewables scenario) [7].

Fig. 1, Fig. 2, and Fig. 3 show the increase of global resource extraction, energy
supply, and future scenarios of the energy supply, and should be considered in rela-
tion to their environmental impact. To indicate environmental impact, Life Cycle
Assessments (LCA) tools are applied. One of the indicators that express environmen-
tal impact is the ‘ecological footprint’ [8], which relates the impact of human activi-
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ties on the carrying capacity of the planet’s ecosystem. In this thesis, the carrying
capacity is defined as the ability of a system to (re)generate the resources consumed
within the system itself. In 2012, the world population had an environmental impact
on carrying capacity of over 1.5 planets to support their activities, as shown in Fig. 4
[9]. With the increasing world population and increasing level of living standards,
and without improvement of resource efficiency, 2.5 planets will be necessary in
2050 to maintain our standards of living [10]. This deficit is largely due to CO,
emissions, as shown in Fig. 4. Global CO, emissions originate for 80% from fuel
combustion to meet our energy demands [6], making energy efficiency a logical
target to lower CO, emissions and collateral impact on carrying capacity.

World Ecological Footprint by Component

m Carbon Footprint

m Fishing Grounds
Cropland

m Built-up Land
Forest Products
Grazing Products

Number of Earths available and demanded

0 T
1961 1971 1981 1991 2001 2012

Figure 4. World Ecological Footprint by component [9].

As we currently do not have the natural resources larger than what our planet pro-
vides, in the future we will exceed the carrying capacity of planet earth.

The challenge is to balance resource consumption and resource generation in
which we do not overexploit the carrying capacity of our planet, while fulfilling our
current needs. One of the sectors that consumes a significant amount of resources is
the built environment [11].

1.2 Natural resource consumption in the built environment

The built environment is responsible for up to 24% of greenhouse gas emissions,
accounts for 40% of the world’s total PEC and accounts for 50% of extracted materi-
als [11].

During the first oil crisis in the 1970’s, countries in moderate climates such as the
Netherlands were confronted with the high level of energy consumption in the built
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environment. Consequently, the first legislation was developed to improve the oper-
ating energy efficiency. The operating energy of a building is the energy that is con-
sumed by a building to satisfy the demand for heating, cooling, ventilation, lighting,
equipment, and appliances [12]. Since the first oil crisis, buildings in the industrial-
ized world have been constructed with higher levels of operating energy perfor-
mance; they are better insulated, more airtight, and more responsive to the sun, the
climate and microclimate [13]. Currently, within the European Union (EU) it has been
agreed that by the end of 2020 all new buildings must be nearly Zero Energy Build-
ings (nZEB’s), which implies that (nearly) all building related operating energy is gen-
erated on the building site itself by renewable sources [14, 15]. nZEB can be reached
by a combination of lowering energy demand by insulation and generating energy
with renewable sources. By the end of 2050, the complete building stock has to meet
nZEB standards to reach the EU sustainability targets [16]. While the first legislation
was mainly based on mainly economic motives, the subsequent legislation was more
based on environmental motives. Moving towards nZEB and Zero Energy Buildings
(ZEB) results in a reduction of CO, emissions related to the exploitation phase of the
building, increases the energy security and decreases the risk of depletion of fossil
fuel reserves [17]. In a ZEB all necessary energy is generated on site based on re-
newable sources, possibly by means of connection to a storage medium or the grid
for balancing over days, seasons or the year [18-20], However, nZEB and ZEB de-
velopment in the North-western Europe climate results in an increase of building
material consumption to improve operating energy efficiency by the application of
active and passive solutions and technologies in the building envelope such as insu-
lation and PV [21].

The challenge is to design, realize and operate a ZEB with minimal environmental
impact while fulfilling the building demands. Improving the energy performance of
the building envelope plays a crucial role in reaching ZEB level [22].

1.3 The role of the building envelope

The building envelope is the collection of all building components in which energy,
materials, systems, aesthetics, social aspects and legislation coincide into a (prefera-
bly high-performance) barrier between the conditioned indoor environment and the
outside environment, as illustrated in Fig. 5. Historically, a building envelope was
constructed using local materials and based on empirical understanding of local
climate and site to protect against influences from outside [23]. With the advance of
society and technology, local materials such as reed and mud were replaced by
more elaborate building materials such as bricks, wooden beams, glass and steel
[24], to meet current building demands covering the indoor climate and energy gen-
eration.
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Figure 5. Building demands for the building envelope.

The building envelope influences the energy performance of a building through its
thermal characteristics [25]. As the building envelope is the building component that
is exposed to the sun it provides the necessary surface for solar energy solutions. The
application of solar energy to reach ZEB can be based on either passive or active
solutions. Passive solar solutions use the solar energy to help meet the thermal de-
mands of buildings, without the use of electrical or mechanical equipment [26]. Ac-
tive solar solutions convert solar irradiation in either heat (with solar collectors) or
electricity (with PV). Both higher insulation values and energy generating devices
affect the material related environmental impact, for example expressed in embodied
energy. The embodied energy is the energy necessary to extract, process, and apply
building materials. Currently, approximately 26% of embodied energy of a building
is necessary for the building envelope [27].

Despite the fact that most parts of the building envelope (roofs and facades) are
suitable for the integration of renewable energy generating devices, a great potential
of utilizing PV in buildings is still unused. The potential roof and fagcade surface for
building integrated PV is a total of approximately 5,000 km? in the EU [28]. Based
on Suri et al [29], 70% of the electricity demand in the EU could be fulfilled by PV in
buildings. Degradation over time, PV efficiency improvement, lower efficiencies due
to less optimal inclination and/or orientation, grid / storage aspects, and other in-
stallation and operational aspects will influence this percentage [30].
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The challenge is to develop building envelopes meeting the goals of ZEB, while
having minimal environmental impact. Building Integrated PV has a large potential to
contribute to reaching ZEB level, while having less material related environmental
impact than conventional PV.

1.4 Integration of photovoltaics in the building envelope (BIPV)

On the track towards ZEB, the application of PV systems is a promising and com-
monly applied solution to generate the necessary electricity. To do this with minimal
environmental impact, solutions with maximum energy generation and minimal ma-
terial consumption should be determined. PV systems play a significant role in this
development, but a large portion of the potential for these systems in the built envi-
ronment remains unused.

PV systems applied in the built environment can either be added to the building
envelope (BAPV) or integrated in the building envelope (BIPV). While several defini-
tions of BIPV are used worldwide, in this thesis the term BIPV is used if the installation
is technically integrated in the building envelope and contributes to the aesthetic
value of the building while being able to generate electricity [31].

BIPV technologies have a market share of about 1-3% of the total PV market [32],
and are seen as an important aspect of large-scale PV application [33]. Various
approaches and technologies were developed in the past decades, most of which
never left the prototype phase. More than 200 different BIPV products have been
developed with different techniques worldwide [34]. Only a limited number of these
technologies did leave the prototype phase and are applied in the market, but never
achieved a substantial market share to be competitive or attractive. The BIPV market
shows a Compounded Annual Growth Rate (CAGR) of 39% [35]. In future, the
large-scale application of the wide variety of BIPV products and applications will
contribute to meeting our energy demand in a sustainable and societal accepted
way. The realization and application of BIPV influences not only the energy perfor-
mance of buildings, but as well the material consumption.

The challenge is to develop BIPV configurations meeting the goals of ZEB build-
ing envelopes, while having minimal environmental impact. To realize BIPV configu-
rations with minimal environmental impact, the environmental impact of BIPV has to
be assessed.

1.5 Environmental impact assessment of BIPY

Considering a ZEB, the resource input is limited to the extraction, processing and
application of the materials for the building itself, as a ZEB generates all necessary
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operating energy on-site. Once the operational energy will be completely generated
by a ZEB itself, the effect of building materials will become the main indicator in
environmental impact, and should be part of the assessment [36-40]. Therefore, the
trend to develop a ZEB based only on energy performance will show to be a subop-
timal and ineffective route towards a sustainable built environment, unless this ap-
proach is expanded with an environmental impact assessment of materials [41].

One of the strategies to assess the environmental impact of materials and energy
is in the form of embodied energy (EE) in combination with operating energy (OE).
This assessment is expressed in either kWh or MJ over the life cycle of a building, as
shown in Fig. 6.

24000
20000 4
. 16000 4
E B Operating Energy
= 12000 4 # Recurring EE
E 100% O Initial EE
—  B0D0 A 7
4000 - é
7% 0% 12
0 . . 1 . :
Ordinance Low-Energy Low-Energy Self- Passive, as  Passive,
1984 +al eff,  sufficient built new
solar

Figure 6. Life cycle primary energy demand in different dwelling types [37].

Currently, there are over 60 building environmental LCA tools in Europe to assess
the sustainability of buildings covering not only operating and embodied energy but
a wide range of other aspects as well [11], for instance BREEAM, LEED and
Greencalc. Different building environmental assessment tools have been developed
in order to investigate the potential of energy-efficiency improvement and material
consumption. However, these models often have important shortcomings, since they
function through weighting of different indicators, are not related to carrying capaci-
ty, and are based on a linear process (from ‘cradle-to-grave’). What is lacking is a
fully developed method to assess the environmental impact of a building that is op-
timized from the point of view of energy and materials combined [42]. Ideally, the
method has a circular approach taking all phases into account of environmental
impact from “extraction-to-extraction”. This method takes all aspects into account of
environmental impact, such as depletion, scarcity, and availability of the resource.
With this approach, an environmental impact assessment is reached based on a
closed cycle and shows the balance between the building and its carrying capacity.
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In this thesis, a ZEB in balance with its carrying capacity is defined as a building
that (re-)generates its materials and its embodied energy over its life cycle, comple-
mentary o the generation of its operating energy — a Life Cycle Zero Energy Building
(LC-ZEB) [19]. To evaluate if the environmental impact of a ZEB does not exceed
carrying capacity, not only the environmental impact of the operating and embodied
energy aspects is required, but as well the environmental impact of building materi-
als. In BIPV both energy aspects (operating and embodied) and material aspects (PV
installation, BIPV construction, building construction, and insulation packages) show
a strong interacting. However, the environmental impact of BIPV is not fully under-
stood.

Until now, LCA applied on PV technologies and the integration in the building

envelope have mainly had the purpose to document environmental impact of specific
technologies and to identify environmental bottlenecks [43]. LCA application on PV
integration in the building envelope has still to be fully developed [43, 44]. Conse-
quently, BIPV configurations are not well embedded in current environmental as-
sessment tools.
A certain amount of land is necessary for a certain timespan to generate operating
energy, embodied energy and building materials, resulting in a claim on carrying
capacity. The claim on carrying capacity is expressed in Embodied Land (EL), in m?-a.
EL indicates the land and time needed to generate and compensate all building
related environmental impact, and overcomes the barriers of weighting between
environmental impact indicators unrelated to the physical circumstances. The
MAXergy approach, developed by researchers at the Wageningen University (WUR)
and the Zuyd University of Applied Sciences, consists of a non-weighted single indi-
cator related to carrying capacity, expressed in EL, covering all process steps in-
volved in construction. EL for a building consists of three components, (a) EL build-
ing, (b) EL materials and (c) EL operational energy [45-47], as shown in Fig. 7.
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The challenge is to be able to assess environmental impact of ZEB BIPV building

envelopes related to carrying capacity. The carrying capacity based approach

MAXergy expresses environmental impact in the claim on carrying capacity, but the

approach does not cover PV integration in the building envelope.

The previous sections show that mankind currently exceeds the carrying capacity

of our planet with our environmental impact. ZEB development results in lower envi-
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ronmental impact related to the operating energy demand, and the application of
BIPV contributes to reaching ZEB level. However, in the case of a ZEB, material relat-
ed environmental impact becomes the determining factor with respect to the total
carrying capacity based environmental impact. To be able to lower the claim on the
carrying capacity of our planet, better understanding of all the variables of BIPV in-
fluencing carrying capacity based impact is needed, covering not only operating and
embodied energy aspects but material aspects as well. To assess this environmental
impact, current applied LCA tools are not suitable because they have the following
shortcomings:

1. Current LCA tools have a linear process approach and cover environmental im-
pact from “cradle to grave”, in contrast to a circular approach covering environ-
mental impact from “extraction to extraction”.

2. Current LCA tools do not express environmental impact in claim on carrying ca-
pacity of a system, but are limited to land use and land occupation [48].

3. Current LCA tools do not express environmental impact of materials and energy
aspects in a single non-weighted indicator.

Due to these characteristics, the application of LCA might create insight in the com-
parison between different products or processes but it does not generate insight in
the claim it has on resource availability and regeneration of these resources within a
system — the carrying capacity. The MAXergy approach offers the possibility to assess
environmental impact related to carrying capacity in the single non-weighted indica-
tor embodied land. However, the framework for environmental assessment of BIPV
configurations is still to be fully developed with this approach.

1.7 Aim and scope of this thesis

The aim of this thesis is to develop a framework for carrying capacity based environ-
mental assessment of Building Integrated Photovoltaics (BIPV). The framework covers
the environmental impact of (operating and embodied) energy and materials of BIPV,
and expresses the environmental impact in the claim on carrying capacity. The
framework is based on the LCA method and consists of a circular Life Cycle Inventory
(LCl) and assessment equations.

To realize this aim, experimental research in a BIPV field test is conducted on
electrical performance and PV lifespan and numerical modelling of environmental
assessment is performed addressing the following research questions:

1. What are building environmental impact assessment tools currently applied in
practice, and which indicator is applicable to express environmental impact in the
claim on carrying capacity?
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2. What is the effect of expressing the environmental impact in the indicator embod-
ied energy and claim on carrying capacity of different building envelope renova-
tion configurations?

3. What is the effect of different BIPV configurations on electrical performance and
lifespan of photovoltaics (PV) modules, based on simulation and measurements in
a field teste

4. What is the effect of expressing the environmental impact in the indicator energy
payback time and claim on carrying capacity of the electrical performance and
material consumption of different BIPV configuration?

5. How can the complete life cycle carrying capacity based environmental impact of
BIPV configurations be assessed to compare different BIPV configurations?

6. What is the BIPV configuration with lowest carrying capacity based environmental
impact, given a selection of technologies and integration possibilities for the real-
ized BIPV field test?

The research conducted in this thesis is limited by the following boundaries:

* Rooftop BIPV.

* Impact categories materials and energy.

* Building envelope configurations for offices and two Dutch dwelling types.

* Data on operating energy and embodied energy based on a selection of simula-
tion software and databases.

* Data access and quality of embodied land based on availability; full datasets
have still to be developed.

* Validation of datasets and energy performance simulation was out of the scope of
this study.

1.8 QOutline of this thesis

This thesis is based on two approaches; a numerical approach in the field of envi-
ronmental assessment model development using the claim on carrying capacity as
indicator, and an experimental approach covering BIPV performance measurements
and environmental assessment model application in a field test.

In this first chapter a short introduction about resource consumption is given, from
a global perspective to its relevance in the field of BIPV. Additionally, the reason for
carrying capacity based environmental impact assessment is introduced, resulting in
the problem statement, aim and scope of this research.

In chapter 2 - Making the assessment right, or making the right assessment2 - A
first notion of the current applied different building environmental assessment tools
and their effect on design is presented, addressing the first research question. In this
chapter the assessment of two important aspects in relation to a building’s environ-
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mental impact, energy and materials, is investigated. These aspects are compared in
different environmental impact assessment tools and the carrying capacity based
environmental impact approach MAXergy is intfroduced. This chapter emphasizes the
difference between the current applied tools and demonstrates the effects of applying
a carrying capacity based environmental assessment approach in the built environ-
ment.

Chapter 3 and 4 demonstrate the application of the MAXergy approach as a
non-weighted environmental impact assessment method presented in chapter 2 and
highlight the gaps of this approach, addressing the second research question.

In chapter 3 - Comparison and development of sustainable office facade renova-
tion configurations in the Netherlands - and chapter 4- Environmental impact eval-
uation of energy saving versus and energy generation in two Dutch dwelling typolo-
gies — operating and embodied aspects of different building envelope renovation
configurations for different building typologies have been assessed. These studies
underline the need for not only energy related environmental assessment, but a
combined assessment of materials and energy related environmental impact. These
chapters present a first application of carrying capacity based assessment, and em-
phasize the need for a clearly developed carrying capacity based assessment frame-
work, which will be elaborated focusing on BIPV.

To elaborate on BIPV, chapter 5 — Building Integrated Photovoltaics — presents an
introduction on PV application in the built environment and a state of the art of
Building Integrated Photovoltaics (BIPV), clarifying the wide scope of BIPV configura-
tions available and the potential of BIPV.

In the experimental approach of this study, one BIPV field test is realized, moni-
tored and dismantled, addressing the third research question.

In chapter 6 - Comparative performance assessment of a non-ventilated and ven-
tilated BIPV rooftop configurations in the Netherlands — the results of the comparative
BIPV field test are presented. In this field test, the short and long term effect of back-
side ventilation on Building Integrated PV (BIPV) performance and lifespan is investi-
gated. The field test includes 24 modules in 4 segments with different levels of back-
side ventilation. PV energy output, module backside temperature, relative humidity in
the air gap, and air velocity in the air gap have been monitored for three years in the
period January 2013 — December 2015. At the end of the monitoring period Electric
Luminescence (EL) images were made and Standard Testing Condition (STC) power
was determined.

The environmental impact of the BIPV field test described in chapter 6 is assessed,
addressing the fourth research question.

In chapter 7 - Environmental impact comparison of a ventilated and a non-
ventilated building-integrated photovoltaic rooftop design in the Netherlands: Elec-
tricity output, energy payback time, and land claim — the environmental impact of
building integration of PV is assessed for the realized field test in the Netherlands.
Three aspects related to the performance have been calculated; electricity output
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difference (Ag,,), Energy PayBack Time (EPBT), and claim on carrying capacity. The
EPBT calculations are based on two databases, SimaPro and ICE, and the claim on
carrying capacity calculations are made in two models, SimaPro and MAXergy, to
demonstrate the effect of different datasets on outcome.

Based on the outcomes of the previous chapters, a framework for BIPV environ-
mental assessment is developed consisting of the LCl and equations and applied on
different BIPV configurations, addressing the fifth and sixth research question.

In chapter 8 — Carrying capacity based environmental impact assessment model
development for Building Integrated Photovoltaics — The LCA method has been ap-
plied to formulate carrying capacity based environmental assessment equations. In
this chapter, the equations are applied on three different PV technologies; Multi-Si,
Amorf-Si, and copper indium gallium (di) selenide (CIGS), in three different BIPV
rooffop configurations; non-ventilated, ventilated with an aluminium construction
and ventilated with a bamboo construction. The assessment covers three end of life
scenarios; reusing, recycling and circulation.

In chapter 9 — Conclusions, Reflections, and Recommendations — the main con-
clusions from the different chapters are presented, resulting in overall conclusions,
reflections and recommendations for future research and practical application.
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Abstract

While its design has a significant impact on the sustainability of a building, sustaina-
bility assessment methods are not widely used in design phases. And if assessment
methods are applied, it is debateable whether they can generate the insights that are
needed to realize a truly sustainable built environment. In this chapter the assessment
of two important aspects in relation to building sustainability, energy and materials, is
investigated. These aspects are compared with regard to different assessment strate-
gies. Finally, an alternative indicator offering another perspective on assessing sus-
tainability in relation to architecture is introduced.
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Introduction

The elementary design of a building, often determined by an architect in the concep-
tual design phase, has a significant impact on the energy consumption of the building
[1, 2]. Besides the energy challenges we meet nowadays worldwide, construction
material extraction increased worldwide between 1995 and 2005 by 30% [3]. Energy,
embodied in buildings, accounts for up to 60% of the building’s life cycle energy [4].

As energy and materials play an essential role in our well-being and society, the
increasing consumption of these resources, along with the collateral depletion of
non-renewable sources and greenhouse gas (GHG) emissions, forms a threat to the
robustness of our current system.

With regard to lower energy consumption, energy dependency and GHG emis-
sions, European and Dutch policies have various aims, including improving the en-
ergy efficiency of the built environment, in order to fulfil the target that all new build-
ings from 2020 onward have to be nearly zero energy buildings (nZEB) [5, é]. Alt-
hough no standard definition for nZEB exists, it can be explained as a Dutch Energy
Performance Efficiency of O, implying that all building related operating energy is
generated on the building site itself by using renewable sources, calculated on a
yearly basis [6, 7].

Numerous assessment tools are available to indicate the energy efficiency per-
formance and can be used to indicate the level at which the building meets policy
criteria and aims. These tools have a number of other advantages, such as distinc-
tion in the level of sustainability of a building, providing a communication tool, en-
couraging stakeholders to define certain requirements, and providing a vehicle for
policy [8].

The material aspect plays a negligible role in most building related sustainability
assessment tools in comparison with the energy aspect. Due to the increasing
amount of materials consumed in the built environment, and its potential environ-
mental impact, material consumption will however play an increasing role, and will
possibly determine the environmental impact of buildings in future. In most tools
different aspects such as energy, water and materials are combined through a
weighted system, leading to a single outcome indicator.

In this chapter it is discussed whether current tools create the necessary insight in
material and energy impact to realize the level of sustainability aimed at. A measur-
able definition of sustainability is proposed in order to indicate the building environ-
mental impact more clearly in relation to the situation. Different assessment strategies
are furthermore investigated and an assessment indicator is introduced for material
and energy impact in order to provide the relevant insights in the environmental
impact of a building.
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Sustainable or not, that is a question

There is a tendency nowadays to call many developments and products ‘sustainable’,
implicating a variety of interpretations of this definition. The concept of sustainability
is based on the ethical concern that the environmental, societal and economic sys-
tem as we have it now should be available to future generations [9]. Hartig described
the following in 1804: “...Every wise forest director has to have evaluated the forest
stands... ... to utilize them to the greatest possible extent, but... ... in a way that future
generations will have at least as much benefit as the living generation...” [10]. But
earlier on there were signs of notions of sustainability, mostly forestry related. Not
surprisingly, as forests were an essential source of resources for society and people
became increasingly aware of their dependency on forest based resources.

More than 200 years later, the idea of sustainability is general accepted. The def-
inition of sustainability most widely used is mentioned in the Brundtland report ‘Our
Common Future’ (1987). “Sustainable development is development that meets the
needs of the present without compromising the ability of future generations to meet
their own needs”[11]. This report and its definition of sustainable development have
contributed greatly to sustainability awareness worldwide. However, as this definition
leaves space for interpretation and is not related directly to our resource consump-
tion, in this chapter we will use a definition of sustainability based on the view of
Gladek et al.: “Sustainability is a state of a complex, dynamic system. In this state a
system can confinue to flourish without leading to its internal collapse or requiring
inputs from outside its defined system boundaries” [12]. This view corresponds to
other views on sustainability in which it is proclaimed that we can only speak of a
sustainable product or service if its creation places no burden whatsoever on future
generations. In continuation of this view, we will refer to being sustainable as being
in equilibrium with a system in relation to a building.

This chapter focuses on the energy and material aspects of building sustainability
as these play an essential role in our wellbeing and society and offer the possibility of
being combined in a single indicator. Social, economic and other aspects are left out
of the scope. Further research should be conducted on the complexity and interrela-
tionship between different aspects and possible burden shifting between them [13].

Mono —and multi-aspect approaches

Both mono-aspect and multi-aspect sustainability assessment approaches can be
distinguished. In mono-aspect approaches, one aspect is investigated, resulting in
one indicator. Examples are the operational energy consumption of a building (in
kWh or MJ); or the water consumption (in m* or litres); or the GHG emissions (in
tonnes CO, equivalent (t CO,-e)) Mono-aspect approaches are able to generate
insight into one aspect in depth, but do not offer an indication of the total environ-
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mental impact of a building. An example of a mono-aspect approach in the Dutch
situation is the optimisation of the energy efficiency through the mandatory applica-
tion of the energy performance calculation and its criterion, which might result in @
sub-optimal total environmental impact [14]. The same accounts for the European
situation when focusing on the development of nZEBs [15].

In multi-aspect approaches, different aspects are combined. This might include
two aspects which share a common unit or many aspects with different units and
indicators. One multi-aspect method which is widely used to combine material con-
sumption and energy using a common unit is the calculation of material related
energy consumption, embodied energy, which can be compared with operational
related energy consumption, operational energy [16, 17]. In an operational and
embodied energy calculation, the energy and material aspect is calculated by using
one common unit (MJ or kWh). A standard calculation method and system boundary
definition is however lacking, resulting in a large variety of results [4]. Another quan-
tity, such as CO,, might be a sub-optimal indicator for the environmental impact of a
building, because nZEBs have only little operational CO, emission and it may be
doubted whether there is enough land for off-setting all emissions or compensating
for all the resulting environmental impact [18]. Thus the combination of energy and
materials in a single energy or carbon related indicator alone might not create in-
sight into the actual environmental impact of a building.

There are numerous examples of multi-aspect approaches such as different foot-
print approaches and different types of Life Cycle Assessment (LCA) [8, 19]. Although
there is no clear definition of a ‘footprint’ and calculation standard, it is used to indi-
cate the environmental impact in land area necessary for a building [8]. In an LCA
the environmental impact of a process or product is calculated based on the invento-
ried input and output flows (e.g. materials, energy, water) [20]. The Ecological Foot-
print is seen by the European Union as a useful indicator for assessing resource effi-
ciency improvement, but the tool is subject to assumptions, limited data and uncer-
tainty of data [8, 13]. Both LCA and Footprint tools are based on different techniques
such as input-output, hybrid analyses and process based analyses [21, 22]. One of
the weaknesses of these tools is the amount of data involved and its lack of availabil-
ity [8]. Currently, many building orientated tools are being used and further devel-
oped [23]. In figure 1 an overview is given of a number of these tools and the differ-
ent aspects they address. Besides the advantages of these tools mentioned in the
introduction, the level of sustainability for comparable buildings differs due do the
different aspects addressed and weighting scheme used [23]. According to lwaro et
al., the measurements and the weights that should be given to the criteria are unre-
solved issues [24]. In the end, these tools might show how the energy and/or materi-
al situation has improved, but do not show how the actual environmental impact has
improved, because the scores are diluted by many aspects and weightings.
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Figure 1. Overview of aspects addressed in different assessment tools.

Generic sustainability assessment tools combine numerous aspects such as innova-
tion, design, management, social, economic and environmental issues. The Building
Research Establishment Assessment Method (BREEAM) and the Leadership in Energy
and Environmental Design (LEED) are two such tools. For the Dutch situation, an
adapted version of BREEAM, BREEAM-NL will be referred to in this chapter. LEED has
no adapted versions for different locations and climates. Both BREEAM-NL and LEED
indicate the level of sustainability in one term (e.g. excellent) based on the assess-
ment of multiple aspects through a weighted system (graph 1 and 2). Both tools are
extensively applied worldwide [25-27]. Different categories are applied in both as-
sessment methods and energy and materials account for different percentages of the
total building performance. The different categories are divided into subcategories
and the grading of the subcategories depends on different quantitative and qualita-
tive parameters. The parameters are based on performance and evaluation, while
different system boundaries are used and different levels of detail are applied. In
consequence the outcomes of these different assessment methods are difficult to
compare and create a dilemma with regard to what the connection is between the
outcome of the assessment t