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SUMMARY

This thesis aims to expand the knowledge base of solar cell systems called building-integrated
photovoltaic (BIPV) systems, their climate screen function, and experimental investigation of
wind-driven rain (WDR) exposure. BIPVs are a vital element of zero energy or zero emission
buildings (ZEB). BIPV systems are integrated into the building envelope and generate
electricity on-site during the expected service lifetime of a system of around 25-30 years. The
primary function of a BIPV system is seen as electricity production. Hence, factors that affect
it are usually in focus when systems are evaluated and monitored after installation. While its
function as a building envelope component is usually not appropriately evaluated, neither
before nor after installation. One of the main functions of building envelope components is
weather protection of inner building structures. A significant impact of precipitation on the
building envelope is represented by WDR (wind-driven rain), a simultaneous occurrence of

wind and rain.

Most wind-driven rain testing is done for fagade systems, wall-windows, and wall-doors, while
much less is published on WDR testing for roof systems. Furthermore, BIPV systems are barely
studied as climate screens. In the standard EN 50583-2 “Photovoltaics in buildings. Part 2:
BIPV systems”, it is stated that BIPV systems, especially for a roof integration, should be tested
to evaluate their performance under exposure to a locally expected wind-driven rain intrusion
and water leakages that occur during testing should be quantified. However, no published
information can be found on quantifying water leakages for BIPV systems intended for roof
integration. Additionally, even though the standard EN 50583-2 states that a water intrusion
should be quantified, neither information on a methodology, for that matter, nor details for
constructing a water collection system for testing is provided. This thesis bridges this
knowledge gap and contributes to the research on WDR testing by investigating selected BIPV

systems for roof integration with means of quantitative measurements.

This thesis presents results from experimental testing of a water collection system for
quantification of WDR intrusion and provides extensive information on the design and
application of BIPV systems designed for roof integration. As a result, a framework is
presented, which includes a step-by-step test methodology and a detailed description of the
construction of the water collection system. Climate conditions in northern Europe can be quite

extreme regarding wind speeds and precipitation. Therefore, it was decided to apply wind speed



ranges from 12.9 m/s (strong breeze) to 35.3 m/s (hurricane), which are extreme levels, but
they occur from time to time in Norway, and building components should be able to withstand
them. Even though the amount of precipitation can be extreme as well, it was not implemented
into the experimental conditions, and the water spray and runoff water rate were left constant

during laboratory testing.

This methodology was applied to three BIPV systems designed for roof integration: solar
shingles system integrated along metal roof plates, solar roof tiles integrated along dummy roof
tiles produced by the same manufacturer, and large glass-glass solar modules integrated along
steel roof plates. The watertightness level was determined for all the tested systems. The
systems can be ranked according to their watertightness level, i.e., the maximum level of air
pressure applied simultaneously with water spray and runoff water when no water leakages

occur on the tested system’s inner side.

Additionally, quantifying water leakages can provide vital information on changes in the
building envelope elements that happen over time. Such changes are usually studied and
identified during accelerated ageing testing. Thus, using the present test methodology before
and after accelerated aging testing might provide comprehensive information on how the
watertightness of tested systems will change over time, what design elements need to be

improved, and what changes will occur during a system's service lifetime of 25-30 years.
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ACRONYMS AND NOMENCLATURE

Acronyms

a-Si
BAPV
BIPV
CdTe
CIGS
DRWP
LCC
mono c¢-Si
poly c-Si
PV
WDR
ZEB
ZEN

Amorphous silicon
Building-applied photovoltaics
Building-integrated photovoltaics
Cadmium telluride

Copper indium gallium selenide
Driving rain wind pressure

Life cycle cost

Mono-crystalline silicon cells
Poly-crystalline silicon cells
Photovoltaics

Wind-driven rain

Zero energy building or zero emissions building
Zero emissions neighbourhood

Nomenclature

AP
Py

U
Umax

Q

Wabsorbed
Woadhered
Wevaporated
Wimpinging
Winfiltrated
Wrunoff
Wsplash

Pa Air pressure difference

Pa Cyclic (pulsating) air pressure
m/s Wind speed

m/s Maximum wind speed

L/ (minxm)  Runoff rate
L/ (min x m?)  Water spray rate

Absorbed water
Adhered water
Evaporated water
Impinging water
Infiltrated water
Runoff water
Water splash

rrrrrrrr
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1 INTRODUCTION

This chapter briefly introduces to the subject and the research motivation for this doctoral
thesis. It further presents the aim and scope of the study, the research questions, and objectives
that were set for the research work. The thesis structure and limitations of the study are given
at the end of the chapter.

According to the data from the United Nations Environment Programme (UNEP), up to 40%
of global energy is consumed by buildings, and they emit approximately 1/3 of greenhouse gas
(GHG) emissions [1]. Due to an expected population increase projected to reach 9.7 billion in
2050 [2] and the continuation of its growth in the future, the global energy system will
experience additional pressure. With growing energy needs, the issue of GHG emissions
exceeding a sustainable level is one of the most significant our society faces, and there is a

need to find solutions to cope with it.

Among other ways, GHG emission mitigation could be achieved by energy efficiency and
using renewable energy sources. These two measures will be used to achieve decarbonization
of the energy system and the building stock by 2050 according to the European Directive (EU)
2018/2001 on the promotion of the use of energy from renewable sources [3] and Directive
2018/844 [4], which amended Directive 2010/31/EU on the energy performance of buildings
[5] and Directive (EU) 2012/27/EU on energy efficiency [6]. This perspective is also supported
by the United Nations (UN) sustainability goals: 7 “Affordable and clean energy” and 11

“Sustainable cities and communities” [7].

To make the building sector more sustainable, concepts such as zero energy and zero emission
buildings (ZEB) [8-10], plus houses [11], and zero emission neighbourhoods (ZEN) [12] have
been introduced and actively developed [8]. A promising on-site renewable energy source for
buildings is solar energy, particularly photovoltaic (PV) technology, as it provides direct
electricity production and can be integrated into the building envelope. In this way, buildings
could be converted from energy consumers only to both energy producers and consumers.
What is more, the energy produced on the site will already have a lower environmental impact,
and if the source of energy is renewable, it will bring additional benefits. Therefore, it will
significantly improve the energy balance of ZEB and give economic and environmental
benefits [13].



PV modules have been successfully used in the built environment for many decades. PV
systems have two main distinctions in the built environment: building-applied PV (BAPV) and
building-integrated PV (BIPV). Figure 1 left shows BAPV, where standard PV modules are
used at a cabin in a remote area. As there is no connection to the electricity grid, the PV system
supplies cabin users with electricity. Figure 1 middle shows another example of a BAPV

system utilized on a detached house, and Figure 1 right shows BIPV installation.

Detached house in Trondheim : se msfaidt. éermanv

Figure 1. (left) Off-grid PV system installed on the fagade of a ountain cabin, (middle) blding-
applied PV (BAPV) system attached on the roof tiles and (right) PV tiles system (BIPV) integrated
into the roof. (Photos by Anna Fedorova and Bozena Dorota Hrynyszyn) [14].

In cities, PV systems are usually connected to the electricity grid; this way, excess produced
electricity can be supplied to the grid according to an agreement with an electricity provider or

distributed among houses in the neighbourhood.

To understand the intended meaning of the terms “BIPV module” and “BIPV system” and to
distinguish them from the BAPV term, it referred to the definitions proposed by members of
IEA-PVPS Task 15, Subtask C report “International definitions of BIPV” [15]. Definitions are

quoted here.
“BIPV modules

A BIPV module is a PV module and a construction product together, designed to be a
component of the building. A BIPV module is the smallest (electrically and mechanically) non-

divisible photovoltaic unit in a BIPV system, which retains building-related functionality.

PV modules are considered to be building-integrated if the PV modules form a construction
product providing a function as defined in the European Construction Product Regulation CPR
305/2011 [16]. Thus, the BIPV module is a prerequisite for the integrity of the building’s
functionality. If the integrated PV module is dismounted (in the case of structurally bonded
modules, dismounting includes the adjacent construction product), the PV module would have

to be replaced by an appropriate construction product.



The building’s functions in the context of BIPV are one or more of the following:

e Mechanical rigidity or structural integrity.

¢ Primary weather impact protection: rain, snow, wind, hail.

¢ Energy economy, such as shading, daylighting, thermal insulation.
o Fire protection.

» Noise protection.

o Separation between indoor and outdoor environments.

e Security, shelter, or safety.
BIPV system

A BIPV system is a photovoltaic system in which the PV modules satisfy the definition above
for BIPV products. It includes the electrical components needed to connect the PV modules to
external AC or DC circuits and the mechanical mounting systems needed to integrate the BIPV

modules into the building.

PV systems are considered to be building-integrated if the PV modules they utilize fulfil the
criteria for BIPV modules as defined in EN 50583 Part 1 [17] and thus form a construction
product providing a function as defined in the European Construction Product Regulation CPR
305/2011 [16].

BAPV modules

PV modules are considered to be building-attached if the PV modules are mounted on a

building envelope and do not fulfil the above-listed criteria for building integration.
BAPYV systems

PV systems are considered to be building-attached if the P\ modules they utilize do not fulfil
the criteria for BIPV modules as defined in EN 50583 Part 1 [17].”

The building is a multi-complex structure; various materials and building elements are coupled
to construct a weather protection screen — the building envelope. Roof and fagade systems
create the climate screen, protecting the inner building structures and the environment from
various climate exposures. The primary layer of a sloped ventilated roof structure, viewed from
the outside, is composed of various roof coverings, such as shingles or tiles, whose primary

function is to keep as much precipitation out of the inner roof structure as possible [18].



As BIPVs are functional elements of the building envelope, they should maintain the weather
protection function on the same level as conventional building elements. One of the primary
climate exposures that affect the building envelope is precipitation. All kinds of precipitation,
such as horizontal rain, wind-driven rain (WDR), hail, and snow, significantly affect the
hygrothermal performance of the building envelope. To ensure that components and systems
of the building envelope can sufficiently withstand exposure to various precipitations, they are
subjected to numerous tests. Assessment of BIPV systems’ watertightness is especially crucial
in coastal regions like Nordic regions. It is therefore recommended to test BIPV systems’
ability to withstand WDR and have documented performance in order to know strains of what

magnitude will be experienced by the roof underlayment [19].

WDR is a significant source of moisture load on the building envelope. The building envelope
systems’ ability to withstand WDR exposure or finding their watertightness level can be
examined in laboratories. Even though primary weather impact protection is stated in CPR No
305/2011 [16] as one of the building envelope functions, there are no requirements for
obligatory testing of construction products' watertightness levels in the EU. Therefore, the
watertightness testing for the building envelope systems is voluntary and is not required for
them to be sold on the market. Such tests may provide valuable information that might be
further used to predict product performance and compare various products in the same product

range or future product development.

The watertightness level can also be expressed by the limit for water leakage intruding through
the system. For BIPV systems intended for roof integration, this aspect is mentioned in the
standard EN 50583-2 “Photovoltaics in buildings. Part 2: BIPV systems” in annexe A
“Resistance to wind-driven rain of BIPV roof coverings with discontinuously laid elements —
test method” [20]:

o “A water collector shall be provided, capable of recording the amount of leakage water
during any pressure step in the test.”

e “Reference leakage rate (10 g/m?)/5 min, 5 min being the duration of a single test step in
the sub-test.”

e “The cases in which leakages exceeding fine spray and wetting on the underside occur
are considered as being too severe for the application. In any case, the reference leakage

rate of (10 g/m2)/5 min shall not be surpassed.”



There are four sub-tests (A, B, C, and D) defined in the standard EN 50583-2 [20]; each
specifies a WDR combination appropriate to specific climate zones. Sub-test A: low wind
speed with severe rainfall rate; Sub-test B: low wind speed with high rainfall rate; Sub-test C:
severe wind speed with low rainfall rate; Sub-test D: maximum rainfall rate with no wind

(deluge).

As no structural details or drawings of the water collection system are given in EN 50583-2
[20], it is unclear how water collection should be executed. Thus, the research in this thesis
focused on designing a water collection system and applying it for water leakage quantification,
providing a detailed step-by-step testing methodology. If data on quantified water leakages is
available, it may be used to evaluate various systems and rank them according to their
watertightness level. It might be beneficial for BIPV systems that are planned to be used in
areas with harsher climates and where wind speeds and precipitation levels are excessively

varying.

1.1 PROJECT AIM, RESEARCH QUESTION AND OBJECTIVES
This thesis aims to gather a knowledge base of BIPV systems design and technical aspects of

integrating PV systems specifically designed for utilizing them in the building envelope, further
investigating how they perform as climate screens, concerning wind-driven rain (WDR)
exposure. Even though there is a wide variety of BIPV systems on the market, roof-integrated
solutions were chosen for investigation. This type of BIPV is the most used for commercial
and private buildings, and its market share is the biggest. Thus, it was anticipated to be able to
test more systems and collect more data.
The following research question and objectives were formulated:
When integrated into the building envelope, how do BIPV systems perform as climate
screens?
e Understanding ways BIPV systems are evaluated nowadays.
¢ Assessing the possibility of evaluating watertightness of BIPV systems by quantifying
wind-driven rain (WDR) intrusion.
¢ Designing and implementing a water collection system to quantify WDR intrusion during
testing.
o Testing BIPV of diverse designs and configurations according to the developed testing
methodology.

¢ Reporting on results and failures during testing in the laboratory.
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1.2 STRUCTURE OF THE THESIS
Chapter 1 (the present chapter) introduces the topic of this study. The main research question,

with the following objectives, is formulated, which determines the outline and stages of the

work.

Chapter 2 gives an overview of BIPV systems design and ways of integration into the building
envelope, and a standardization framework is presented. This part of Chapter 2 is published as

a review article (Paper I1). Additionally, the maintenance of BIPV systems is discussed.

The main body of the thesis begins in Chapter 3, where roof structures typical for BIPV
integration are shown, and wind-driven rain impact on the roof cladding is described and
illustrated. Tests that can be used to evaluate the watertightness of building components are
briefly discussed. Principles of watertightness testing methodology are provided, further
presenting an overview of the WDR exposure testing methodologies reviewed and adapted
from previous studies. Then, the design of a testing setup and procedure for quantification of
water intrusion is explained, suggesting a framework for evaluating BIPV systems as climate
screens. It includes a step-by-step test methodology, a detailed description of constructing a
water collection system, and a laboratory test setup. The chapter ends with a comparison of the
present study to previous studies, highlighting the main improvements. Results from this part

of the research were published in a scientific article (Paper I11).

Chapter 4 contains data from laboratory experiments, where three BIPV systems for roof
integration were investigated. The chapter starts with an overview of the tested BIPV system.
Continuing with information about the installation of the systems and then presenting the main
results of the present study, these parts are divided into three subchapters that correspond with
each tested BIPV system. The chapter ends with a comparison of the tested systems. This

chapter represents the central part of the research published as a scientific article (Paper V).
In Chapter 5, learning points are highlighted and discussed.

Chapter 6 summarises the achievements of the thesis.

In Chapter 7, directions for future research are discussed.

Published papers that formed this thesis’s basis are included after Chapter 7 and References.



1.3 LIMITATIONS
Laboratory investigation of large-scale systems takes a considerable amount of time and

resources. As the primary goal of the present study was to implement quantification of water
intrusion into the test methodology, certain limitations had to be set to optimize the research

work. The following limitations were set:

1. BIPV systems with the potential to be integrated into a typical sloped roof construction
in cold climate conditions were chosen.

2. The size of a specimen with the BIPV system was limited by the frame size of the
RAWI box to around 7.5 m? (2.75 m x 2.75 m).

3. Laboratory investigations were limited to quantification of wind-driven rain intrusion.

4. Wind pressure was manipulated during testing, while the amount of water applied was

constant.






2 BUILDING-INTEGRATED PHOTOVOLTAIC (BIPV)
SYSTEMS: DESIGN, INTEGRATION, STANDARDIZATION,
AND MAINTENANCE

This chapter encloses information on BIPV systems’ design and variations of their integration
into the building envelope. A table with several BIPV products, chosen from the market and
illustrations are presented to highlight examples. A comprehensive analysis of primary
standards related to BIPV products is presented, including special BIPV standards and
construction and photovoltaic sector standards. Maintenance of BIPV systems is discussed,

and a causes diagram for decision-making in changing BIPV system elements is presented.

2.1 DESIGN OF BIPV SYSTEMS AND INTEGRATION WAYS
As explained in the introduction, PV systems can be considered building-integrated if they

replace building components by providing functions defined in CPR 305/2011 [16]. Integrated
BIPV systems cover conventional building components functions, primarily as climate screens,
for the layering underneath or the whole building envelope. Part of the requirements in CPR
305/2011 [16] concern designing and building mechanical resistance and stability, safety in
case of fire, hygiene and health of people, safety and accessibility in use, protection against

noise, as well as energy economy and sustainable use of natural resources.

BIPVs are multi-functional technologies which can be used in both new constructions and
existing building projects. BIPV systems can be integrated into roofs, facades or they can be
used as shading devices. BIPV can be categorized into five groups according to categories
given in the standard EN 50583 [17,20], which explains several ways of BIPV integration into
the building envelope. These groups are (A) Sloped, roof-integrated, not accessible from within
the building; (B) Sloped, roof-integrated, accessible from within the building; (C) Non-sloped
(vertically) mounted, not accessible from within the building; (D) Non-sloped (vertically)
mounted, accessible from within the building; (E) Externally integrated, accessible, or not

accessible from within the building. Examples are shown in Figure 2.

Figure 2. BIPV categories as defined in EN 50583 [17,20]. (A) Sloped, roof-integrated, not accessible
from within the building. (B) Sloped, roof-integrated, accessible from within the building. (C) Non-
sloped (vertically) mounted, not accessible from within the building. (D) Non-sloped (vertically)



mounted, accessible from within the building. (E) Externally integrated, accessible, or not accessible
from within the building.

EN 50583 does not provide examples of BIPV categories; therefore, information about
examples and illustrations is given here. BIPV category A includes opaque roof elements such
as roof tiles, shingles, PV membranes and metal plates. Category B is mostly represented by
skylights and semi-transparent elements; Category C — is by opaque facade elements (cladding
systems), or cold facade systems; Category D — is by semi-transparent and transparent facade
elements (windows or curtain walls) or warm facade systems; Category E — is by falling
protection (i.e., balustrades) and shading devices (either for daylighting or solar control).

Figure 3 illustrates these BIPV categories.

Figure 3. Examples of BIPV systems according to categories defined in EN 50583 [17,20].

Various ways in which BIPV systems can be used in the built environment are summarised and

illustrated in Figure 4.
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Roof element

Opaque (e.g. tiles)
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(e.g. baiconies, parapets, etc)

Roof element

Opagque Flat roof (€.g. membranes, floors)

Facade element

(Cladding system: e.g. rainscreen)

Figure 4. Examples of PV-integration as part of the building skin [21].

BIPV can be additionally categorized by the type of BIPV products [22] (Table 1) and by the
type of BIPV systems [23] (Table 2). Examples of BIPV products are shown in Table 3.

Table 1. Categorization by the type of BIPV products [22].

Product type BIPV foil BIPV tile products BIPV module Solar cell glazing
products products products
Similar to

Normally arranged conventional PV Utilized in

Lightweight and in modules with the windows, glazing,

. flexible, often modules, but made -
Specification . appearance and . . tiles, facades and
made from thin- - with protective
fi properties of . roofs, and
ilm cells . weather skin 8
standard roof tiles . skylights
solutions
Table 2. Categorization by the way BIPV systems could be integrated [23].

System integration Roof Facade

Full roof BIPV\A Solar glazing/skylight Cold fagade
Type of integration solutions
In-roof mounted system Warm facade
PV membrane, Metal Accessories
panels

BIPV solutions fully integrated into a roof can be described as an integrated BIPV system

which covers a whole roof area by BIPV products only or by BIPV products and dummy
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products (elements that have the same or similar design but do not contain PV elements),
preferably manufactured by the same producer. Examples of fully integrated into roofs BIPV

solutions are shown in Figure 5.

Figure 5. Examples of fully integrated in roofs BIPV solutions, as they cover all the surface of the roof
(a) [24], (b) [25], (c) [26] and (d) [27].

In-roof BIPV systems cover part of the whole roof area and are installed along conventional
roof coverings. Mounting systems can be used to provide a more seeming connection between
BIPV systems and roof coverings. These BIPV systems are especially useful for retrofitting
roofs or when a building owner wants to change part of the roof with BIPV system but also
wants to retain part of conventional roof coverings. Mounting systems may be designed in two
ways: 1 — the mounting system is designed to be installed on the roof first, and then BIPV
modules are installed on it; 2 — fastening system is integrated with PV modules, so-called
prefabricated BIPV system, and then the installed directly on the roof. Examples of in-roof

mounting BIPV systems are shown in Figure 6.
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Figure 6. Examples of in-roof mounting BIPV systems [28].

PV membranes and metal plates are usually applied to finished and waterproofed roof

structures. Examples are shown in Figure 7.

Figure 7. Examples of PV membranes and metal plates [29].

Solar skylight, glazing, and solar shading and falling protection are reminiscent of glass-glass
elements used in buildings, as they are PV cells laminated between two safety glass layers and
encapsulated within glazed panes. Solar skylight and glazing are often utilized in envelope
systems with extruded aluminium frames (but also steel, wood, etc.), similar to a curtain wall.
Skylight, a semi-transparent roof, replaces a transparent functional glass facade element with
PV glazed panes, whilst the load-bearing part is equipped for the electric wirings’ passages.
Choosing the optimal cell pattern and assembly provides Solar and daylighting control.
Skylights can be used in flat roofs, pitched roofs, and sometimes also in curved surfaces”. Solar
shading may replace the traditional external louvers. Solar skylight, glazing, and solar shading
usually combine glass-glass PV laminates with adjustable light transmission, stimulating the
architectural design of light and shadow and performing a fundamental role for the energy

13



balance of the building [21]. Examples of solar skylight and glazing are shown in Figure 8, and

solar shading and falling protection are shown — in Figure 9.

Figure 9. Examples of solar shading and falling protection (i.e. balustrades) [29].

PV cell technologies that lead the existing BIPV market are the first-generation PV cells
(wafer-based), are similar to the primary PV market of free-standing and rooftop PV
applications. These technologies include mono-crystalline silicon cells (mono ¢-Si) and poly-
crystalline silicon cells (poly c-Si). A smaller part of the market is shared by the second-
generation PV cells (also called thin-film solar cells), i.e., amorphous silicon (a-Si), cadmium
telluride (CdTe) and copper indium gallium selenide (CIGS). The third-generation PV cells are

not included, as their market share is minimal [30].

Additionally, BIPV products may be subcategorized into two groups: designed and produced
for integration and customizable. In Table 3, various selected commercial BIPV products
specially designed for integration are presented. Categorizations presented in Figure 3, Tables
1 and 2, are used in Table 3. Such products have lower costs, are available for purchase right
away and can be compared with each other. Customizable BIPV products must be designed for
each project separately, which leads to higher cost and time constraints; however, they still

have an unbeatable advantage. If a project they are anticipated to be part of is large enough,
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the cost may be less critical. Furthermore, the building may obtain a unique appearance and be
better integrated into the surrounding built environment, as the aesthetics of this type of product
is usually of high importance. Companies such as, e.g. Onyx solar, Ertex, and Issol offer a wide
range of customizable BIPV products. The substantial similarity of glass-glass PV modules to
laminated glass panes simplifies their application as a construction product. Therefore, an
extensive amount of glass-glass PV modules is presented on the market. Moreover, large parts
of the existing standardization procedures for glass-based construction products can easily be

adapted for glass-glass PV modules [31].

Table 3. BIPV categorization by BIPV category, type of product (module) and type of system

integration.

BIPV Type of

Type of

Ilustration category product system ;cyFE]\e/ ?gaetﬁl:ég Source
[17,20] [22] [23]
| Glass-free,
A BIPV foil metal CIGS suitable for https://www. fli
panels both roofs and som.com/
facades
Made of
composite http://www.or
materials, has .
. full roof mono - - klaelektronikk.
A solar tile - - a unique tile
solution c-Si P com/new/heda
orm that
-solar/
enables water
drainage
Made of
compc_>5|te http://www.or
materials, y aclektronikk
not BIPV roof tile no PV  compatible tile '
- com/new/heda
is produced by
-solar/
the same
manufacturer
Beton roof
full roof mono tiles designed httos://sun-
A solar tile  solution, CSi with intention r?ef no/
in-roof to integrate PV '
cells on them
Beton roof
tiles https://www.sk
not BIPV roof tile no PV  compatible to a? ﬁes corﬁ/
the ones with Pnes.
PV cells
https://www.e
S full roof  polv c- nfsolar.com/pv
7 A solar tile - poty 5 colours /panel-
solution Si
datasheet/cryst
alline/34338
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BIPV Type of Type of -
Ilustration category product system (;I;yFEJ\e/ ?g;ﬁ':;g Source
[17,20] [22] [23]
full roof  mono https://solarsto
_ A solar tile - - ne.eefen/tiled-
solution  c-Si
roofs/
Solar tile that
. equals to
A BIPV tile full rgof mono width of.four http§://www.so
9 solution  c-Si compatible linso.nl/
conventional
roof tiles
Solar tile that
equals to
A BIPV tile full rpof mono width of_two https_://www.so
R solution c-Si compatible linso.nl/
conventional
roof tiles
Conventional
roof tiles https://www.so
not BIPV roof tile no PV  compatible to Ps: '
f linso.nl/
the ones with
PV cells
Compatible
rubber sealant .
https://www.su
solar full roof  mono elements are
A - . - - - nstyle.com/en/
shingle solution,  c-Si provided with
Home.html
the Sunstyle
solar shingles
Auvailable in
i solar not four colours:  https://iwww.n
~ A BIPV tile tiles- specifi brown, elskamp.de/ind
Lo g shingles ed graphite, red ex.php/en/
and black
Compatible
solar mono roof tilesare  https://www.n
A BIPV tile tiles- . available from elskamp.de/ind
. c-Si
shingles the same ex.php/en/
manufacturer
Frameless
modules
. specially https://www.so
A BIPV in-roof mono designed for litek.eu/en/pro
module system c-Si - -
integration ducts
into the
rooftop
The series of
I frameless
" _ glass-glass PV https://www.so
C BIPV cold pOIYC panels created  litek.eu/en/pro
module facade Si
for rooftop and ducts
BIPV
applications
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BIPV Type of

Type of

Ilustration category product system (;I;yFEJ\e/ ?epaetﬁlrfelg Source
[17,20] [22] [23]
in-roof Only one . .
‘ BIPV system, module size tip-//solibro-
A, D CIGS research.com/e
module cold and one colour nftechnoloav/
facade are available gy
Frameless https://www.m
modules and
BIPV cold - anz.com/en/ma
C CIGS  modules with .
module facade f rkets/solar/cigs
rame are
. -fab/
available
: BIPV mono Can be https://mlsyste
solar . . .
module, . and customized in m.pl/bipv-
§ B,D solar cell gll(azl!ngi poly c- size and shape modules/?lang
| glazing Kyl Si of the module =en
Capillary
P - system for .
BIPV in-roof  mono roof http://www.su
A . . . nage.ch/prodot
module system c-Si integration, tif
enables water
drainage
- - in-roof Can be htto://WWW.su
| g BIPV system, mono  customized in P )
AC - . nage.ch/prodot
. - module warm c-Si size and shape tif
; facade of the module
Modules
provided
already with
in-roof installation https://ennogie
AC BIPV system, CdTe system .com/documen
module warm attached to .
tation_uk-2/
facade modules and
compatible
rubber sealant
elements
SOLID
Bifacial, .
Solar cell sol_ar Bi- created for h_ttps.// WWW.SO
E . glazing/ - litek.eu/en/pro
glazing skvliaht facial rooftops and ducts
yig BIPV
applications
facade PVSD product
E SE;J?; accessor - from [32]
g ies SOLARLAB

Research presented in this thesis focuses on BIPV systems integrated into sloped roofs.

Therefore, it was decided to include a short comparison of BIPV tiles and shingles to

conventional roof coverings, which apply in this case.
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Solar tiles and shingles are usually designed to resemble conventional roof tiles and shingles
as much as possible. It concerns shape, size, and colour of elements. Solar tiles usually consist
of a flat roof tile (made of concrete or composite materials) and PV cells encapsulated under
the glass that is placed on the roof tile. Solar tiles can be glazed (glass sub/superstrate) or foil-
based, i.e., polymer membranes. The tile height is usually equal to the roof tile’s row height.
The width of the solar tiles varies from small to large (the width of one solar tile equals the
width of one or multiple conventional roof tiles). These aspects ensure that the solar tiles will
blend in perfectly with the traditional roof tiles. Aesthetics is one of the principal aspects
considered in architecture. Regarding the tile size, smaller tiles have the advantage of greater
roof filling, providing a better aesthetical look. Larger tiles may potentially cost less, although
this has not yet been demonstrated in any of the surveys [21]. Solar shingles are usually
constructed with two layers of safety glass with PV cells encapsulated between them. They can
be installed with rubber sealant materials or without them. Sealant materials will provide better
waterproofness to the system. However, due to the lack of information from manufacturers and
the research community on durability and maintenance aspects, it is not evident how these
elements will perform during the service life of the BIPV system and whether they need to be

changed at some point.

Figure 10 left shows examples of roof installations using traditional slate roofing tiles, while
the picture on the right demonstrates solar shingles installed along the same type of slate
roofing tiles. Separated parts of the roof are covered either with solar shingles or slate tiles.
From an aesthetical point it could be beneficial to choose solar shingles of similar colour.
However, then power output is expected to be decreased as the efficiency of coloured BIPV is
lower that of not coloured ones [33]. In Figure 11 full roof installation utilizing solar shingles
is demonstrated.
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Figure 10. (left) Example of traditional slate roofing tiles [34] and (right) solar shingles installation
along traditional slate roofing tiles [35].

Figure 11. Solar shingles installed on pitched roofs [25].

Examples of solar tiles are demonstrated in Figures 13 and 14. Here, ceramic, and concrete
roof tiles were used to compound solar tiles. Separate manufacturer produces the original roof
tiles, and PV cells are attached afterwards. The roof tile has a flat profile that enables it to cover
the front side with a PV element. These tiles are used for sloped roof integration. There are five
colours originally available: antacid, cooper red, light grey, natural red and black (shown in
Figure 12). However, black ceramic roof tiles with PV elements are available only. Considering
emerging interest in coloured PV cells, other colour variations than black is foreseen. Examples

of installed systems are presented in Figures 13 and 14.

Figure 12. Roof tiles colour variations: antacid, cooper red, light grey, natural red and black [36].
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Figure 14. (left) Solar tile made of a concrete material and (right) their installation on a roof [39].

2.2 BIPV STANDARDIZATION
Building integration of PV must always comply with two different standardization and

regulation schemes. The first scheme refers to requirements of the building industry, often
regulated by local building codes and international (1SO) standards; the second — is to the
electrical industry and international (IEC) standards, as well as mandatory local regulations
[40]. All PV products must be approved by testing certification authorities and laboratories
according to current international standards. At the same time, as PV products designed
specifically for building integration still represent a niche market, no harmonized standards for
actual testing of these products exist [41]. The first BIPV standard EN 50583 [17,20] was
released in 2016, which became a starting point for further work on BIPV standardization. The
standard is now under review, and there have been debates whether the watertightness aspect
and WDR testing should be in the revised version. There was a meeting within IEA-PVPS Task
15 where several manufacturers of BIPV systems participated. They had concerns about WDR

testing; they already have an extensive list of testing and expenses associated with them, and
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additional testing was seen as more of an obstacle than an advantage for their products. The
information provided by manufacturers is still insufficient for BIPV to fully enter the building
sector, as they can only provide primary electrical performance data and standard module
durability certification. In contrast, technical requirements for building integration are provided
in the installation manuals that are not always readily available and they still might lack some
key details [42]. Besides, the information provided in BIPV product data sheets has no defined

form, making it harder to compare various products.

2.2.1 BIPV related standards
EN 50583 [17,20] standard classifies BIPV into specific categories and defines a series of

requirements for the BIPV products to satisfy building specifications. However, there have also
been published studies with BIPV categorizations. This standard applies to photovoltaic
systems used as construction products integrated into the building envelope. EN 50583 consists
of “Part 1: BIPV modules” and “Part 2: BIPV systems” due to the need to address the
photovoltaic modules and their mounting and electrical systems. The focus of EN 50583 is on
general, electrical, and building-related requirements, along with requirements for building
products with and without glass panes, labelling, system documentation, commissioning tests
and inspection requirements. EN 50583 includes an initial list of “basic requirements” for
BIPV, and part 2 of this standard includes information about watertightness testing of BIPV
systems intended for roof integration however, additional qualities such as durability and
reliability, and seismic resistance should also be included when BIPV products are evaluated
[40]. An international standard for glass in buildings, ISO 18178 [43], specifies requirements
for appearance, durability, and safety as well as test methods and designation for laminated
solar photovoltaic (PV) glass for use in buildings, which is defined as laminated glass that
integrates the function of photovoltaic power generation. The standard IEC 62980 PV modules
for building curtain wall applications were cancelled and incorporated into the new IEC 63092
"Photovoltaics in buildings" (former IEC 63092 "Photovoltaics on the roof") restructured in
2017. For further detailed information on BIPV standardization, refer to the report IEA-PVPS
T15-08: 2019 “Analysis of requirements, specifications and regulation of BIPV” [40] and the
standards themselves. All currently applicable BIPV standards are presented in Table 4 [14].
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Table 4. BIPV related standards [14].

Number Name
EN 50583-1 [17] Photovoltaics in buildings. Part 1: BIPV modules.
EN 50583-2 [20] Photovoltaics in buildings. Part 2: BIPV systems.
1ISO 18178 [43]  Glass in buildings - Laminated solar PV glass for use in buildings.
IEC 63092-1 [44] Photovoltaics in buildings - Part 1: Building integrated photovoltaics modules.
IEC 63092-2 [45] Photovoltaics in buildings - Part 2: Building integrated photovoltaics systems.

For further BIPV product development, there is a need to define of complementary tests for
cases when existing test standards are suitable only for some of the BIPV system types. The
results of the existing standards analysis are described in a Tecnalia report [41], and the review

of standards for BIPV facade and roof integration is given by Rehde et al. [46].

2.2.2 PV related standards
As PV production is a global industry, test centres use common international standards to

evaluate PV panels. While the existing standards focus on PV panel quality, performance, and
safety to some extent, product reliability must also be considered. Likewise, long-term system
performance and energy produced over the system’s service life should also be addressed [47].
The existing primary standards for PV modules are the International Electrotechnical
Commission (IEC) standards and the European Standards (EN). IEC and EN standard test
requirements initially address the qualification characteristics of PV modules [41]. National
standards should also be considered when applying BIPV products in specific countries. From
the viewpoint of PV, BIPV should comply with the standards for conventional PV modules
such as IEC 61215 (design qualification, etc.) and IEC 61730 (construction requirements, etc.).
The commercial success of conventional PV is based on the well-studied long-term reliability
of the modules, which was achieved due to PV product qualification and certification,
according to IEC 61215. Existing primary standards for PV are presented in Table 5 [14].
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Table 5. Standards of PV industry [14].

Number Name
PV design and performance
IEC 61215-1 [48] Terrestrial photovoltaic (PV) modules - Design qualification and type
(equal to EN 61215-1)  approval - Part 1: Test requirements.

IEC 61215-1-1 [49] Terrestrial photovo.ltaic (I_DV) mo_dules - Design q_ualification ar_ld type

(equal to EN 61215-1-1) approval - Part 11 Special requirements for testing of crystalline
silicon photovoltaic (PV) modules.
Terrestrial photovoltaic (PV) modules - Design qualification and type
approval - Part 1-2: Special requirements for testing of thin-film
Cadmium Telluride (CdTe) based photovoltaic (PV) modules.
Terrestrial photovoltaic (PV) modules - Design qualification and type
approval - Part 1-3: Special requirements for testing of thin-film
amorphous silicon based photovoltaic (PV) modules.
Terrestrial photovoltaic (PV) modules - Design qualification and type
approval - Part 1-4: Special requirements for testing of thin-film Cu (In,
GA) (S, Se) (CIGS) based photovoltaic (PV) modules.
PV safety

Photovoltaic (PV) module safety qualification - Part 1: Requirements
for construction.
Photovoltaic (PV) module safety qualification - Part 2: Requirements
for testing.

IEC 61215-1-2 [50]
(equal to EN 61215-1-2)

IEC 61215-1-3 [51]
(equal to EN 61215-1-3)

IEC 61215-1-4 [52]
(equal to EN 61215-1-4)

IEC 61730-1 [53]

IEC 61730-2 [54]

2.2.3 Building related standards
Many building industry standards can apply to BIPV products, but it still needs to be

determined which of them must be obligatory and which should be voluntary. Standards
concerning various aspects of safety and resistance to load impact must be of high priority.
Resistance to rain penetration could be classified as the second priority, as for most buildings
a satisfactory rain tightness would be considered obligatory. Two standards that are of
particular use for BIPV are ISO 15392 [55] and ISO 15686-1 [56]. ISO 15392 “Sustainability
in building construction” could be a roadmap that will help to reach the objectives of
sustainable development in buildings, like information on environmental impact,
environmental product declaration, the life cycle of the building or construction work, service
life and performance requirements, life cycle cost, life cycle environmental assessment, and
inclusion of use-phase concerns in project planning. ISO 15686-1 “Buildings and construction
assets — service life planning” could be particularly useful when predicting service life and
estimation using reference service life and data from practical experience. The service life
prediction could be especially challenging for innovative components like the BIPV products.
The building industry standards that can be applied to BIPV are presented in Table 6 [14].
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Table 6. Standards of building industry applicable to BIPV [14].

Number Name
ISO 12543 [57]  Glass in building — Laminated glass and laminated safety glass.
IEC TR 63226 Solar photovoltaic energy systems - Managing fire risk related to photovoltaic
[58] (PV) systems on buildings.
ISO 15392 [55]  Sustainability in building construction — general principals.
SO 15686-1 [56] BL_JiId_ings and construction assets — service life planning — part 1: general
principals and framework.

Even though BIPV standardization has started to form a durable base for a better representation
of BIPV products on the market, there is still a need for further development and work on more
harmonized standardization. The necessity and suitability of international standardization for
BIPV were defined in the IEA report “Analysis of requirements, specifications and regulation
of BIPV” by Berger et al. [40]. In this report, three categories of standardization to be addressed
at the international level were proposed: “internationally mandatory “, “useful to design BIPV

“, and “useful to characterize BIPV, but no need for pass/fail criteria “.

2.3 MAINTENANCE OF BIPV SYSTEMS
Maintenance is a vital part of keeping a building resilient so that it the building will sufficiently

perform its main function during its whole lifetime. The term resilience refers to the capacity
of the object to absorb disturbances and retain its basic function [59]. It can also be applied to
buildings. Resilience is included in the Sustainable Development Goals (SDGs) number 11
“Make cities and human settlements inclusive, safe, resilient and sustainable”, which focuses

on future cities, infrastructure, and buildings [7].

As mentioned earlier, there needs to be more harmonized standards and testing methodologies
for BIPV. BIPV systems must comply with the requirements of building construction
regulations and building codes, which may vary from country to country [41]. That also affects
maintenance as it is not feasible to predict BIPV systems’ behaviour under prolonged exposure
to climate conditions in all possible locations. Thus, more attention should be paid when they

are applied.

The maintenance of BIPV systems is not usually considered or suggested by the manufacturers,
as typically, BIPV systems need little maintenance during their expected service life of 25-30
years. BIPV systems intrinsically have no moving parts. During certification, the BIPV
products must withstand various mechanical loads therefore, mechanical stability is ensured

before installation. Moreover, if BIPV systems are installed correctly according to the manuals

24



they are expected to work without mechanical failures. Rarely is it possible to find a
maintenance section in the installation or technical documentation supplied with the systems.
Firstly, it could be due to the system’s operational lifetime. A few system components require
replacement during BIPV system service life: an inverter, which requires replacement every
ten years, and rubber sealant elements, whose replacement frequency needs to be studied. The
rest of the system is expected to work sufficiently during the whole period of operation. It is
important to note that producers mainly consider sufficient energy production as the primary
function of BIPV. In contrast, building integrity protection should be considered the primary

function and, therefore, evaluated in the first place.

Secondly, the cost of maintenance is foreseen to be very low. The costs of repair and
replacement of BIPV during the systems lifetime are usually not considered in the lifecycle
cost (LCC) of the building [60,61] because calculations represent the economic balance
between costs and benefits, and it is difficult to predict whether a part or the entire system will
need to be changed. If parts of the system or the entire system are being replaced it could be
considered a new system with a new lifecycle and, therefore, a new lifecycle cost. However,
special consideration should be made when correcting the LCC of an old system with replaced
parts. The building envelope cost, the average maintenance cost of the building envelope, the
BIPV cost (including material and mounting) and the average BIPV maintenance cost in the
life cycle are calculated in the total cost of initial investment for the building envelope. The life
span of the whole building is taken in calculations here. However, prediction of the BIPV
system behaviour over period of 20-30 years is still complex. No one can estimate how many
parts of the system will need to be replaced. Two possible situations can occur. One is when
the BIPV system operates properly, producing the expected amount of electricity with no parts
needing replacement — another situation - is when an element or the entire system must be

replaced. The replacement cost lies on the shoulders of the installation owner.

The manufacturers ask for a periodic system check usually not specified by any period. The
only maintenance operation recommended is installation cleaning, which can increase
installation energy production. The need to clean BIPV systems is highly dependent on their
location of installation and the meteorological conditions (rain, humidity, wind, dust, etc.), the
tilt angle of the system, and the surface morphology. However, as BIPV is a part of the building
envelope, it is usually cleaned by rain most of the year, and there is almost no need for extra

cleaning. But again, it strongly depends on the location and climate of the installation area. If
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the installation requires a more frequent cleaning due to extraordinary climatic conditions, it

should be planned in advance and regularly done.

As roof integration was chosen for investigation, maintenance of the roofing cladding is
important to include. The maintenance of the roofing cladding can be planned and mostly
optimized according to defects occurring during the roof’s lifetime. As BIPV roof systems
replace existing roofing, it is vital to analyse defects and their causes in usual roofing cladding.

The defects in external claddings of roofs could be caused by [62]:

o Design/execution defects — defects in the connections or tail-ends, lack or deterioration
of sealants, too little or too much overlap, defects in the thermal insulation, and defects
in the ventilation system.

e Cladding degradation — corrosion, spalling/peeling/exfoliation, vegetation growth, colour
change/unevenness, disaggregation (ageing), cracking/fracture.

o Condensation.

¢ Displacement/deformation — significant deformation, misalignment or loosening of

cladding elements.

The building's degradation behaviour is strongly influenced by exposure to various
environmental stresses. Environmental stresses on roofing can be divided into the following
climate exposure factors [63]:

e Solar radiation, including ultraviolet (UV) radiation.

e Mechanical loads (wind, snow loads).

¢ High and low temperatures.

e Temperature changes/cycles.

o Moisture ingress, relative air humidity, rain, and wind-driven rain.
o Salt water.

o Pollution.

e Erosion.

o Corrosion.

e Abrasion.

Two main groups of defect causes can be identified. Direct causes when the defects are induced
by actions in a direct manner. They include mechanical actions and environmental actions. The

direct causes are more challenging to predict, as it needs results from climate ageing testing
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that is expensive and very time-consuming. Otherwise, prediction can be made according to
data collection of existing roofing installation defects. In the second group, indirect causes are
assembled, which need an additional force to trigger the pathological process. They comprise
design, execution, and use/maintenance errors [62]. Therefore, in contradiction to direct causes,
indirect causes induced mainly by people are more accessible to predict and avoid.

The causes of defects in roofing cladding and other building envelope parts can occur due to
[62]:

o Design errors — missing or incorrect design of the support structure, errors in the design
of the elements and components.

e Execution errors — errors in mounting, installation, and connection of the roofing
elements.

¢ Mechanical actions — deformation of the roof support structure, movement of people or
loads over cladding, heavy equipment on the roof.

e Environmental actions — intense winds, solar radiation, rain/snow, chemical action of
pigeon-related pollution, biological action.

o Use/maintenance errors — absence/inadequate maintenance, replacement of elements with

other or different shapes or colours, change of the initially predicted in-service conditions.

Maintenance of roofing cladding should include diagnosing roofing materials before and
during installation. Therefore, design and execution errors can be avoided. Then, periodical
inspection (for example, two times a year in spring and autumn, as they come after the most
extreme seasons, winter and summer) can identify the starting stages of defects caused by
mechanical and environmental actions. If during service life replacement is required, special
attention should be paid to choosing the exact same or maximum similar roofing elements to

the old ones.
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3 TESTING METHODOLOGY

This chapter defines the applied research methods. It describes wind-driven rain impact on the
building envelope components, roof cladding response to rainfall impact, and watertightness
testing principles. Previous investigations of BIPV systems for roof integration are analysed.
It also summarises the experimental setup and analytical analysis used to obtain the answers
to the research questions.

3.1 WIND-DRIVEN RAIN IMPACT ON THE ROOF CLADDING
BIPV systems require ventilation underneath them as when they are in service, they heat up,

and if no ventilation is present, their power production will significantly decrease [40,46]; at
the same time, ageing of the materials under the BIPV systems can be accelerated due to high
temperatures [63]. Therefore, a pitched ventilated roof structure is well suited for BIPV systems
to be installed on them. The more modern and cost-effective ventilated pitched wooden roof
type is when the drainage and ventilation are combined and directly under the roofing (Figure
15) [64]. The primary layer of the pitched ventilated roof structure, viewed from the outside,
comprises of various roof coverings, for example shingles or tiles, whose main function is to
keep as much precipitation out of the inner roof structure as possible. Under this layer first lies
a ventilated air cavity and then the underroof. The underroof is a secondary water barrier - a
layer of a wind and waterproof membrane, which ensures that the water that went through the
primary layer would not enter the next layers of the roof structure [65]. However, it was found

that 50% of building defects with this type of roof structure come from precipitation [64].
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Figure 15. Side section of a sloped ventilated roof structure [64,65].

Figure 16 shows two variations of how roof ventilation may be built [19]. On the left, the
underlay roof is separated from the wind barrier by the air cavity. The underlayer roof is usually
vapour tight and the wind barrier is vapour open, so the roof is vented between the
underlayment roof and the wind barrier. Such roof construction may also require aeration
between the roofing and the underlayment roof. This variation was the traditional way of
building ventilated pitched roofs. More modern construction of ventilated pitched roof system
(Figure 16 right) utilizes materials that combine the underlay roof and the wind barrier
functions. In this case, the underlayer roof consists of a watertight and vapour open wind barrier
and is separated from a rain tight roofing by the ventilation cavity. This more modern way of
roof construction is a more environmental conscious and cost effective, as it requires less
materials, but it seems that the construction sector prefers previous way of roof construction as
it is viewed as more robust [19]. The WDR testing of roofing systems can provide valuable

information on rain tightness, promoting the use of more modern roof construction.
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Figure 16. A roof construction with (left) a separate wind barrier and an underlayer roof and (right) a
combined wind barrier and underlayer roof [19].

When rain falls on the roof, roof cladding experiences the impact of raindrops and responds to
this impact (Figure 17). Raindrops move and distribute as they fall from the clouds while being
carried by the wind in the atmospheric boundary layer until they impinge on the building
envelope [66,67]. When atmospheric precipitation and wind act simultaneously, it is called
wind-driven rain (WDR). Investigation of WDR impact on the building envelope usually
consists of two parts: 1 - assessment of the impinging WDR intensity (before raindrop impact)
and 2 -assessment of the response of the roof (at and after raindrop impact) [66]. The impinge
WDR s the total amount of rainwater that meets the roof surface [68]. Raindrops impinging
the roof cladding and collide with the solid surface of the cladding, where several surface
phenomena happen, such as spreading, splashing, bouncing, adhesion and absorption of
raindrops, film forming, runoff, evaporation, film absorption and the distribution of the
moisture in the roofing (wetting-drying), if the material is porous and can absorb water [69—
72], and infiltration through the cladding. In this sense, it is assumed that when a raindrop
collides with the roof surface, a part of the impinging water is lost by splash, absorption, and
immediate evaporation; a part creates the runoff film along the inclined plane, a part remains
adhered to the surface of the roofing, and a part is infiltrated. Forces that apply to rainwater
penetration mechanisms are hydrostatic pressure, wind pressure, surface tension and gravity
[73]. Schematic representation of the WDR impact on the roof before raindrop impact — the
impinging WDR intensity and the response of the roof at and after raindrop impact is
schematically shown in Figure 18 (based on [67,68]).
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Figure 17. Rainfall impact on roof cladding [74,75].

Wim pinging
Weva porated

splash

Figure 18. Schematic representation of roof cladding response to ramfall impact before raindrop
impact — the impinging WDR intensity and the response of the roof at and after raindrop impact
(ventilated pitched roof structure [64,65] redrawn based on [67,68]).

To investigate how roofing performs as the climate screen, a quantification of the water
infiltration on the system's backside may be evaluated. The most common way to do it is
laboratory investigations of WDR impact on roofing by watertightness testing. Hence, the
study of WDR impact could now be extended to three parts instead of two: before raindrop
impact, during the wetting process (during raindrop impact and immediately after raindrop
impact) and after the wetting process (infiltration). The investigation would now cover the
assessment of the response of the roof cladding during all stages of impinging rain impact:
contact and surface phenomena, rainwater runoff, and rainwater infiltration. The WDR
infiltration loads into the building envelope represent the moisture loads to which the enclosure
system is subjected during a rain event and must be managed. It may be possible to calculate
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the proportion of the impinging rain that infiltrates through the enclosure to identify WDR

infiltration loading.

Other parameters that may be considered during investigations are the impact velocity of the
drop, drop diameter and the impact angle. The impact angle affects the water splashing. “At
15°, the splash occurs clearly on both sides of the droplet. However, unbalanced splashing is
observed with spreading distance, and splash height in the downhill direction is larger than in
the uphill direction. As the inclination angle increases to 30°, the magnitude of splashing is
much weaker and only occurs in the downhill direction. Again, the displacement is much larger
in the downhill direction. At 45°, the splashing is nearly eliminated, but with significantly

higher overall spreading displacement downhill.” [70].

Rain penetration into the building envelope can create problems affecting building materials'
durability, such as material degradation, mould growth, and wood decay. Rainwater can reach
inner roof structures through the areas where nails and staples fasten the roofing underlayment.
To predict moisture damage, rain penetration through roof tiles may be quantified [76]. Several
studies investigated WDR exposure on building facades in different countries [77-81], which

shows the importance of risk mitigation associated with moisture-related problems.

Another crucial aspect is that it is often not feasible to access information on the methodology
and results used for watertightness testing of the building envelope components and systems
available on the market. Laboratory investigations are usually carried out by laboratories on
assignment by manufacturers, where the results usually are not available to the public. Thus,
the building envelope components and systems cannot be compared according to their
watertightness quality. In international standards, watertightness is mainly addressed on
material or component level [82]. Therefore, a testing methodology that includes the
quantification of water intrusion for roof systems would give the opportunity to compare (a)
various conventional roof systems with each other, (b) BIPV systems with traditional (non-
BIPV) roof systems, and (c) different BIPV systems with each other. Also, developing new
BIPV systems may be challenging without a knowledge base of documented performance of

such systems and the same information on conventional roof systems.

3.2 TESTS TO EVALUATE WATERPROOFING
There are several test techniques that are used to evaluate waterproofing of building envelope

materials: infrared thermography, nuclear moisture testing, electrical impedance testing,

electric field vector mapping and wind-driven rain exposure.
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Infrared Thermography (IRT) is a non-contact, non-destructive and remote temperature
mapping technique to identify causes of deterioration in materials and structures. IRT is the
easiest and quickest technique that can be used for the evaluation of large surfaces [83]. The
detectors collect infrared radiation emitted by the studied surface. The surface temperature is
noted, and results are expressed in a thermal image where measured temperature ranges have
each corresponding colour. The obtained thermal images can be evaluated quantitatively or
qualitatively [84,85]. The surface temperature distribution can be obtained either by a passive
or an active approach. IRT uses a camera with an infrared detector, which absorbs the IR energy
emitted by the object, measures surface temperature, and converts it into electrical current. The
detection of emitted energy depends on the tested surface's emissivity and the environment.
“The thermal energy propagates under the surface by conduction, while the infrared camera
monitors surface temperature variations. The temperature distribution is uniform in the case of
uniform heating and homogeneous material; the presence of a defect at a certain layer interferes
with the propagation of the thermal energy and causes a localised temperature difference.
Generally, a deep defect becomes visible later than a subsurface one, and a large defect
produces a larger temperature difference than a smaller one. The evolution of the phenomenon
can be observed by acquiring sequences of images, which, by means of postprocessing

procedures, give information about the size, depth, and thermal resistance of defects.” [83].

Even though IRT has much potential in various areas of engineering, its application in building
science meets some issues. The Emissivity parameter was identified as essential by Barreira
and Freitas [86] as it greatly influences thermographic measurements and may restrict the
application of IRT in building science. However, emissivity value is less critical if the

investigation aims to analyse results qualitatively.

Surface temperature changes are related to changes in moisture content in building materials
and can be identified by IRT due to three physical phenomena: cooling due to evaporation at
the surface induces a decrease in the surface temperature, reduces thermal resistance as the heat
flow through dry materials is lower than through wet materials, wet materials has increased
heat storage capacity and the surface temperature of wet materials responses slower to changes

in the air temperature [85].

While studies [83-86] present IRT used in laboratory conditions, Rocha et al. [87,88] presented

a field investigation on IRT use for detecting humidity coming from precipitation on existing
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buildings. The article showed images of surface temperature during a day in the rainy season
(Figures 19 and 20).

Figure 20. Location of points of dry area and area affected by humidity on the subjected wall [87].

While the above mentions studies mainly provide qualitative results, Gomes Barbosa et al. [89]
presented both qualitative and quantitative results of the facade degradation degree. Qualitative
analyses provide the visual difference in the temperature in the thermogram image and identify
the thermal image’s hot and cold points by colour difference. Quantitative analysis classifies
the importance of an anomaly that requires intervention to solve pathological manifestations of

defects caused by moisture [89].

Nuclear magnetic resonance (NMR) is a non-destructive testing technique for building
materials [90]. Porosity, water content, hydration and damage mechanisms were investigated
by quantification and localization of moisture and its bonding state analysis. An NMR
tomograph determines moisture contents and hydration processes in building materials. “The
tomograph allows measurements along the entire sensitive length of the coils, as well as layer-
selective and 2- or 3-dimensional (2D or 3D) measurements” [90]. Kruschwitz et al. [90]
measured moisture content in 19 sandstone types in the laboratory. Samples were fully and
partially saturated and included oven-drying at 40°, 60°, 70° and 105°. Results showed that
NMR tomograph has a high sensitivity and enables detection of low moisture contents. The
signal could be measured, and thus, moisture content was identified, even in oven-dried
samples [90].
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Electrical impedance (EI) testing is another non-destructive method. It is based on the principle
that the electrical impedance (the amount of opposition to alternating current (AC)) varies in
proportion to the moisture content in the material. A moisture meter is used to conduct El.
Zhang et al. [91] investigated the EI of carbon fibre-reinforced cement-based sensors. AC
electrochemical impedance spectroscopy provides reliable and fundamental physicochemical
characterizations of materials in terms of pore structures and hydration [91]. The instrument
measures the El of the material by creating a low-frequency AC between two electrodes that
are attached to the tested material. Moisture content is read from the surface and further into
the material or materials if there are layers of various materials (for example, insulation and

membrane material). Dry material creates greater EI than wet [91].

Electric field vector mapping (EFVM) is a non-destructive method of electronic leak detection
in roof membranes by tracing an electric current flow across the roof surface [92]. “EFVM is
a low-voltage test method that creates an electrical potential difference between a non-
conductive membrane surface and conductive structural deck or substrate, which is earthed or
grounded” [93]. This method detects leaks in low-slope roofing and waterproofing systems to
ensure quality. Unlike other methods like infrared or nuclear testing, vector mapping detects
membrane faults directly [92]. This method is used for quality assurance of green (vegetative)
and ballasted roofs [92], as EFVVM can evaluate leaks through the overburden and ballast while
still providing accurate results [93].

Wind-driven rain (WDR) exposure testing evaluates the response of the building to WDR loads
[66,77,78]. WDR is characterized by the cooccurrence of rain and wind that causes oblique
rain [66]. WDR test is usually done in controlled laboratory conditions. Equipment that is used
consists of either a pressure chamber or wind tunnel where wind speed/air pressure can be
controlled and changed. Nozzle arrays simulate rain employing water spray and runoff water.
The building envelope component is installed on a specimen and placed in the equipment.
There are usually transparent windows built in such equipment so the tested system can be
viewed from different angles. The inner side of the tested system is visually inspected to
identify water intrusion points [66,77,78].

IRT, NMR and EI techniques may be the most useful for porous building materials and
materials that absorb some moisture. EFVVM technique is usually used for flat or low slope roof
cover with membrane. Research in this thesis utilises the WDR test technique as testing of

BIPV systems is in focus. BIPV usually consists of PV cells encapsulated between two glass
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layers. Water is usually not absorbed by most BIPV systems. Thus, to evaluate the

watertightness of such systems, WDR testing is the most suitable method.

3.3 PRINCIPALS AND STANDARDS OF WIND-DRIVEN RAIN TESTING
The principle of the watertightness test for roof coverings is to apply a certain quantity of water

spray at various ranges of air pressure differences at various slopes at defined conditions
conserning the exterior surface of a roof specimen to observe if water leakages occur
[82,94,95]. It is usual to apply a combination of runoff water on an upper side of the tested
system and water spray distributed along the test specimen surface area. Simultaneously, a
specific level of air pressure difference (AP) is reached between the outer and inner surfaces of
the tested specimen [95]. A range of air pressure is applied and increased stepwise. The test
specimen is inspected for water passages into its inner surface, and water leakage points are
registered. As a result, a limit of watertightness can be identified for the tested systems. The
limit of watertightness may be described as the maximum level of air pressure applied
simultaneously with water spray and runoff water when no water leakages occur on the tested
system’s inner side. Test parameters from watertightness test standards are water spray and
runoff water rates, air pressure and the duration of these parameters [96]. Standards focus on
manipulating air pressure ranges, while water spray and runoff water rates are usually kept
constant. It could be beneficial to manipulate both parameters to simulate WDR exposure more
closely to the one in real conditions. However, this manipulation may be challenging, and more
research is needed before implementing it in the laboratory investigation.

The air pressure loads at which water leakages occur and their locations, along with
corresponding water leakage intensities, have so far been recorded with the main aim of
identifying a qualitative description of the water leakages and the limit of watertightness for
the tested building envelope systems. However, to be able to classify tested systems, additional
test parameters and measurements should be included. More specifically, the watertightness
could be characterized by a measured quantity of water leakages, enabling a comparison
between an extensive range of different roof (and facade) products in general and BIPV
systems in particular. Thus, in the testing methodology of WDR intrusion for BIPV systems

presented herein, a water leakage quantification method is proposed and evaluated.

Several standards provide a methodology for testing the building components against wind-
driven rain exposure. The specific standards for BIPV EN 50583-2:2016 “Photovoltaics in
buildings. Part 2: BIPV systems” [20] and IEC 63092-2-2020 “Photovoltaics in buildings —
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Part 2: Requirements for building-integrated photovoltaic systems” [45] in part describing
wind-driven rain exposure testing, refer to the standard CEN/TR 15601:2012 “Hygrothermal
performance of buildings — Resistance to wind-driven rain of roof coverings with
discontinuously laid small elements — Test method” [97]. The standard 15601 [97] is
unfortunately not accessible through the NTNU library system, nor it was possible to purchase
access due to excessive cost; therefore, information from this standard cannot be compared to
other standards or included in this thesis. The mentioned BIPV standards provide information
on test methods that include test conditions for climate zones such as northern Europe (coastal),
central Europe, and southern Europe, and four sub-tests for climate zone. These four sub-tests
(A, B, C, and D) specify a WDR combination for the mentioned climate zones. Sub-test A: low
wind speed with severe rainfall rate; Sub-test B: low wind speed with high rainfall rate; Sub-
test C: severe wind speed with low rainfall rate; Sub-test D: maximum rainfall rate with no
wind (deluge). According to these BIPV standards, a wind-driven rain test should consist of a
set that includes sub-tests B and D and optionally sub-tests A and C. However, there is no
explanation or reference to what these test parameters are based on and how they represent real

weather conditions.

A table with test conditions provides wind speed and rainfall rates for each climate zone and
each sub-test and is modified for roof pitches 15°, 17,5°, 20°, 25°, 30°, 35°, 40° and 45°. Table
7 presents test parameters for coastal climate in Northen Europe. The duration of a step in the
sub-tests (A, B and C) is 5 minutes = 10 seconds, during which wind speed and rainfall rates
are kept the same, but they change when roof inclination is changed. In the sub-test (D), the
rainfall and runoff were applied without wind for 2 minutes + 10 seconds. An equation to
calculate runoff water from rainfall rate is provided, but it is unclear whether only runoff should
be applied at the top of the test specimen or if water spray will be included. This test method
also requires quantifying of water leakage that might occur, but no details or examples of a
system for water collection are provided.

Blocken and Carmeliet [98,99] investigated an optimal time step of the driving rain load on the
building envelope. The experimental time step of 10 minutes was estimated to represent the
corresponding driving rain load. EN 50583-2:2016 has time intervals of 5 minutes for sub-tests
A, B and C and 2 minutes for sub-test D, which may be too short to be representative of driving
rain load.
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Table 7. Test parameters from EN 50583-2:2016 [20].

Climate Sub-test Test conditions
zone
Wind speed .
Wind speed  Rainfall Rh  Roof pitch on roFc)Jf Rainfall on
U (m/s) (mm/h) o (®) surface us roof surface
Rt (mm/h)
(m/s)
15,5 4305 124
17,5 4,1+05 126
20,0 40+05 127
’\I;(:Jrrt:;;n A 5 110 25,0 38+05 129
coastal 30,0 36+05 130
35,0 3405 129
40,0 3005 128
45,0 2,7+05 126
15,5 11,1+05 85
17,5 10,5+ 0,5 89
20,0 10,4£0,5 92
25,0 99+05 99
® B 60 30,0 9,205 104
35,0 8,7+0,5 109
40,0 7805 113
45,0 7005 116
15,5 21,3+05 13
17,5 20,3+£0,5 14
20,0 20,0+05 15
25,0 19,0+ 0,5 17
¢ 2 ° 30,0 17,8+0,5 19
35,0 16,8 £ 0,5 20
40,0 15,0+ 0,5 22
45,0 135+0,5 23
15,5 0+0,5 217
17,5 0+£0,5 215
20,0 0+0,5 211
25,0 0+0,5 204
° ° 225 30,0 0+0,5 195
35,0 0+£0,5 184
40,0 0+0,5 172
45,0 0+0,5 159

The standard used in this study is NT Build 421 "Roofs: watertightness under pulsating air
pressure™ [100] and is described in detail in sub-section 3.7 in this thesis. It is a common

standard used at the SINTEF Building construction laboratory in Trondheim, Norway, where
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the laboratory investigation for this thesis was performed when roof systems are being tested
with wind-driven rain exposure. This method applies to all components and sections of roofs
made of any material to be fitted in roofs at any slope between 0° (horizontal) and 90° (vertical)
at their normal operating conditions for which they were designed and installed according to
the manufacturer's recommendations in a finished building. In short, a test specimen is exposed
to constant runoff water applied at the top of the specimen and water spray applied across the
specimen using a moving beam while pulsating air pressure intervals are increased in steps
according to a load level for 10 minutes each. The amount of runoff water is 1,7 L/min x m £
0,3 L/min x m, and driving rain is 0,3 L/min x m? + 0,05 L/min x m?. Each pressure pulse lasts
15 + 6 sec. and consists of four stages: an increasing pressure of 3 £ 1 sec., a maximum pressure
of 5 + 2 sec., and a decreasing pressure 2 + 1 sec. and a zero pressure of 5 + 2 sec. Test

parameters are provided in Table 8.

Table 8. Test parameters from NT Build 421 [100].

Angle of slope: 90°-60° 59°-40° 39°-0°
Wind pressure coefficient:  100% 75% 50%
Load level Duration Pulsating air pressure intervals,

min. Pa
1 10 0-200 0-150 0-100
2 10 0-400 0-300 0-200
3 10 0-600 0-450 0-300
4 10 0-800 0-600 0-400
5 10 0-1100  0-825 0-550

A similar test methodology is described in EN 12865:2001: “Hygrothermal performance of
building components and building elements - Determination of the resistance of external wall
systems to driving rain under pulsating air pressure” [101]. Pulsating air pressure is increased
in similar steps that are given in NT Build 421 for slope angle 59°-40°; both runoff water and
water spray are applied. There are two procedures given in EN 12865:2001, “procedure A for
qualitative short time testing and procedure B for quantitative testing where water absorbed by
the test specimen or penetrating the test specimen during the test has to be determined” [101].
Test parameters are provided in Table 9. Time intervals for procedure A are 20 minutes for the
application of runoff and driven rain without air pressure, then 10 minutes for each step of load
level. For procedure B, each load level lasts for 60 minutes. Amount of runoff water is 1,2
L/min x m £ 0,3 L/min x m and driving rain is 1,5 L/min x m? £ 0,5 L/min x m?. Each pressure

pulse lasts of 15 £ 4 sec. and is consists of four stages: an increasing pressure of 3 £ 1 sec., a
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maximum pressure of 5 + 1 sec., a decreasing pressure of 2 + 1 sec. and a zero pressure of 5 +

1 sec.

Table 9. Test parameters from EN 12865:2001 [101].

Procedure A Procedure B

Duration Duration Pressure
Load level . . .

min. min. difference Pa
1 20 60 0
2 10 60 0-150
3 10 60 0-300
4 10 60 0-450
5 10 60 0-600

600 + ix150

6 10 60 i=1,2,3...n

Laboratory tests of building elements could have different purposes [102]:

o Quality assurance.
e Product performance prediction.
o Comparison of different products’ performance.

o Data for product design development.

WDR testing covers the abovementioned purposes and can provide useful data for building

elements assessment and improvement.

To thoroughly test the building envelope systems as the climate screen, it is crucial to test a
large-scale model, as the most vital here is to investigate how the connection of elements of
such systems affects the performance. There are three basic experimental methods that can be
used in building science: (a) full-scale models, (b) test cells or (c) experimental modules and
large-scale model tests [103]. Full-scale model means that a whole building in full-scale is
taken as a model for test, which usually is performed outdoors [104]. Such test aims to collect
data on the building performance in real outdoor conditions. Test cells means that a part of a
building, a cell, is tested in outdoor conditions, while the necessary indoor conditions are
controlled [105], while outdoor conditions are present as they are. The test cells test may be a
connecting point between the full-scale test and the scale model test. Large-scale model means
a model, constructed of elements and modules of real size, but the tested fragment of the

building envelope fitted to a test specimen. The large-scale model test enables the evaluation
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of various building envelope systems under close-to-identical laboratory conditions, as these
conditions can be easily replicated in indoor laboratories using similar equipment and

methodology.

Compared to the other two basic experimental methods the large-scale model test (c) has both
economic and time-related advantages, but the exact scale is to be chosen for each specific test
case. While full-scale and test-cells testing of the building envelope systems can provide
extensive information and understanding of how various building envelope components work
together [104], the large-scale model test was found most appropriate for the present study and

thus employed in the investigations.

3.4 WIND-DRIVEN RAIN INTRUSION TEST EXAMPLES
Bitsuamlak et al. [104] present a full-scale testing apparatus, the Wall of Wind (WoW), and a

testing methodology that can be adopted for assessing wind-driven-rain intrusion through the
building envelope. A full-scale 2-fan and 6-fan WoW facility is described. The first is used for
testing small structures and assemblies, and the second one can test a full-scale low-rise
building model; therefore, any building envelope system (facades, wall assemblies, roofs,
doors, and windows) can be tested there. 6-fan WoW can generate sustained wind speeds up to
56 m/s, representing hurricane-like winds. The researchers assessed how effective a roof
secondary water barrier (no primary roof covering such as shingles or tiles) prevents water
intrusion. This case represents a worst-case scenario when the main roofing has been blown

off by a hurricane.

A water-intrusion test was conducted for a roof sample size of 3 m x 2,4 m. Six roof secondary
water barriers were investigated: light asphalt-based, heavy asphalt-based, self-adhered asphalt
based, light synthetic, heavy synthetic, and self-adhered synthetic. Testing of light asphalt-
based secondary water barrier was conducted for three slopes 9,46°, 18,43° and 26,57°, which
represent typical Floride roof slopes. Water-intrusion test for the six secondary water barriers
was carried out for 9,46° slope. The following test parameters were used: water rate 224 mm/h.,
wind speed 24.6 m/s, and test duration 3 minutes. “Artificial seems were introduced on the
plywood sheathing underneath the secondary water barrier at every 0.3 m to enable the
collection of infiltrated water using the clear plastic sheet covering the ceiling of the roof deck.”
[104] (Figure 21 c and d).
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Figure 21. Water monitoring and collection setup. (a) Complete setup with camera and plastic ceiling,
(b) the test specimen from bird’s view, (c) leaked water through the roof layer and (d) water collection
[104].

The test results for the light asphalt-based secondary water barrier showed that wind-driven
rain intrusion through the roof underlayment is lower at the steeper slope than the lower slopes.
The wind affects the secondary water barrier at the lower slope, and the overlapping lining
between two consecutive secondary water barrier layers was flipped, allowing the wind-driven
rain to migrate upward along the slope to penetrate through. “Furthermore, the pressure type
that develops on the roof deck (i.e., negative versus positive) influences the amount of water
intrusion. It can be explained by the external pressure distribution generated on the 9,46° roof
deck is dominantly negative, causing separation and pulling the membrane upwards from the
roof surface, eventually facilitating the leaked water to run under the secondary water barrier
and over the plywood deck, and leak through the plywood seams. On the other hand, for the
steepest roof slope 26,57°, the mean pressure generated was positive. In this case, the
membrane was pressed down and stuck with the roof deck, making the whole system act as a
unit, thus leading to a minor amount of seepage and hence less leakage. In addition, it was
relatively complex for the wind to push the rain to migrate up a steeper slope compared to a
gentler slope. As the slope gets steeper, pressure tends to be less negative, and the flipping at

the overlaps is reduced, with the reduced intrusion of wind-driven rain” [104]
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Watertightness of stone roof slates was investigated by Fasana and Nelva [106]. They described
what may influence watertightness of traditional stone roofing, possible weak points of roofing
(clay tiles, concrete tiles, metal profiled sheets, fibre-cement profiled sheets, stones, slates, etc.)
tested previously to help improve stone roof slates’ watertightness by changing a shape of slate

sides and changing how these slates overlap.

A sloping closed-jet wind tunnel (Figures 22 and 23) was used for watertightness testing of
roofing. This equipment can fit specimen size 1,5 m x 1,75 m. Under the roof specimen, a
transparent box is placed to regulate the static pressure difference by a fan. Roofing was tested
at slopes 40%, 45% and 50% (45° equals to 100%). Test parameters included water spray rate
2 L/min x m? and runoff 10 L/min x m, wind speed 14 m/s, air pressure difference from -60Pa
to 40Pa with 5Pa increase to the next increase of air pressure, increasing static air pressure

difference and test duration. Figures 24 and 25 show two roof systems during testing.
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Figure 22. The apparatus for watertightness tests of discontinuous coverings (a) plan and section and
(b) isometric drawing [106].
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Figure 23. The apparatus used for waterproofing tests, the transparent box under the sample is visible
[108].

Figure 25. View of the specimen of a traditional stone roof carried out by Fasana and Nelva (a) front
side of the specimen and (b) back side of the same specimen [106].
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Qualitative observation of water infiltration is presented. The roof slope had the most influence
on the occurrence of water infiltration. At low inclinations water infiltration points appeared at
the head-on overlaps (the action of the wind influences it); at higher inclinations infiltration
points were in the side overlaps (the gravity and the water streaming down influences the most).
The value of the overlap of the roof slates and the dimension of the side joint between the roof
slates affected the watertightness of the roof slates the most. It was also highlighted that the
inclination of the installed roof system plays a critical role, and an angle at which the system

is the most watertight can be found [106].

A study done by Olsson [107] investigated the expected rain intrusion rate at facade details
based on four laboratory studies. EN 12865 “Determination of the resistance of external wall
systems to driving rain under pulsating air pressure” [101] was partially used for the

experiments, but additional load combinations and repetitions were included.

Facade systems that were tested: ventilated facades with facade layer of render on fibre cement
board, fibre cement board, composite board, and wood panel, 29 window-wall interfaces with
three different facades or wall constructions (where some of the window-wall interfaces had
intentionally not well-performed joints so they could be compared to well-performed joints).
The specimen size was 3 x 3 m and represented a full-scale wall. Test parameters included
water rate 1,5 L/min x m? and runoff 1,2 L/min x m (in some of the experiments, the rain load
was reduced to simulate lower driving rain intensity), dynamic pressure loads of 0 Pa, 0-75 Pa,
0-150 Pa, 0-300 Pa, 0-450 Pa and 0-600 Pa. Type of equipment and test steps duration were
not presented in the article. However, as it utilizes the standard EN 12865 and rain intrusion
was quantified, test steps duration should be 60 minutes each. Rain intrusion was quantified by
measuring the amount of water in collection funnels that were placed under each facade detail
on the rear of the fagade. Unit of water infiltration is given in L/min and % of total water

amount applied.

The results showed that leakages of significant volumes appeared in small invisible
deficiencies in the fagcade. The leakage rates depend on the deficiency’s size, position and
geometry, cumulative runoff rates, surface properties and size of the projecting details. Testing
of 29 window-wall interfaces with the best possible installations showed no noticeable
difference in watertightness and leakage rate compared to the same interfaces with man-made
flaws [107].

46



Lacasse et al. evaluated and compared laboratory tests from several studies on driving rain load
and the risk of rain infiltration through various types of wall assemblies [108]. It was concluded
that the risk of rain ingress entirely depends on the nature and material of the cladding or wall
surface, the presence of openings or deficiencies in the wall that water can infiltrate through,
and pressure differences across openings. It is not uncommon that water infiltrates through the
plane of the exterior cladding, but it is not seen as typical either. Thus, details of each cladding
can be associated with potential risk for water infiltration. Such details are windows (i.e.,
fenestration products), ventilation ducts, and electrical outlets, but most of the risk should be
considered for water infiltration through joints in the cladding [108]. “The hydrostatic pressure
of the runoff is an important parameter for water infiltration to occur. A higher spray rate, i.e.
a thicker runoff film, results in a higher water entry rate. The applied wind pressure difference
over the exterior surface of the wall assembly has an impact on the water entry rate. A reduced
airtightness of the air barrier causes an increase in the pressure difference over other layers of
the wall assembly, resulting in an increased impact of wind-driven rain and increased water
entry rates. If the cavity behind the rainscreen is not pressure equalized or if no cavity is
apparent, the water entry rate will increase for increasing pressure difference. Cyclic test
sequences resulted in lower pressure equalization values, especially for wall assemblies with
low pressure equalization and small openings in the rainscreen. Water ingress was therefore

recorded at lower pressure differences and higher water entry rates” [108].

WDR testing of the curtain wall was conducted with both static and cyclic pressure. Results
showed that the amount of infiltrated water did not show any correlation with pressure
difference. This indicates that the hydrostatic pressure exerted by runoff film is the main force
for water infiltration. Results from the cyclic test showed greater rates of water ingress at lower
pressure differences compared to the results from the static test [108]. “Cyclic pressure
fluctuations resulted in lower pressure equalization values, resulting in water ingress into the

interior at lower pressure differences than to static pressure differences” [108].

Evaluation of ventilated facades gave the following results: “49.7% of the sprayed water
splashed back, 22.5% created a runoff film along the exterior surface, 27.3% infiltrated into
the air cavity, and 0.54% reached the exterior surface of the thermal insulation layer” [108].
Results for window products installed in various wood-frame wall assemblies pinpointed that
water intrusion occurred even when no pressure was applied. This can be explained by gravity
action. “The water infiltration rates increased with increasing spray rate, increasing pressure

difference, and reduced airtightness of the air barrier” [108].
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Equipment, systems tested, sample/test specimen size, tilt angles (if sloped roof), test

parameters water rate L/min x m?, wind speed, and test duration.

A comprehensive study of the water management of a ventilated facade system and
quantification of water intrusion through joints was carried out by Arce-Recatala et al. [109—
111]. Three rear-ventilated fagade systems were chosen based on the type of fixing method and
the vertical and horizontal joins design [109]. Rear-ventilated facades are pressure-equalized
rainscreen systems. This type of facade is not load-bearing; external cladding consists of an
outer skin of panels fixed to a framework which is mechanically fixed to an airtight, insulated
wall [109]. A ventilated, drained, and pressure-moderated cavity is left between the outer skin
of the panels and the airtight wall. A pressure-moderated rainscreen cladding is designed so
that wind pressure acting on the face of the rainscreen is balanced by the pressure created at
the joint. Water ingress in facades is induced due to the kinetic energy of raindrops, surface
tension, gravity action, pressure difference, local air current, hydrostatic pressure and capillary
forces [109]. Even though the rear-ventilated facades are designed to control these forces, water
ingress may occur if the forces are not sufficiently considered in the joint design and
construction details. The test was carried out using water spray and pressure differences applied
in steps (150, 300, 450, 600 and 750Pa); the test duration was 15 minutes, during which a
constant film of water at a rate of 2 L/min x m? was supplied. Results are presented as the water
infiltration rates (%) as a function of applied pressure differences. Water infiltration rates into
the cavity were constant for all pressure difference levels. “These results evidence that there is
no driving pressure acting on the water infiltration through the test specimens as it would have

been expected for a pressure-equalized fagade system” [109].

Arce-Recatala et al. provided descriptions and schematic illustrations of water intrusion
collection during WDR testing of a facade system [111]. The water ingress was studied at
laboratory conditions and measured at each differential pressure load level using a gutter
system (Figure 26), where a full-scale mock-up of the ventilated fagade system was built. The
complete laboratory setup of this study is shown in Figure 27, showing how water intrusion
was collected and measured. The gutter system was connected to buckets that were placed on
scales. Pressure difference was applied in 10 steps ranging from 50 to 800 Pa, first applied

across the test specimen in over-pressure (+ ve) and later in under-pressure (- ve; suction).
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Figure 26. (a) Schematic drawing of the gutter system placed beneath the test specimen showing two
points of water collection. (b) Photo of the gutters A3 and A5 placed in the mock-up with the tube
connections for the drainage of collected water to the buckets [111].

Figure 27. Photo of the laboratory setup of the rear face of the mock-up. The collection trays are
connected with plastic tubes to buckets placed on weighting scales, which measure the water ingress
[111].

Sai Vutukuru et al. [112] investigated water intrusion for shuttered and impact-resistant
windows to evaluate quantitatively wind-driven rain exposure. 12 fan Wall of Wind (WoW)
was used, which is twice as powerful that used by Bitsuamlak et al. [104]. Wind speed for up
to category five hurricane-force on the Saffir-Simpson scale (almost 70 m/s) can be simulated.
Full-scale window assemblies were installed on a large-scale building model. “The building
was constructed from Structurally Insulated Panels (SIPs) for all four walls and roof and has
dimensions of 2.75 m. (length) x 2.44 m. (width) x 3.00 m. (height) covered by a gable roof of
5:12 slope with a 0.3moverhang on all sides” [112].
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Van Linden and Van Den Bossche [113] also evaluated window-wall interfaces but chose
drained and face-sealed systems. The wall type, cladding and window type varied due to the
type of window-wall system tested. Wall specimens’ sizes were: “2,39 m high and 1,07 m
wide, incorporating a window with a height of 1,01 m and a width of 0,56 m.; window frame
(1,48 m high by 1,23 m wide) was installed in a brick cavity wall of 2,28 m high by 1,96 m
wide; a non-operable wooden window (1,55 m high and 1,23 m wide) was installed in a typical
wood frame wall of 2,28 m high and 1,96 m wide [113]. The test was carried out according to
EN 12865 [101] cyclic and static test sequence. “The results of the static and cyclic test
corresponded well. From a scientific point of view, it may be advisable to conduct both tests
to determine the threshold values for water leakage, but a static test is simple and typically a

conservative approach” [113].

3.5 BACKGROUND OF WIND-DRIVEN RAIN EXPOSURE TESTING OF

BIPV SYSTEMS
Even though WDR testing of the building envelope components is well studied and

documented, more studies should be done on BIPV performance under WDR exposure. A few
large-scale experiments with WDR exposure for the BIPV systems were conducted by Breivik
et al. [114] and Andenges et al. [115] for their master theses. These studies are conducted in the
same laboratory that the study in this thesis was conducted, therefore for easier reference, they
are named Study 1 (experiments done by Breivik et al. [114]) and Study 2 (experiments done
by Andenzs et al. [115]). Both studies were based on the test method standard NT Build 421
"Roofs: watertightness under pulsating air pressure” [100] and used the same equipment rain
and wind (RAWI) box at the NTNU and SINTEF Building construction laboratory in
Trondheim, Norway. The RAWI box was also used for investigations in this thesis, and detailed
information about this equipment is given in subsection 3.4. NT Build 421 was used in the
present study as this is the standard used at the SINTEF Building construction laboratory for

evaluating WDR exposure on roofs.

In Study 1, large BIPV modules were tested. Two modules were surrounded by tailor-made
(tailor-made meaning that they are designed for this type of BIPV modules) steel fittings, and
steel plate roofing was installed around the BIPV modules. The BIPV modules and steel fitting
were produced by the same manufacturer, DuPont, steel plate roofing Isola Powertekk tile was
manufactured by Isola and cut at the laboratory to fit on the specimen. This BIPV system and

surrounding roofing were market-available at the time; it is not a prototype. The transparent
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polycarbonate (Lexan) board underlayment was used under the BIPV system (Figure 28 left).

Areas between the steel roofing and steel fitting were sealed with self-adhering siliconized

paper.

Figure 28. Roof system tested by Breivik [114].

Throughout the test, the differential air pressure occurred over the underlayment. The test
required that the differential air pressure occurred over the BIPV roof sample, so a hole (37 cm
x 43 cm) was cut in the underlayment (2.75 m x 2.75 m). During further testing, difficulties in
maintaining the desired level of air pressure difference were encountered. To solve to this
problem, it was decided to seal the initial hole and cut a smaller hole (7 cm x 43 cm). However,
the desired differential air pressure levels still were not reached, and as it was a study for a

master thesis with limited time, testing was stopped at this stage.

In Study 2, solar tiles and solar shingles systems were tested; all were available on the market
at the time and are not prototypes. Compared to Study 1, no underlayment was used in Study
2, which was due to time constraints associated with a study for a master thesis. The
underlayment provides a certain amount of resistance against WDR intrusion due to an air
cushion accumulating in the ventilated air gap behind the elements of an actual roof or fagade
structure. Therefore, water leakages were expected to occur quite early in the test and a test
procedure with lower load levels was used. In Study 2, the BIPV systems did not cover the
whole test frame area; thus, areas between these BIPV systems, roof tiles and the rest of the

frame were sealed using duct tape and a 0.15 mm thick polyethylene foil (Figure 21).
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Figure 29. Roof systems tested by Andenas, (a) solar roof tiles and conventional roof tiles, (b) solar
shingles in two configurations with four solar shingles and (c) seven solar shingles surrounded by
dummy shingles from the same manufacturer [115].

In Study 1, the inclination angle was changed more times during the test than in the present
study and Study 2. It was found to be more time-efficient to adjust the inclination angle once
from 30° in phase 1 to 15° in phase 2. Additionally, drying the test systems between test phases
could be shortened. In Study 1, heating fans were used; in Study 2, the test systems were left
to air-dry overnight; in the present study, the test systems were left to air-dry for a couple of
hours. It must be noted that in the present study, the preparation time before the test and trial
testing took a considerable amount of time. Taping a large area with sealing tapes was
challenging, and the tape had to be fixed multiple times during trial test runs. Then, once the
tape was fixed, the test procedure was straightforward.

3.6 COMPARISON OF TESTING METHODOLOGIES OF WIND-DRIVEN

RAIN EXPOSURE ON BIPV SYSTEMS
The present test methodology and methodologies from Study 1 and 2 are summarised in Table

10. Studies 1 and 2 laid the ground for research in this thesis. The experience and lessons
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learned from these two previous studies were very valuable and helped to save precious time

during Ph.D. period
The main distinctions of the present study can be highlighted as follow:

e Water intrusion quantification using the underlayment was implemented.
¢ Holes of optimal size that were cut in the underlayment were found.
o Layering of sealing tapes was used to cover areas around the BIPV systems.

o Time between test phases was shortened.

Table 10. Comparison of wind-driven rain exposure test methodologies used for the tested
BIPV systems for roof integration [116].

Pulsating  Underl Water
Study Tested Photo of the BIPV (cyclic) air  ayment intrusion T
P est procedure
reference  system system pressure  (Lexan quantificatio
intervals plate) n
Runoff 3 ph_ases of test: 1. runoff water
water (0 gppl_led_ at 30° to 15°
Pa) inclinations; 2. runoff water,
! water spray, and range of
100 Pa, LR )
Large 200 Pa pulsating air pressure applied to
Study 1 BIPV 300 Pa’ Yes No underlayment at 30° then the
modules 200 Pa’ system was dried, and range of
500 Pa’ pulsz_:\ting air pressure was
600 Pa’ applied at 15_°; 3. An attempt to
750 Pa’ apply pulsating air pressure to
BIPV system (terminated)
Runoff
Roof water (0 2 phases of test: 1. runoff water,
Study 2a tiles Pa), No No water spray, and lower range of
10 Pa, 20 pulsating air pressure applied to
Pa, 30 Pa, BIPV system at 30° inclination;
40 Pa, 50 2. runoff water, water spray, and
Pa, 60 Pa, lower range of pulsating air
Roof 70 Pa, 80 pressure applied to BIPV system
Study2b cpinales Pa, 90 Pa, No No at 15° inclination. Phase 2 was
100 Pa, carried out on the next day after
120 Pa, phase 1.
150 Pa
Roof
shingle Runoff 2 phases of test: 1. runoff water,
water (0 water spray, and a range of
Pa), pulsating air pressure applied to
The Roof 100 Pa, BIPV system at 30° inclination;
tiles 200 Pa, 2. runoff water, water spray, and
present 300 Pa. Yes Yes a range of pulsating air pressur
study , g p g air pressure
400 Pa, applied to BIPV system at 15°
500 Pa, inclination. Phase 2 was carried
Large 600 Pa, out on the same day after phase
BIPV 750 Pa 1.
modules Y
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The present study's main aim was to quantify water intrusion during WDR testing in the RAWI
box. The underlayment was used as a part of the water collection system, the optimal size of
holes was found, and water was collected during WDR experiments. While Study 1 also used
underlayment, no holes were cut at first. Even though air pressure intervals of the same
magnitude as in the present study were applied in Study 1, with no holes in the underlayment,
differential air pressure was applied to the underlayment and not to the tested BIPV system.
The author of Study 1 cut a hole 37 cm x 43 cm in the underlayment (Lexan wind barrier) and
attempted to apply the same differential air pressure as before. However, they could not be
reached inside the RAWI box as it was concluded that the hole was too large. That hole was
then sealed, and a smaller 7 cm x 43 cm hole was cut in the underlayment. However, the desired

differential air pressure levels were still not reached.

The author of Study 1 concluded that both holes cut were too large, that the study was a master
thesis study with strict time and budget constraints, and that further testing was terminated.
Qualitative data on the placement of water intrusion obtained in Study 1 may differ from data
that can be obtained if the same system is tested according to the test methodology from the
present study. Therefore, data from Study 1 cannot be compared to data from the present study.
Data obtained in Study 2 also cannot be compared to data from the present study. No
underlayment was used in Study 2, and air pressure intervals of a lower range were used.
Therefore, qualitative data on the placement of water intrusion obtained in Study 2 (a and b)
may differ from data obtained if the same systems are tested according to the test methodology
from the present study. In conclusion, qualitative data from Study 1 and Study 2 cannot be
compared to qualitative data from the present study. However, testing methodologies can be
compared (Table 10), and this comparison helped to improve the present testing procedure. It
must be noted that in the present study, the preparation time before the test and trial testing
took a considerable amount of time. Taping a large area with sealing tapes was challenging,
and the tape had to be fixed multiple times during trial tests. Then, once the tape was fixed, the

test procedure was straightforward.

3.7 DESIGNING A WATER COLLECTION SYSTEM FOR

QUANTIFICATION OF WATER INTRUSION
In the present study and previous studies [96, 97], WDR was simulated in a specially designed

rain and wind (RAWI) box (Figure 30) at the NTNU and SINTEF Building construction

laboratory in Trondheim, Norway. A roof sample is mounted on a test frame that is fitted in
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the RAWI box. Runoff water is applied from a row of tubes placed above the top of the test
sample. WDR is simulated by air tubes that supply pulsating air velocities mounted on to a
horizontal boom and a set of nozzles spraying water across the entire test specimen. A
horizontal boom (row) with water nozzles is mounted on rails inside the box and moves up and
down at a velocity of 0.2 m/s along the sample 0.6 m above the exterior roof surface, spraying
WDR at a rate of 0.3 L/min x m?. The runoff water and WDR spray rates are the same in NT
Build 421 [100]. The nozzle boom sprays water, and air pressure is supplied in pulses onto a
test sample, simulating gusts of wind and rain. “Both the velocity of pulsating air from the
tubes and the pulsating positive pressure (overpressure) inside the RAWI box was increased”
[114]. The RAWI box allows step-less tilting between 0 and 95 degrees from the horizontal
plane, controlled pulsating air pressure across the test specimen and runoff water at a constant
rate of 1.7 L/min X m at the top of the test area [114].

RAWI
box Boom that
simulates
wind-driven
rain
Tested g N e
system [ ' ‘ A\ Ny

] &

Figure 30. Large-scale turnable box for rain and wind tightness testing of sloping building surfaces
(RAWI box), while test is running (left) and RAWI box without a test sample (right) [114]. Schematic
drawing of RAWI box is shown in Figure 29.

The boom inside the RAWI box, which delivers WDR across the sample area, consists of tubes
that supply water down to transparent vertical cylinders, where it hits the air stream that blows

out of horizontal air tubes and is blown onto the sample area [114].

The duration of the water spray and air pressure exposure are combined in NT Build 421 [100]
and last for 10 min for each increase of air pressure, while the water spray rate stays constant.
The parameters given in NT Build 421 [100] and the parameters used in the present study are
given in Table 11. All parameters used in the current study are presented in Table 12. Air

pressures provided in Table 12 and related to weather conditions and wind speeds, do not
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consider the building’s geometry and its’ effect on air pressure. The load level 0 (0 Pa air
pressure, runoff water) was added along additional levels 6 (600 Pa) and 7 (750 Pa) compared
to the parameters given in NT Build 421 [100]. It was decided to have additional load levels as
potential worst-case scenarios when wind speeds are of more extreme levels. The test is
initiated at load level 0, when the nozzle boom is inactive, and only runoff water is applied. At
load levels 1-7 (between 100 Pa and 750 Pa, depending on the load level), air pressure inside

the box is increased and decreased in cycles (pulses) lasting 5 seconds for 10 minutes.

15° and 30° roof inclinations were used in the present study, which is based on typical roof
constructions found in Wooden Houses book that describes traditional Norwegian buildings
[65]. Roof inclinations of 15°, 30°, and 45° are typical; however, 45° is considered a very high
inclination [117] and is therefore less typical. A pitched roof that is covered with roof tiles
should have the inclination of at least 14 - 15° [65] “The SINTEF Building Design Guides
(Byggforskserien) [118] sets the minimum roof pitch to 10-15°. 15° is the lowest and 45° is the
highest roof inclinations specified in the standards for BIPV EN 50583-2-2016 “Photovoltaics
in buildings. Part 2: BIPV systems” [20] and IEC 63092-2-2020 “Photovoltaics in buildings —
Part 2: Requirements for building-integrated photovoltaic systems” [45]. The optimal tilt angle
for PV installation for power output in Norway is set to around 40° [119]. A software tool,
PVsyst, designed for the solar energy industry, simulates and analyses solar energy systems of
various types. The optimal tilt for PV systems in Trondheim when simulated in PVsyst, is 45°.
However, it may not always be feasible to change and adapt the tilt angle to the optimal tilt
angle for PV systems. Then building traditions and local, building guidelines are prioritised.

Table 11. Test parameters of NT Build 421 [100] compared to parameters used in BIPV
systems testing [116].

NT Build 421 The present study
Angle of slope 39°-0° Angle of slope 30° and 15°
Load Duration Pulsating air Load Duration Pulsating air
level (min) pressure intervals level (min) pressure intervals
(Pa) (Pa)
1 10 0-100 0 10 0 Runoff water
2 10 0-200 1 10 0-100
3 10 0-300 2 10 0-200
4 10 0-400 3 10 0-300
5 10 0-550 4 10 0-400
5 10 0-500
6 10 0-600
7 10 0-750
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Table 12. Parameters used during wind-driven rain testing [116].

Pulsating

Load Colour (cyclic) air Wea_ther I\/_Iammum Duratio
level  mark pressure cond_ltlt_)n wind speed n (min)
. description (m/s)
intervals (Pa)
0 0, runoff water - 0 10
1 0-100 Strong breeze 12.9 10
2 e 0-200 Fresh gale 18.2 10
3 . 0-300 Strong gale 22.3 10
4 0-400 Storm 25.8 10
5 0-500 Violent storm 28.8 10
6 0-600 Violent storm 31.6 10
7 1A 0-750 Hurricane 35.3 10

The maximum applied wind speed was 35.3 m/s, which corresponds to extreme weather
conditions such as hurricanes. This level is identified as a red danger warning; inhabitants
usually receive messages from municipalities about prognoses, weather conditions, hazards
associated with it and recommendations on how to behave during the period while this
condition lasts. Norwegian Meteorological Institute (MET) issues reports with information
concerning extreme weather conditions, which are available on their website.

In January 2021, middle and north parts of Norway (Trgndelag and Nord-Norge) experienced
extreme wind speeds of 35-50 m/s and even 40-50 m/s [120]. In October 2008, other parts of
Norway, more to the south and middle part, experienced extreme wind conditions. Wind speeds
of 30-37 m/s were measured in Sogn and Fjordalen, Mgre and Romsdal and Trendelag [121].
In September 2020 the northern part of Norway (Lofoten, Vesteraalen and Troms) experienced
wind speeds of 27-35 m/s and up to 40 m/s [122]. MET also sends warnings about extreme
precipitation loads. In November 2020, Helgeland and north Trendelag, the prognosis was
expected to be 80-100 millimetres (mm) in 24 hours and locally up to 120 mm; actual
measurements were around 60 mm in 24 hours. For Hordaland and Sogn prognosis was 120-

150 mm in 24 hours; no information about actual measurements was presented [123,124].

Therefore, it is of significant importance to test the building envelope systems applying
extreme weather conditions to test and ensure that installed systems can withstand such

conditions without creating hazardous situations.

Studies 1 and 2 were analysed to identify possible improvements. Firstly, it was concluded that
the underlayment must be used along with finding an optimal hole size cut into it to achieve

the desired air pressure difference. The underlayment was also needed for water collection, i.e.,
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quantifying the water leakages. A water collection system was used for the first time in the
RAWI box when roof components were exposed to WDR. Thus, it took many trials and failures
to make this system work properly; ultimately, the system proved feasible to build and use. A
transparent polycarbonate (Lexan) board was applied as the underlayment so water leakages

could be observed (and collected).

Study 1 [114] found that the underlayment must be punctured so that the air pressure will be
applied to the tested system and the desired levels of air pressure difference can be reached.
Hence, four holes (each with a size of 5 cm x 40 cm) were cut in the upper part of the
underlayment. During the underlayment evaluation, an idea to cover these holes with a
breathable, waterproof material was assessed prior to testing. If water that would go through
the connecting points of a tested system would be drained through holes in the upper part of
the underlayment, they must have been covered to collect all the water. After the first test trials,
no water was draining through the holes in the underlayment, and they were left uncovered for

the duration of the experiments.

The underlayment was fitted into the frame (2.75 m x 2.75 m) and was mounted on the wooden
structure secured by screwing wooden battens to it. The wooden battens were spaced 0.6 m
from each other and formed four separate sections. As the main frame of the test specimen was
wider than the width of these four sections, two small sections were left along section 4 and
section 1 (Figure 31). The two smaller sections were not a part of the water collection system,

as water was only collected from the four main sections.

At the bottom of the frame, a water collection system was built. Following the already built
four sections, four water collection sections were formed, where one round hole was cut in
each section, and a tube was connected to each hole. A triangle profile of wooden battens was
built near each hole and taped to the underlayment with duct tape. An outline of the water

collection system is shown in Figure 39.
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Figure 31. Outline of the water collection system [116].

The four water collection sections were numbered, and respective containers for water
collection were placed at the end of each tube connected to their section. The tubes were
partially filled with water so that the air pressure measurements would not be interfered with,
which was suggested by laboratory staff. The four sections with the water collection system at
the bottom of the sections are shown in Figure 32 (except the water collection containers), with
some details depicted in Figure 33. See also Figures 38 and 39 that show the water collection
containers. In Figure 32 left, one of the four holes cut in the underlayment's upper part is

marked with a white rectangle.
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A~ Dressure difference wind-driven rain

Figure 32. The BIPV system during trial runs viewed from the outside (left) and inside (right) of the
RAW!I box [116].

Water collection
section

Triangle wooden
profile

Tube to collec
water

Figure 33. The water collection sections viewed from the back side of the BIPV system [116].

The remaining fragments of the surrounding frame were covered with 0.15 mm thick
polyethene foil to create a watertight barrier around the BIPV systems, which was sealed to the
test frame using duct tape. Edges of the BIPV system were sealed using three types of sealing
tape. The first layer was Halotex Flex Tape 60 mm, following the polyethylene foil. Then,
Halotex Delta Tape 60 mm was placed over the plastic foil, following Halotex Delta Tape 100
mm (Figures 34, 35 and 36). Examples of a complete taping are depicted in Figure 36, from
the front point of view before a trial testing and from the back-side point of view during testing.
It was decided to try to apply sealing tapes that are usually used in underroof structures, as they
had proven to be durable enough for prolonged periods [125].

60



Polyethylene foil

v

i

Sealing tape (60 mm), layered first

Sealing tape (60 mm), layered second

Sealing tape (100 mm), layered last

BIPV system

»

Figure 34. Schematic drawing of sealing tapes layering [116].
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Figure 35. Sealing the edges of the BIPV system using sealing tapes and polyethylene foil (view from
the frontside). On the right photo a tube used to measure the differential air pressure is visible lying on
the black module [116].
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Figure 36. View of a complete taping from the frontside (left) and from the backside (right) [116].

Wooden triangle profiles were covered on the top and the bottom side with duct tape (marked
with number 1 on Figure 37 left), while on the side part of each triangle profile where they
were connected to the underlayment, Haloproof multi xtreme flex tape was attached (marked
with number 2 on Figure 37 left) to seal the gap and ensure that all the water would be collected.
Then, double-sided sealing tape was attached to the upper part of each triangle profile. Later,
plastic foil was attached to this double-sided tape (marked with number 3 on Figure 37 right).

The step-by-step procedure of the present methodology is summarized in Figure 40.
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Wooden profile Waterproof tape Plastic foil Double-sided tape

Figure 37. (1) Triangle wooden profile covered by duct tape built on the underlayment. (2)
Waterproof tape sealing the gap between the underlayment and the triangle wooden profile, and (3)
double-sided tape sealing area between the triangle wooden profile and (4) plastic foil [116].

As in the case of this test method, the air pressure difference must be set concerning the air
pressure over and underneath the tested BIPV system. A tube (Figures 38 and 39) was placed
under the BIPV system in the upper left corner, and the other end of the tube was then
connected to the RAWI box. Along with this measurement, it was advised by the laboratory
staff decided to measure the air pressure difference externally. One tube of the same diameter
was installed during the taping stage on top of the BIPV system in the upper right corner (Figure
35 right). Later, this tube was connected to the external micromanometer, and another tube of
the same diameter was placed underneath the BIPV system (Figures 38 and 39). Both the
RAWI box and external micromanometer measured the air pressure difference over and under
BIPV systems. Measurements were taken at each load level at the beginning of each, monitored
during each load level and compared to the level of air pressure measured by the RAWI box.
All load levels provided in Table 11 and measured by the external micromanometer and
measurements in the RAWI box during all test runs reached the desired values of 100, 200,
300, 400, 500, 600 and 750 Pa. Once it was confirmed that the desired air pressure level was
reached, the focus was on monitoring water leakages, their intensities if they occurred,
monitoring that no water leakages occurred under the sealing tapes or water collection system
surrounding that are not associated with leakages through BIPV systems.

62



Cross section A-A

RAWI box

2500 mm

BIPV system —

Underlayment —_|

a8k
RAWI box _1/L—U 3] -

control panel
micromanometer

1, 2 and 3 — tubes to measure air pressure difference

4, 3, 2 and 1 — water collection sections number

RAWI box

4400 mm

2140 mm
2750 mm

BIPV system

Underlayment 1 l< Water collection section

F—— F—p—— —%— %

v

l
i

2145 mm |
’ 3850 mm_\

(O ()]

Water collection containers

Figure 38. Schematic drawing of rain tightness test setup with four water collecting sections connected
by tubes to four containers where the leakage water was collected. Additionally, a set of 3 tubes was
used to measure air pressure difference. Tube 1 for measuring the differential air pressure by the RAWI
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box, and tubes 2 and 3 for measuring the differential air pressure connected to the external
micromanometer. Dimensions of the water collection system are given in Figure 22. Upper sketch
depicts a cross section top view of the RAWI box, whereas the lower sketch shows the front face of the

RAWI box (see e.g., right photo in Figure 21 for front face of the RAWI box with additional details)
[116].

External
1, 2 and 3 — tubes to measure air pressure difference micromanometer

Figure 39. Rain tightness test setup in the laboratory. The set of 3 tubes to measure air pressure
difference are marked. Tube 1 for measuring the differential air pressure by the RAWI box, and tubes
2 and 3 for measuring the differential air pressure connected to the external micromanometer [116].
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Figure 40. Summary of the present test methodology [116].
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4 LABORATORY INVESTIGATION RESULTS

This chapter summarizes the main research outcomes from applying the methodology to
quantify of water intrusion. It presents information on the design and installation of tested
BIPV systems and the results of laboratory investigations. All information provided in this
chapter is currently under review as a research paper.

4.1 OVERVIEW OF TESTED BIPV SYSTEMS
Three BIPV systems were tested in this study. The first (BIPV system 1) one constructed by

fish-scale solar shingles resembling the skin of a fish. Each solar shingle is a compound of two
layers of safety glass with solar cells laminated between them. Therefore, such modules are
called glass-glass modules. The BIPV system can be complemented to fit the roof shape using
colour-matching aluminium composite plates, which can be cut to diverse sizes and forms. The
second BIPV system (BIPV system 2) is composed of flat solar tiles and their matching tiles.
Rectangular-shaped tiles are made of a ceramic compound, and the tiles with solar cells are
covered with tempered glass. The matching tile is half of the size of the solar tile. Finally, the
third tested system (BIPV system 3) is constructed by large-size BIPV modules, reminiscent
of standard PV modules. Glass-glass BIPV modules are installed on coated steel rails attached
to each module's left and right sides, easing the installation. The parameters of these BIPV

systems are summarized in Table 13.

Table 13. Parameters of tested BIPV systems.

BIPV

BIPV BIPV integration ~ Weight

System  Type

number  of PV Illustration  product system category (kg/m?) Materials
category  category (Fig. 1)
Laminated
BIPV mono ’ . Full roof glass-glass
system1l  c-Si Solar tile solution A 19.5 module without
a frame.
Tile is made of a
ceramic
BIPV mono . Full roof .
system2  c-Si - Solar tile solution A 171 g:”ms p;l;ncdo’vs;l;é
with glass.
Laminated
In-roof glass-glass
module with
BIPV CdTe BIPV system/ AC 18 steel profile on
system 3 module warm the left and right
facade side of each
module.

67



4.2 INSTALLATION OF BIPV SYSTEMS
The tested BIPV systems were installed according to the manufacturers’ manuals. The manuals

are available on the manufacturers’ websites or could be requested from the manufacturers or
BIPV system resellers. The same frame, 2.75 m x 2.75 m (Figure 23), built of wooden beams,

was used for all the tested BIPV systems.

4.2.1 BIPV system 1 details
The BIPV system's installation on an actual building roof is depicted in Figure 41 left. Glass-

glass BIPV shingles of four shapes are presented on the market (marked with 1, 2, 3, and 4 on
Figure 41 right) and can cover roof of diverse sizes using only solar shingles and additional

triangle glass-glass parts (Figure 42 middle, marked with 5).

When needed, this system can be complemented by metal plates. However, these metal plates
have a significantly smaller thickness and different stiffness from their BIPV counterparts and
could thus cause additional water leakages, as anticipated and demonstrated during testing. It
must also be noted that it needed to be more obvious how these metal plates should be installed.
The manufacturer provided only BIPV shingles and small glass-glass triangle parts made of
the same materials and do not contain solar cells. The squared-shaped metal plates are provided
when the BIPV system is purchased from a reseller. These metal plates should be cut, but no
instructions, sizes or shapes were given. Thus, no specific manuals and precise details were
given for installing metal plates with the BIPV system. In Figure 41 middle of the metal plates
are fixed using small screws, which differ from the screws used for the BIPV system 1. When
the system was delivered to the laboratory, both types of screws were provided. The final
recommendation from the reseller was to use the same screws as used for the BIPV system;
holes of the same size as on BIPV modules were cut in the metal plates. However, that led to
metal plates not being screwed as tight as they would when screwed with the smaller screws.
It could have been beneficial to install new metal plates and use smaller screws, but the metal
plates provided were all used and cut to fit around the BIPV system, and as the holes were cut
to use the bigger screws, it was not possible to reuse the same metal plates. Due to time and
budget constraints, new metal plates were not purchased.

A few rubber elements provided with the Sunstyle BIPV system are attached to each solar
shingle (Figure 42). Reverse anchor-like components are attached to the upper part of the BIPV
shingles, with a line of rubber sealing the gap between shingles (Figure 42, illustrated on the
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left picture and shown in the middle photo, marked with white rectangles). Additionally, rubber

gaskets are used under each screw (Figure 42 right).

765 mm
N‘
‘*’JJ
%,
&

Figure 41. (left) BIPV system 1 installed on an actual building roof. (middle) Metal plates completing
BIPV system at edges. (right) Range of solar shingles: 1 — basic solar shingle; 2 — solar shingle
bottom; 3 — solar shingle top; 4 — solar shingle left (photo and drawing by Anna Fedorova).

Figure 42. Rubber element on upper part of the solar shingle (schematically shown on the drawing to
the left and how they are attached on the real roof shown on the photo in the middle) and (right) lower
part of the solar shingle. 1 — basic solar shingle, 3 — solar shingle top and 5 — matching glass-glass
triangle element on an actual building roof (photo and drawing by Anna Fedorova).

The tested BIPV system consisted of three whole and three half solar shingles (one solar shingle
top, one solar shingle bottom and one solar shingle left), four glass-glass elements shaped to
the system profile and provided with the system. Four metal plates, also shaped to fit the
remaining parts of the profile, were cut in the laboratory. The BIPV system with completed
taping is depicted in Figure 43. The BIPV system 1 outline (Figure 43) shows how the solar

shingles and complementing elements are connected.
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Figure 43. (left) Front view of the outline of the BIPV system 1. To distinguish components of the
system and to make connecting points better visible, solar shingles are left transparent, grey parts are
metal plates, and black parts are glass-glass parts without PV cells. (right) BIPV system with
completed taping before laboratory testing. View from the bottom of the exterior BIPV system side
(photo and drawing by Anna Fedorova).

4.2.2 BIPV system 2 details

The installation of flat solar tiles and matching tiles on an actual building roof is depicted in
Figure 44. The number of roof tiles with solar cells used on the roof will depend on the
building's electricity demand, where the rest of the roof area can be covered with the matching
tiles. Solar tiles have a unique design that provides drainage of water. Their mounting is similar
to the mounting of conventional roof tiles. Tiles are placed on wooden beams and secured with
hurricane clip nails (hooks) on each tile's right side, which is also standard for conventional
roof tiles. Additionally, solar tiles are secured with three screws and matching tiles with two

screws on top of each tile.

467 mm

Figure 44. (a) Complete solar tile system on an actual building roof [126], (b) solar tile and matching
non-solar tile with dimensions, and (c) actual solar tile and dummy tile [126]. The matching tile may
seem more of a greyish colour here, but in reality, it is the same black colour as solar tile.
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The tested BIPV system consisted of four BIPV roof tiles with eight matching tiles (one cut in
two). There needed to be a better understanding with the provider of this BIPV system; tiles
two the size were initially considered. A minimal number of tiles were requested and received,
and when they came to the laboratory and laid out, tiles covered only part of the test specimen.
After several discussions, it was decided to keep the BIPV system as it is, and no more tiles
were received. The BIPV system with completed taping and an outline of the BIPV system,
which shows how the tiles are connected, are depicted in Figure 45. The solar tiles are coloured
in dark grey with black rectangles with stripes illustrating the solar cells, whereas matching
non-solar tiles are coloured in light grey for visualization purposes in Figure 45; in reality, they

have the same colour.

1300 mm

1787.5 mm

Figure 45. Front view of the outline of the BIPV system 2 on the left. To distinguish solar tiles from
matching tiles they are coloured in dark grey and black (solar tiles) and light grey (matching tiles). In
reality, both types of tiles have the same black colour, as shown in BIPV system with completed
taping, front view of the exterior BIPV system side, before laboratory testing on the right (photo and
drawing by Anna Fedorova).

4.2.3 BIPV system 3 details
BIPV systems 3 glass-glass modules can be installed in two ways: orientated vertically (Figure

46 left) or horizontally (Figure 46 right). The manufacturer’s website, has there is a portfolio of
buildings where BIPV modules were used. Most of the realized projects utilize BIPV modules
only, covering the roof's whole area with BIPV modules. Depending on the energy needs of a
particular building, it may not be necessary to cover the roof's entire area with solar modules.
One design shown on the website combines BIPV modules with metal roofing plates (Figure
47).
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Figure 46. (left) BIPV system with vertically orientated modules and (right) horizontally orientated
modules installed on an actual building [127].

Figure 47. BIPV system with horizontally orientated modules integrated with metal roof plates on the
left. Steel roof plates installed on an actual building roof on the right [127,128].

In the current study, BIPV system 3 was integrated with steel roof plates (Figure 48). These
two roof systems have not been designed to be installed together but were used for experimental
purposes. Steel rails attached to each module's left and right side were not only helpful to ease
the installation of the BIPV modules but also made it uncomplicated to couple them with steel
roof plates. Both BIPV modules and steel roof plates were fixed to the wooden beams with
screws. The tested system consisted of four BIPV modules with six rows of steel roof plates.
The BIPV modules are coloured in dark grey, whereas the steel roof plates are coloured in light

grey, similar to systems’ colours in real life.
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Figure 48. (a) Front view of the outline of the BIPV system and steel roof plates on the left. The BIPV
modules are coloured in dark grey, whereas the steel roof plates are coloured in light grey. (b) BIPV
system integrated with steel roof plates with completed taping before laboratory testing on the right.
(c) Schematic illustration of BIPV module and metal plate. View from the bottom of the exterior
BIPV system side (drawings by Anna Fedorova).

4.3 TESTING OF BIPV SYSTEMS
Before data on the water collection was aggregated, several trial tests were conducted to ensure

that the water collection system was ready for testing and that sealing tapes were sufficient.

The data sets gathered are presented in the order in which the BIPV systems were tested.

4.3.1 Testing of BIPV system 1
The WDR tightness test of the BIPV system 1 started with the system being inclined at 30° and

load level 0. After 10 minute of applying runoff water, a differential air pressure of 100 Pa
(load level 1) was used, moving in 10 minutes periods to load levels 2 and 3. No water leakages
were detected up to load level 4 (400 Pa). Water droplets started to occur in two areas where
the Sunstyle BIPV full shingles overlapped with the metal plates (all points of water leakage
are shown in Figure 41). New points of water droplets occurred at load levels 5 (500 Pa) and 6
(600 Pa). No new leakages were detected at the last load level 7 (750 Pa). Leakages that
occurred had been intensifying at each next load level. When the test for 30° inclination was
over, the system was elevated to nearly 90° inclination to drain water droplets that were on the
transparent underlay. After two hours, the underlay was inspected, and as no water droplets

were seen, the containers with collected water were weighed, and data was noted. The water
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was collected at the end of the test for the inclination, after all load levels were applied, and

not after each load level as desired.

For the next stage of the test, the system was inclined to 15°. The same procedure was followed,
starting at load level 0 and finishing with load level 7 (750 Pa). Water leakages began to occur
one load level earlier than at the previous stage, but only at the point where the metal plates
were screwed together. A small number of droplets occurred at load level 4 (400 Pa) at the
points where the Sunstyle BIPV shingles overlapped with the metal plates, following water
leakages along the overlapping area at load level 5 (500 Pa) (the same area where water
leakages occurred at load levels 4 (400 Pa) and 6 (600 Pa) at the previous stage). Small water
leakages were visible on the overlap of the Sunstyle BIPV half-shingle lower tile, glass-glass
triangle, and metal plate. The first water leakage between the Sunstyle BIPV shingles (the
whole shingle and the half-shingle right tile) occurred at the last load level. After this stage was
finished, the system was again lifted to nearly 90° and left for two hours to drain water droplets

from the underlay; water collected was weighed and noted.

The BIPV system 1 was initially tested at two inclinations (30° and 15°). As the system showed
a high level of watertightness, it was advised to conduct an additional testing stage as a possible
worst-case scenario where all screws were loosened by three full turns each. The system was
inclined to a 15° angle, as the impact of the WDR is expected to be more forceful on lower
inclined roof systems. During this stage of the test, no water leakages occurred until load level
2 (200 Pa). Water droplets appeared at the points where metal plates were screwed together
and at the overlapping point of them and where the half-shingle right was screwed with the
glass-glass part. At the next load level, new points with water leakages emerged at overlaps of
Sunstyle whole shingles and metal plates. Following new leakage points at load levels 4 (400
Pa) and 5 (500 Pa) (various overlapping points of solar shingles, glass-glass parts, and metal
plates). At the last load level, 7 (750 Pa), droplets appeared on the glass-glass part where it
overlapped with the metal plate. After this stage was finished, the system was again lifted to
nearly 90° and left for two hours to drain water droplets from the underlay; water collected was

weighed and noted.

Observations are summarized in Table 14, and water leakage points are marked in Figures 49
and 50.

During the first two WDR testing at 30° and 15° inclination, before the test where the fastening

screws were loosened, it was observed that the metal plates were slightly bending from the
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BIPV shingles when the air pressure was pulsating due to a difference in stiffness in the metal

plates and their BIPV counterparts (and possible differences in distance between fastening

screws), thus causing larger water leakages at these locations, which lead to considerably larger

water leakages collected in section 3 and 4 as compared with sections 1 and 2 for both

inclinations as depicted in Figure 51.

Table 14. Qualitative observations of water leakages during wind-driven rain tightness testing
in the RAWI box for the Sunstyle BIPV system.

Load Pulsating air Colour Inclination 30° Inclination 15° Inclination 15°*
level pressure (Pa) mark (Figure 49 a) (Figure 49 b) (Figure 50)
0 Ovslrautgf)ﬁ No water leakages No water leakages  No water leakages
1 0-100 No water leakages No water leakages ~ No water leakages
2 0-200 [ ] No water leakages No water leakages  Leakages occurred
3 0-300 [ ] No water leakages Leakages occurred New leakages
occurred
i New leakages New leakages
4 0-400 [ ] Leakages occurred occurred occurred
New leakages New leakages New leakages
5 0-500
occurred occurred occurred
6 0-600 New leakages New leakages No new leakages
occurred occurred
New leakages New leakages
7 0-750 [ ] No new leakages occurred occurred

*All screws of the tested system were loosened by three turns.
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Figure 49. Location of water leakage points for the BIPV system 1 with corresponding colours as
given in Table 4. (a) First test phase (inclination 30°); (b) second test phase (inclination 15°). View
from the backside of the BIPV system (drawings by Anna Fedorova).
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Figure 50. Location of water leakage points for the BIPV system 1 with corresponding colours as
given in Table 11. Second test phase ran for the second time with the BIPV system inclined to 15°.
All screws were loosened by three turns each. View from the backside of the BIPV system (drawing
by Anna Fedorova).

Water collected from the respective four sections was weighed on a scale after each test phase.
The amount of water did not exceed 3 L (5 L containers for each collection section were used
when the BIPV system 1 was tested), so it could be measured once per test phase. The
quantified results of these water leakage measurements for the BIPV system 1 are collected in
Figure 51.

BIPV system 1
3000
2500
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1500

amount of
collected water (g)
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500 J
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section4 = section3  section2  sectionl

m30° 36 212 0 0
m15° 508 1888 24 83
15°* 1523 2557 1335 2491

Figure 51. Quantitative measurements of water amounts collected during wind-driven rain testing in
the RAWI box for the BIPV system 1.

From Table 14, it is evident that the first water infiltration occurred at 30° at load level 4, at
15° at load level 3 and at 15° with loosen screws at load level 2. Water leakages occurred one

load level earlier as the roof inclination was lower. The amount of water follows the same path.
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The amount of water infiltration increases at lower roof inclination. These observations are
coherent with observations from other studies. Rain intrusion is higher at lower slopes than the
steeper ones; that might be because runoff film and water amount on the surface is higher as
water runs faster from steeper slopes due to the gravity force. The roof slope has the most
influence on the occurrence of water infiltration. The water leakage points occurred in the
overlap area of the BIPV module and the metal plate where the metal plate lay under the BIPV
module. It was observed that metal plates are much thinner and more flexible than BIPV
modules. Metal plates were bent and pushed down a little during testing, allowing water
infiltration. However, no leakages were observed associated with the overlap of BIPV modules
by each other.

4.3.2 Testing of BIPV system 2
The BIPV system 2 did not cover the whole testing frame. Due to time and economic

constraints, obtaining more tiles from the manufacturer was not feasible, and the testing was
thus run with the initially provided components. Two stages of WDR tightness testing were
conducted for 30° and 15° angle inclinations, following the same procedure as for the BIPV
system 1 testing. Before the experiment with water collection started, a few trials to test the
sealing tape were carried out. More severe water leakages occurred already at load level 1 (100
Pa), compared to the leakages in the BIPV system 1, and hence, 5 L containers were changed

to 10 L containers for each collection section.

At the first phase (30° inclination), water leakages appeared at load level 1 (100 Pa) at four
locations: two leakage points between matching tiles and two leakage points between solar tiles
connected to matching tiles. More leakages started appearing with higher intensities during the
next load level. Only one more leakage point occurred during load level 3 (300 Pa). During the
following load levels, no new leakages occurred. All earlier leakage points remained, and each
water leakage’s intensity was increasing with each next load level. At the second test phase
(15° inclination), leakages occurred at the same load levels and approximately at the same
points but at a higher rate. At load level 1 (100 Pa), six water leakage points occurred
(compared to the four leakage points in the first phase), and at load level 2 (200 Pa), thirteen
leakage points occurred (compared to the six points in the first phase). More leakages appeared
at load level 3 (300 Pa), all along the downside of the lower row of tiles of the BIPV system.
Observations of both phases of the test are summarized in Table 15. All leakage points are

shown in Figures 52 and 52 b.
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Table 15. Qualitative observations of water leakages during wind-driven rain tightness testing
in the RAWI box for the BIPV system 2.

Load Pulsating air Colour Inclination 30° Inclination 15°
level pressure (Pa) mark (Figure 43 a) (Figure 43 b)
0 0 (runoff No water leakages No water leakages
water)
1 0-100 Leakages occurred Leakages occurred
New leakages New leakages
2 0-200 I occurred occurred
New leakages New leakages
3 0-300 I occurred occurred
4 0-400 [ ] No new leakages No new leakages
5 0-500 No new leakages No new leakages
6 0-600 No new leakages No new leakages
7 0-750 ] No new leakages No new leakages
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Figure 52. Location of water leakage points for the BIPV system 2 with corresponding colours as
given in Table 12. (a) first test phase (inclination 30°); (b) second test phase (inclination 15°). View
from the backside of the BIPV system (drawings by Anna Fedorova).

While testing the BIPV system 2, it was first attempted to weigh the leakage water amount at
each load level. It was then decided to proceed with weighing the water amount from each
water collection section summarized for each phase. After each phase, the system was lifted to
nearly 90° and left for two hours to drain water droplets from the underlay; the water collected
was then weighed and noted. The quantified results of these water leakage measurements for
the BIPV system 2 are collected in Figure 53. As shown in this figure, the amounts of water
collected at the 30° inclination from sections 4 and 3 are higher than those collected from the
same sections at the 15° inclination. However, data collected for sections 2 and 1 showed the

opposite, i.e., the water amounts collected at the 15° inclination were slightly higher than at the
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30° inclination, where the observed differences are larger than the estimated uncertainties in

the water collection measurements.
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Figure 53. Quantitative measurements of water amounts collected during wind-driven rain testing in
the RAWI box for the BIPV system 2.

Table 15 shows that water leakages started to occur at the same load level of 100 Pa at both
30° and 15°. Moreover, the leakage occurrence pattern is the same for both inclinations. The
amount of water infiltration collected was close to each other for both inclinations. It can be
concluded that this BIPV system performs similarly at 30° and 15° roof inclinations. However,
there were more leakage points at 15°, where more leakages occurred at horizontally oriented
joints. It may happen because, at lower slopes, the pressure is negative. Thus, roof tiles may be
pulled a bit up, and leakages may occur at exactly horizontal joints.

4.3.3 Testing of BIPV system 3
The third tested system was constructed with large BIPV modules and installed with steel roof

plates. The BIPV system consisted of two pairs of modules (four modules in total). One module
overlapped with the second module in each pair, and a rubber sealant profile was placed
between them to fill in the gap. The two lower modules were installed first, and then pieces of
the rubber profile were placed on top of each module, followed by the installation of the two
upper modules. The rubber sealant profile was not visible from the front side of the BIPV
system and could, therefore, not be inspected for correct placement during installation. When
the system was later placed in the RAWI box and inclined at 30° for the test, it was possible to
observe the rubber sealant profiles. However, no visible difference in the placement of the

sealant profile between the left pair and the right pair of modules was observed.
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At the first test phase (30° inclination) of the WDR testing, no water leakages were detected at
load levels 0 and 1. However, the rubber profile between the right pair of modules had started
to move/dislocate, and at load level 2 (200 Pa), water began to run through it. New leakages
occurred at load level 4 (400 Pa) at points where the metal plates overlapped, the parts close to
the BIPV modules. A few water droplets appeared on the rubber profile between the left pair
of modules. Water leakage points remained the same during all the following load levels,

increasing in intensity with each next load level.

At the second test phase (15° inclination), water leakages appeared at the same locations but at
lower load levels: between the right pair of modules at load level 1 (100 Pa), at metal plate
overlaps, and between the left pair of modules at load level 3. As the BIPV system was mounted
and sealed with waterproof tapes, it was not feasible to correct the sealing profile placement
between the right pair of BIPV modules. Therefore, it was decided to run the test as it was and
investigate how much leakages would occur if the sealing profile was dislocated. Additionally,
moderate water leakages occurred between the upper modules at the last load level. The
difference in the amount of water leakage through the rubber profile between the left and right
pair of BIPV modules at 30° inclination can be observed in Figure 54 and at 15° inclination in
Figure 55. A comparison of the rubber profile between the left and right pairs of the modules
after the WDR test was fully finished is shown in Figure 56.

Left pair of BIPV modules 4 Right pair of BIPV modules

Figure 54. The rubber sealant profile (marked with white rectangles) between pairs of BIPV modules
during wind-driven rain testing in the RAWI box with 30° inclination. A major difference in water
leakage intensity between left pairs (no leakage) and right pairs (intense leakage) of the BIPV modules
could be observed (photo by Anna Fedorova).
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Left pair of BIPV modules

Figure 55. The rubber sealant profiles (marked with white rectangles) between the BIPV modules
during wind-driven rain testing in the RAWI box with 15° inclination. A major difference in water
leakage intensity between left pairs (no leakage) and right pairs (intense leakage) of the BIPV modules
could be observed (photo by Anna Fedorova).

Figure 56. The rubber profile between the pairs of BIPV modules (marked with white rectangles)
inspected after wind-driven rain testing in the RAWI box for the BIPV system 3 installed with steel
roof plates. The rubber profile between right pair of modules was dislocated and had lost its sealing
function, while the rubber profile between the left pair of modules was still in place and thus no water
leaked through it (photo by Anna Fedorova).

Observations of both phases of the test are summarized in Table 13. All water leakage points
are shown in Figures 57 aand 57 b. The quantified results of these water leakage measurements
for the BIPV system 3 integrated with steel roof plates are collected in Figure 58.
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Table 16. Qualitative observations of water leakages during wind-driven rain tightness testing

in the RAWI box for the BIPV system 3 installed with steel roof plates.

Load Pulsating air Colour Inclination 30° Inclination 15°
level pressure (Pa) mark (Figure 48 a) (Figure 48 b)
0 0 (runoff No water leakages No water leakages
water)
1 0-100 No water leakages Leakages occurred
2 0-200 [ ] Leakages occurred No new leakages
New leakages
3 0-300 [ ] No new leakages occurred
New leakages
4 0-400 [ ] occurred No new leakages
5 0-500 No new leakages No new leakages
6 0-600 No new leakages No new leakages
New leakages
7 0-750 [ | No new leakages occurred
a b
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Figure 57. Location of water leakage points for the BIPV system 3 installed with steel roof plates with
corresponding colours as given in Table 6. A — first test phase (inclination 30°); b — second test phase
(inclination 15°). View from the backside of the BIPV system (drawings by Anna Fedorova).

Even though data on leakage water collected during WDR testing of the BIPV system 3 is
provided, it must be noted that an utterly watertight tape sealing was not achieved for this
system (see Figure 40 b). Thus, the amount of water in Figure 58 also contains some water that
ran through the sealing tape system. The test was run anyway to study the behaviour of this
system under WDR exposure. The amount of water collected from section 3 corresponds to a
small water leakage between the left pair of BIPV modules. In contrast, the water amount
collected in section 2 is approximately 21 and 16 (for 30° and 15° inclination, respectively)

times larger than in section 3.
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Figure 58. Quantitative measurements of water amounts collected during wind-driven rain testing in the
RAWI box for the BIPV system 3 installed with steel roof plates. Note that some of the water collected
here has erroneously run through the sealing tape system.

Such a significant difference occurred due to the rubber sealant profile's displacement between
the right pair of the BIPV modules. Therefore, it can be advisable to include information about
the importance of properly placing the sealant profile in the installation manual. Additionally,
a solution for fixing this rubber profile on the module may be found to avoid displacement.
Water collection sections 4 and 1 collected water leakage from the points connecting the BIPV
system with steel roof plates. The steel rails attached to the left and right sides of BIPV modules
are designed for water drainage, and steel roof plates on both sides of the BIPV system were
placed over the steel rails. The distance from the roof plates placed to the right pair of BIPV
modules was wider than the distance from the left pair of BIPV modules to the roof plates.
Consequently, the amount of leakage water on the right side of the BIPV modules (section 1)
was approximately 3.5-3.6 times larger than on the left side of the BIPV modules (section 4),
for inclination 30° and 15°, respectively. Therefore, it can be concluded that the steel roof plates

should be placed closer to the BIPV modules to minimize water leakage.

Similarly, the results obtained for BIPV system 1, leakages started to occur at load level 4 at
30° inclination and one load level earlier for 15° inclination. It is coherent with both results

from BIPV system 1 and results from WDR testing of roof systems reviewed for this thesis.

4.4 COMPARISON OF TESTED BIPV SYSTEMS
As was anticipated before the experiment, test results showed that the most watertight BIPV

system among the tested ones was the BIPV system 1, with respect to short-time wind-driven
rain exposure tests. Multiple rubber sealing elements used during the system installation

provided reliable waterproofing. However, if after installation, the BIPV system needs
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adjustment or the cabling needs to be checked, it should be advised to change the used sealing
elements to new ones. The BIPV shingles are screwed quite tightly, and sealing elements are
hence squeezed. Thus, they might be deformed and thereby lose waterproofing ability to some
degree. Careful use of a rubber sealing profile was also necessary for the BIPV system 3. If the
sealing profile is placed correctly and stays in place, the watertightness level is quite close to
the BIPV system 1.

However, more investigations of the long-term performance of the rubber sealing profiles
should be carried out, as the durability of these materials may be much shorter than the service
lifetime of the BIPV system. The BIPV system 2 resembles conventional roof tiles and was
expected to be less watertight than the other two BIPV systems. As no sealing materials were
used in the BIPV system 2, it should be compared to data on the watertightness of conventional
roof tiles. From the graph in Figure 53, it can be concluded that the BIPV system 2 has an
advantage when it comes to a lower inclination angle. The BIPV system 2 performed almost
as good or even better at 15° than at 30° inclination, whereas the two other BIPV systems were
less watertight at 15° than at 30° when compared to themselves. The watertightness level of
the tested BIPV systems is provided in Table 17.

Table 17. Watertightness level of tested BIPV systems.

Angle of
inclination
30° 15°
. . 200 Pa=
Watertight at air
BIPV system pressure level Weather fresh gale
o 18.2 m/s
condition 300 Paz=
equivalent of air strong_
BIPV system1 300Pa 200 Pa pressure gale 22.3
m/s
BIPV system3 300Pa 200 Pa
Metal roof 350 s 200 Pa
plates

0 Pa 0 Pa
BIPV system 2 (runoff  (runoff
water) water)

Even though the watertightness level may be identified without quantifying the water leakage,
it is an influential parameter supporting a more precise classification of the tested BIPV
systems. In this study, water leakage was quantified, and water was weighed at the end of each

test phase but not at each load level as desired or done in other studies.
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5 DISCUSSION OF LEARNING POINTS

In this chapter learning points are highlighted.

Through the work with PhD project and thesis writing, | have found several valuable learning

points | wish I had known when | started my research.
Acquisition of BIPV systems

One of the most significant critical issues was the acquisition of BIPV systems for testing. It
was attempted to find manufacturers willing to collaborate and provide BIPV systems for the
testing. It was also an approach used by Andenes for his thesis [115], and even though it was
successful in the end, acquiring relevant contributors was time-consuming. At the end, three
relevant systems could be chosen and used for testing: the BIPV system 1 was purchased from
areseller in Norway, the BIPV system 2 was provided by another reseller in Norway who had
a direct supply from a manufacturer in China, the BIPV system 3 was provided by a
manufacturer through the “BIPV for Norway” project participant. A fourth BIPV system

originating from Italy was considered for testing, but unfortunately, during transportation, the

system was severely damaged and could not be used.

Figure 59. The fourth BIPV system that was received for testing but was not tested due to severely
damaged during transportation.

There are pros and cons to involving manufacturers and resellers in research and laboratory
work. When manufacturers/resellers are involved and agree to collaborate, there are benefits
in terms of saved budget for both them and researchers. What is important is that
manufacturers/resellers can guarantee that installation was done correctly and without errors,
provide a critical review of obtained results, and participate in discussion of possible iterations
in test methodology and parameters. They can also provide inputs on locations of systems,
usually used inclinations or various technical details related to integrating BIPV systems with
building envelopes. For research purposes, any results are beneficial, positive, or negative, and

it is vital to use them and present them objectively. However, manufacturers/resellers can be
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reserved when publishing results showing that products perform not as well as expected. When
systems for testing are chosen by researchers/research projects independently, it can provide

the freedom needed to publish any outcomes and results obtained.
Installation of BIPV systems

BIPV systems 1 and 3 were installed by the author of this study with help from the laboratory
staff. The BIPV system 2 was installed with help from a reseller of this system in Norway,
which was immensely helpful and the recommended way to use it. However, installation of all
the tested BIPV systems was done according to installation manuals recommended for each
system and provided by their manufacturers. If questions or issues were encountered before,
during, or after installation or testing, they were attempted to be discussed with the
manufacturer or reseller. Ideally, professional installers or manufacturers’ representatives who
are familiar with installation should be involved when systems are installed in the laboratory,
such as it was possible to ensure in case of the BIPV system 2.

Test results

Results of water intrusion from wind-driven rain (WDR) testing are usually presented in
infiltration rate (%) as a function of air pressure difference and normalised so the length of
joints can be related to collected water (cm of joint/ml of rain). When these are not normalised
to account for joint length, it might promote that large modules perform better as there are
fewer joints and potential points for water infiltration. It was considered to measure the length
of joints for this study. However, it was unclear whether it should be done from the front side
or the back side, as there is an overlap of elements of the tested systems that are not always
visible and accessible from the front side. The measurement of joint length from underneath
was problematic due to the transparent underlay that cannot be removed after the tested system
is installed onto the wooden structure. Values of overlaps and joints must be measured,

especially when water leakages are going to be quantified.

Water leakages that occurred during testing were quantified, but they were measured at the end
of each test phase, which included all load levels of air pressure for each inclination tested. It
should be beneficial to measure it after each load level is applied, but there is a time shift for
water collection from when water leakage occurs. Therefore, results from the quantification of

water leakages obtained in this study should be seen as for worst-case weather scenarios.
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6 CONCLUSIONS REGARDING THE RESEARCH QUESTION
AND OBJECTIVES

This chapter summarizes answers to the raised research question and following objectives,

highlights the obtained results and the overall contribution of this PhD thesis.

The research in wind-driven rain (WDR) exposure regarding building-integrated photovoltaic
(BIPV) systems is complex and broad. It spreads from a micro-scale, covering the investigation
of WDR exposure itself, its intensity, and field measurements, to a macro scale, when the
subject of study explores how the WDR intrusion affects building envelope systems or entire

buildings.

This thesis aims to expand knowledge of using BIPV systems in the building envelope and
contribute to developing an experimental testing method for evaluating BIPV systems'

performance as climate screens. One research question is formulated in the thesis:
When integrated into the building envelope, how do BIPV systems perform as climate screens?

The research question is addressed through literature reviews, market analysis, and mainly —
experimental investigation in a laboratory. Objectives are set to help find answers to the main

question.
» Understanding ways BIPV systems are evaluated nowadays.

This objective is addressed through a literature review and BIPV market analysis in Chapter 2,
where BIPV systems design and integration ways are reviewed. There are five categories of
BIPV: (A) Sloped, roof-integrated, not accessible from within the building; (B) Sloped, roof-
integrated, accessible from within the building; (C) Non-sloped (vertically) mounted, not
accessible from within the building; (D) Non-sloped (vertically) mounted, accessible from
within the building; (E) Externally integrated, accessible, or not accessible from within the
building. There is a wide variety of BIPV systems available on the market. It includes variations
in the type of BIPV (foil, tile, module, or solar cell glazing products), type of solar cells, and
ways systems could be integrated (full roof solutions, in-roof mounted systems, PV membrane,
metal panels, solar glazing/skylight, cold facade, warm facade, or facade accessories in the
form of fall protection). Additionally, BIPV products may be subcategorized into two groups:

designed and produced for integration and customizable.
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When evaluating the characteristics of BIPV systems, they must comply with requirements
from two different standardization and regulation schemes: the electrical industry and the
building industry. Primary standards for PV modules are the International Electrotechnical
Commission (IEC) standards and the European Standards (EN), which test requirements
initially address the qualification characteristics of PV modules. IEC standards evaluate the
design qualification of each solar cell technology type that ensures PV design and performance

quality and that they will operate without failures. IEC standards also evaluate PV safety.

Standards from the building industry evaluate aspects of safety and resistance to load impact,
resistance to rain ingress (watertightness), safety in case of fire, durability, and reliability in
use. BIPV standard EN 50583-2 contains the testing methodology for evaluating watertightness
for systems intended for roof integration (BIPV category A). Wind-driven rain exposure testing
is one of the methods to evaluate the watertightness of building envelope systems in a

controlled laboratory environment.

* Assessing the possibility of evaluating watertightness of BIPV systems by quantifying

wind-driven rain (WDR) intrusion.

Watertightness testing methodology is the focus of Chapter 3. At the beginning of this chapter,
information on roof constructions typical for Norwegian building tradition, wind-driven rain
impact on the roof cladding, and parameters of this impact that are valuable for wind-driven

rain exposure testing sets a starting point for evaluation of watertightness testing.

BIPV systems heat up when operating; thus, ventilated building envelope systems are
preferable for integration. PV systems should be installed with a certain tilt so that the
electricity output will be sufficient. Therefore, widely used in Norway, a pitched ventilated
roof is well suited for BIPV integration. Two variations of roof construction may be built: an
old traditional variant where the underlay roof is separated from the wind barrier by the air
cavity and a more modern variation where the underlayer roof consists of a watertight and
vapour open wind barrier and is separated from a rain tight roofing by the ventilation cavity.
This more modern way of roof construction is more environmentally conscious and cost-
effective, but it is viewed as less robust. Watertightness evaluation of BIPV can ensure that the

tested system is safe to use in such modern roof construction.

Wind-driven rain (WDR) is a cooccurrence of precipitation and wind, where rain intensity and
wind speeds characterize exposure. Impinging WDR intensity is the total amount of rainwater

that meets the roof surface where several surface phenomena happen. The ones influencing
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watertightness are film forming, runoff, rain infiltration, wetting-drying, adhesion, and
absorption if the material is porous. Forces that apply to rainwater penetration mechanisms are

hydrostatic pressure, wind pressure, surface tension and gravity.

Tests that are usually used to evaluate the waterproofing of building envelope systems include
infrared thermography, nuclear moisture testing, electrical impedance testing, electric field
vector mapping, and wind-driven rain exposure. The first three methodologies are used for
detecting absorbed water by porous materials. Electric field vector mapping is usually used to
detect if water is present in porous materials, indicating leakage points in the membrane on a
flat or low-slope roof. Water is usually not absorbed by most BIPV systems. Both the quality
and quantity of rain infiltration rates can be measured. Thus, the WDR exposure test is the most

suitable for evaluating the watertightness of BIPV systems.

« Designing and implementing a water collection system to quantify WDR intrusion

during testing.

Usually, WDR exposure testing is done to collect qualitative data on rain infiltration points.
Studies where quantitative data is collected in addition to qualitative evaluation are provided
in subsection 3.4. Most of these studies utilize quantitative evaluation of facade systems and
window-wall assemblies. Roof coverings and structures are studied less with means of rain
infiltration quantification. To be able to quantify rain infiltration through building envelope
systems, a transparent board or cavities must be installed in a way that rain infiltration can be
collected from the whole area of the specimen (to get the result of the total amount of infiltrated
water), but it can be separated in sections if it suits construction of roof, facade, or window-
wall system best. It can be, for example, utilized to measure rain infiltration through particular
details of these systems, like vertical or horizontal joints that are in question or details that have
high rain infiltration assessed visually that need a better understanding of mechanisms that
induce infiltration. Wind-driven rain exposure testing is one of the methods to evaluate the

watertightness of building envelope systems in a controlled laboratory environment.

For this thesis, WDR simulation is done in a specially designed rain and wind (RAWI) box at
the NTNU and SINTEF Building construction laboratory in Trondheim, Norway. A roof
sample is mounted on a test frame (2.75 m x 2.75 m) that is fitted in the RAWI box. A
transparent polycarbonate (Lexan) board is mounted on the wooden structure and secured by
screwing wooden battens to it. The wooden battens are spaced 0.6 m from each other and form

four separate sections. At the bottom of the frame, a water collection system is built. Following
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the already built four sections, four water collection sections are formed, where one round hole
is cut in each section, and a tube is connected to each hole. A triangle profile made of wooden
battens is built near each hole and taped to the underlayment with duct tape. The four water
collection sections are numbered, and respective containers for water collection are placed at
the end of each tube connected to their section.

The wooden frame area not covered by the BIPV systems must be watertight; therefore, the
remaining fragments of the surrounding frame are covered with thick polyethylene foil, which
is sealed to the test frame using duct tape. Edges of the BIPV systems are sealed to the
polyethylene foil using three types of sealing tape (60 mm and 100 mm).

« Testing BIPV of diverse designs and configurations according to the developed

testing methodology.

The principal of the watertightness test for building envelope systems is to apply a certain
quantity of water spray at various ranges of air pressure differences at defined conditions with
respect to the exterior surface of a roof specimen. Usually, a combination of two water sources
is used: runoff water applied on an upper side of the tested system and water spray that is
distributed along the test specimen surface area. Differential air pressure between the outer and
inner surfaces of the tested specimen is usually increased stepwise. When roof systems are
tested, they are tilted to various slopes. The test specimen is inspected for water passages into
its inner surface and water leakage points are registered (qualitative data). As a result, a limit
of watertightness can be identified for the tested systems. The limit of watertightness may be
described as the maximum level of air pressure applied simultaneously with water spray and
runoff water when no water leakages occur on the tested system’s inner side. Acquired data on
the rain infiltration rates provides a ground for comparing different systems. Systems can be

ranked according to their watertightness level.

The testing methodology is based on the standard NT Build 421 "Roofs: watertightness under
pulsating air pressure”. Other two European standards on wind-driven testing for building
envelope systems are reviewed: EN 50583-2:2016 “Photovoltaics in buildings. Part 2: BIPV
systems” (Annex A “Resistance to wind-driven rain of BIPV roof coverings with
discontinuously laid elements — Test method”) and EN 12865:2001 “Hygrothermal
performance of building components and building elements - Determination of the resistance

of external wall systems to driving rain under pulsating air pressure”.
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The following test parameters are used in this thesis for WDR testing in the RAWI box: runoff
at a rate 1.7 L/min x m, water spray at a rate 0.3 L/min x m?, cyclic air pressure intervals
ranging from 0 Pa to 750 Pa (each load level is increased in steps of 100 Pa and last load level
increased in 150 Pa step), duration of each load level is set to 10 minutes. Tilt angles are 15°
and 30° roof inclinations.

Three different BIPV systems for roof integration are evaluated: the BIPV system 1 (solar
shingles), the BIPV system 2 (solar tiles), and the BIPV system 3 (glass-glass solar modules
installed with steel roof plates). BIPV system 1 is constructed with fish-scale solar shingles
(glass-glass modules with solar cells laminated between them). Solar shingles have four shapes
to fit on the roof (full squared shingles and three half shingles that fit the roof's edges), and the
rest of the roof area is covered using colour-matching aluminium composite plates (cut to
diverse sizes and forms). BIPV system 2 is composed of flat rectangular-shaped solar tiles (PV
cells are covered with tempered glass) and their matching tiles without PV cells, all made of a
ceramic compound. The matching tile is half of the size of the solar tile. BIPV system 3 is
constructed by large-size BIPV modules, reminiscent of standard PV modules. Glass-glass
BIPV modules are installed on coated steel rails attached to each module's left and right sides,
which eases the installation. Four BIPV modules are installed, and the remaining specimen
area is covered with steel roof plates.

* Reporting on results and failures during testing in the laboratory.

All three tested BIPV systems have proven to be mechanically stable under even hurricane
wind speed conditions. The BIPV system 1 (solar shingles) and the BIPV system 3 (glass-glass
solar modules installed with steel roof plates) are watertight at the same wind pressure levels:
300 Pa at 30° inclination and 200 Pa at 15° inclination. Both systems are integrated with the
use of rubber sealant elements, which improved the systems' watertightness. Quantification of
rain infiltration shows higher amount of water infiltrated in BIPV systems 1 and 3 at lower

inclination.

To conclude this thesis, the research question: “When integrated into the building envelope,
how do BIPV systems perform as climate screens?” can be answered as follows: BIPV systems
show a hight level of watertightness when tested using wind-driven rain exposure testing.
Based on visual assessment (qualitative data), BIPV systems seem more watertight than
conventional roof coverings.
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7 OUTLOOK AND SUGGESTIONS FOR FURTHER RESEARCH

This chapter proposes perspective on further research.

The assessment of watertightness and wind-driven rain (WDR) impact on BIPV systems for
roof integration and systems for a building envelope integration, in general, still contains a lot
of room for further investigations. This study focuses on assessing performance of BIPV
systems for roof integration under exposure to WDR, including the quantification of water
intrusion during testing. This measurement helps to identify a watertightness level of a tested
system and can provide useful data for a design improvement of the system. Future work can

include the investigation of following problems:

e Testing of systems with various inclinations, typical for specific localisations and climate
zones.

e Testing may run with the duration of application of each air pressure load level (the
duration of a single test step in the sub-test) shortened down from 10 minutes to 5 minutes
by a step, i.e., so that water leakage measurements can be compared to a reference leakage
rate of 10 g/m?/5 minutes. Then measurements collected for 5 minutes, and 10 minutes
steps can be compared to see if shorter test duration is sufficient.

o Changing rates of water spray to simulate heavier rain, for example as it is described in
the sub-tests in EN 50583 Part 2.

o Testing parameters used in this study are standard parameters for WDR tests in Norway.
Ideally, test parameters could be calculated from information on intensities of driving
rain, wind pressure rates, water droplet sizes that are likely to occur for specific local
climate conditions where systems are supposed to be installed and used.

e More systems could be tested and compared to the performance of conventional roof
systems.

e When choosing an outline of systems to test it should be of the same size, so the WDR
exposure could relate to the same area.

¢ The quantification of water intrusion can provide vital information on changes occurring
during the ageing process of building envelope components. Thus, using the presented
test methodology and recommended procedures before and after accelerated ageing tests
might give comprehensive information on how the watertightness of tested systems is
supposed to change over time. In turn, it might contribute to making decisions regarding
design of building integrated components basing on information about changes which are
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supposed to occur during a system's service lifetime of 25-30 years, which should be

considered.

Further development and verification of the presented test procedure might form a basis for
evaluating various BIPV systems that can be tested under similar conditions worldwide in

different laboratories and hence be directly compared.

Results from this study can be useful for both the scientific community, and for the
development of BIPV products to be integrated in roofs in the near future. Firstly, the
methodology can be used by certificating institutions giving quality assurance for products
available on the market. Secondly, such data may provide some directions for manufacturers
and designers developing products. Then, it could be easier for customers and resellers to

choose optimal-suited systems to be used for particular locations.
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SCIENTIFIC PAPERS

PAPERS OVERVIEW AND THEIR INTERCONNECTION

Paper |

In Paper |, a brief overview of the solar market in Norway is given along potential of using
building-integrated photovoltaics (BIPV) and building-applied photovoltaics (BAPV). Even
though Norway and Nordic countries could seem not an obvious choice for use of solar energy,
it has been shown that there is a great potential for solar energy in these countries. The number
of projects realized and planned where either BIPV or BAPV are used increases every year and
the numbers are expected to grow in the years to come. Among challenges of using BIPV and
BAPV at Nordic climate conditions are higher level of precipitations like rain, wind-driven
rain, snow, and ice formation. Weather is extremely varied in the Nordic region, due to a long
coastline, and extreme events like storms and heavy rainfalls occur frequently. It concerns
especially BIPV systems, as they must withstand weather constraints at the same level as
conventional envelope systems. Snow and ice covering should also be considered, as they lead
to loss in energy production and might affect durability of PV system components. Several

buildings with BIPV and BAPV installations in Norway are presented.

Paper 11

Paper | provided the ground to continue studying BIPV systems, as there is an immense
potential and interest for these systems in Nordic countries. It was also identified that the aspect
of watertightness of such systems should be one of the focus areas for the research work. Thus,
in Paper I, BIPV products and systems are studied more in depth. BIPV standardization and
market analysis were critically reviewed to identify what are the requirements for BIPV
systems, how they are certified, what products can be found on the market, and what represent
the critical aspects of the BIPV market. As BIPV systems are the building envelope elements
producing electricity, they must comply with standardization of both the electrical and building
industries. Electricity production is still viewed as the primary function of such systems; hence
the building function does not get the attention it should get. The main function of the building
envelope is to form a weather protection screen that shields the building inner structures from
various outdoor climate strains as e.g., various precipitations and thus provide the desired

indoor environment.

103



Paper 111

After analysis of information gathered in Paper Il, it was evident that the aspect of
watertightness should be studied further, especially for roof integrated BIPV systems. In Paper
I1l, we have therefore proposed an update to the testing methodology to evaluate the
watertightness of BIPV systems integrated into the roof, which is a vital aspect for roof
coverings. A quantitative measure is implemented in the wind-driven rain exposure testing,
which provides additional information for evaluation of tested systems. Aspect of
quantification of water intrusion is a part of the standard for BIPV systems, however there is
lack of information on the design of the water collection system and the procedure. A novel
framework is presented, which includes a step-by-step test methodology and a detailed
description of the construction of a water collection system. A BIPV system comprised of solar
shingles for roof integration was tested according to the methodology and collected water

amounts.

Paper IV

In Paper IV, the presented methodology was used to evaluate the watertightness of two other
BIPV systems for roof integration, additionally to previously studied solar shingle BIPV
system in Paper Ill. The second system was built using solar roof tiles and the same roof tiles
without PV, and the third system was a combination of large glass-glass BIPV modules and
steel roof plates. The BIPV system that used solar shingles and large modules installed along
steel roof plates showed the same level of watertightness (maximum air pressure level applied
onto the tested system when no water leakages occurred). The system that used solar roof tiles
was less watertight but should be compared to conventional roof tiles system, as their design

is the most alike.
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Abstract

Future buildings are foreseen to be energy-efficient and to have lower environmental impact, as these
steps are of importance to reduce greenhouse gas (GHG) emissions. In this context, the concepts of
zero energy and zero emission buildings have been established that require energy supply from
renewable energy sources. Solar energy, and particularly photovoltaics (PV), could be used as
integrated into the building skin solution. Such systems could simultaneously serve the dual function
of a climate screen and electricity power generator. Integration of photovoltaic systems into the build
environment could be challenging. Building skin components experience extensive degradation and
damages caused by various environmental exposures. Severe climates, like the Nordic climate, are
not an obvious choice for photovoltaics integration, nevertheless they could have their benefits. This
work will present an overview of solar market and photovoltaics integration into buildings at Nordic
climate conditions, where an overview of existing projects will be conducted. As environmental aspect
of building integrated photovoltaics (BIPV) is highly important and is of interest for international
research community, therefore possible environmental benefits of BIPV will be described.

Keywords: Building integrated photovoltaics, BIPV, Solar cell, Nordic climate, Climate exposure,
Environmental benefits.

1. Introduction

The crucial level of greenhouse gas (GHG) emissions in the atmosphere is one of the most significant
issues our society have to cope with nowadays, and initiatitives, like the Kyoto Protocol [1], have put a
target for significant reduction of GHG emissions. For instance, approximately 1/3 of GHG emissions
is emitted by the building sector [2]. Consequently, this sector should be one of the main to focus on
in regard to GHG emissions mitigation. The Nordic countries (including Norway, Sweden, Denmark,
Finland, Iceland, Greenland, Faroe Islands and Aland Islands) are at the forefront for developing and
implementing climate mitigation policies, where an active area is the reduction of GHG emissions.
Even though energy use per capita in the residential sector in the Nordic region remains high, GHG
emissions are at a low level [3]. Recent years GHG emissions from the Norwegian territory have
decreased by 1% [4]. However, the commitment under the Kyoto protocol, which requires lowering
the GHG emissions level in Norway, has not been reached yet [5] and work in this direction is still
ongoing. Among other policy initiatives, in the building sector stricter building codes have gradually
been introduced and used progressively [6]. They require reduction in energy use alongside energy
production from renewable sources.

A wide range of renewable energy sources to provide energy include: wind power, hydropower,
biomass and solar energy [7]. The solar photovoltaic (PV) technology has reached a considerable
degree of maturity but yet economic viability [8]. Its development is still greatly dependent on the
support policies of government and the European Union (EU) itself [9], but also higher electricity
prices can be a trigger for installing more PV systems. The turn toward renewable energies in the
building sector is vital. Solar energy offers a sustainable and economic alternative to electricity
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generated from fossil fuels. Providing the energy needs of a building with a clean energy source will
lead to environmental, economical and social benefits [10]. These are milestones on the way towards
sustainability in the building sector. Buildings of the future will require a holistic approach to energy.
The demand on energy production, as well as on energy consumption and savings, will continue to
grow and step by step we need to change how we use buildings. In this regard, the concepts of zero
energy and zero emission buildings (ZEB) have been established [11].

Buildings are huge consumers of energy but at the same time that can be changed by introducing on-
site renewable energy sources. By that, buildings will become energy producers and will provide the
needed amount of energy from clean energy source. The prise of PV and building integrated PV
(BIPV) systems costs have been decreasing and their application is becoming more feasible.
Moreover, if during design and planning phases of new constructions, the buildings would be made
“solar-ready”, it would add almost no additional costs [12], hence application of this approach would
be beneficial to all new constructions. For example, in 2009 the US National Renewable Energy
Laboratory (NREL) had made Solar Ready Building Planning Guide [13] so that buildings would be
designed with possibility to install PV or other solar systems even after construction was finished.

According to the reports [14, 15], Nordic countries have a chance to be part of solar energy market. It
might not be an obvious place for solar production, but solar irradiance and altitude have greater
potential in this region. In 2016 Norway had significant increase in PV installations [15] that shows
growing interest from government and public, giving a positive perspective on future development of
the solar market in the country. The large amount of PV and BIPV installations are located in the
southern regions of Norway [16] that is due to more suitable solar radiation awailability for solar
energy harvesting. Hovewer, other regions also have buildings with PV intallations and their
performance sufficiently show possibility to use more PV and BIPV systems in Norway. The main aim
of the present research is to prove that Nordic countries, and Norway in particular, have potential for
implementation of PV and BIPV technology alongside other countries. Another aim is to provide data
update on PV and BIPV installations in Norway, alongside with challenges of PV technology
implementation in the Nordic region. Environmental impact related to PV systems production and end-
use phases would also be essencial to look at.

2. Brief overview of renewables in Europe

Renewable electricity generation have been of major importance not only in Europe, but in the US
and elsewhere. In Europe, hydropower is the largest source of electricity production from renewable
energy sources. The second largest electricity generator is wind power, while solar power electricity
generation is on the third place with rapid increase up to 12% of all renewable electricity production
[17]. Electricity generation production by various sources and its changes during 1990-2015 is
depicted in Fig. 1.
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Figure 1: Electricity generation capacity, EU-28, 1990-2015 [17].
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3. Solar market in Norway

In Norway, the main source of electricity is hydropower [18]. It could be argued that in Norway PV
system installations are not necessary as hydropower is available and easily accessible. Moreover,
areas with higher solar irradiation and electricity grids based on fossil energy should be of high priority
for PV and BIPV systems installation [19] that is not applicable for Norway. In addition, feed-in tariffs
(FIT) for domestic and corporate PV generation, similar to those in Germany, have not been
introduced in Norway so far. Therefore, implementation of PV and BIPV [20, 21] technologies in
Norway are still relatively slow. Climate policies in Nordic and European regions demand on
development and increasing use of renewable energy sources (REC) to achieve lower GHG
emissions level. PV market in Norway is still greater related to off-grid installations. Norwegians use
PV modules for stand-alone applications, mostly at remote cottages and cabins in the mountains (one
example of PV installation is shown in Fig. 2), forests and on the coast, or leisure boats. However,
moderate number of grid-connected PV installations in large buildings and private houses are present
[14]. Compared to 2015, by the end of 2016 the Norwegian solar market grew by 366% with installed
solar panels capacity over 11 MWp. Approximately 10 MW from overall 11.4 MW of new capacity are
grid-connected PV systems. Total cumulative PV installed capacity almost reached 27 MWp, where
more than half of it supplies from grid-connected installations [15]. Mostly this rapid growth was
possible due to the solving of two issues in the beginning of 2016: the rules on self-consumption and
green electricity certificates. Alongside, subsidies from the government sector supports up to 30% of
the total project investments.

Figure 2: PV installation on the highest mountain in Scandinavia — Galdhapiggen (2469 m), which is
located in the Jotunheimen mountain area, Norway (photo: Anna Fedorova).

3.1 Potential of solar energy in Nordic countries

For both grid- and off-grid connected PV and BIPV systems one of the most considerable parameters
that influence the system performance is solar radiation. The quantity of solar radiation received by
PV module greately depends on the following factors: (a) geographical location, (b) position and
orientation of PV, and (c) angle tilt of the panel [22]. The energy conversion efficiency of photovoltaic
(PV) modules rely upon external factors as: (a) total amount of solar radiation at the site of
installation, (b) wavelenght of the solar radiation (will affect the light conversion efficiency), (c) varition
of the type of PV efficiency, (d) efficiency decrease with time caused by long-term solar radiation
and/or high temperature exposure, (e) temperature of surrounding air, (f) the solar radiation intencity,
and (g) local wind speed. Energy output from PV or BIPV systems would significantly dependent on
location of installation. Regions with horizontal solar radiation up to 2500 KWh/m? yearly have greater
potential for energy production from solar source. For comparison, in Norway yearly solar radiation
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vary from 700 KWh/m? in north to 1000 kWh/m? in south [23]. Amoung top European countries for
energy production from the solar radiation are Germany, Italy, Spain, France and United Kingdom [7].
Data on yearly global solar irradiation in cities in closest neighboring countries like Denmark, Sweden
and Germany show that Norwegian cities in southern part of the country, for instance Oslo, receive
similar amount of solar radiation, which is shown in Fig. 3.
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Figure 3: Yearly global solar irradiation (‘solinnstraling”, ar = year) for a horizontal surface for 7 cities in Europe
[23].

The distribution of solar irradiation in the northern region vary greatly throughout the year, while in the
southern part of the Nordic countries it remains more stable. For instance, the monthly averaged
horizontal global irradiance in Oslo varies from 26.3 — 63.8 Wim? during November, December and
January and rise up to 683 W/m? in June. Therefore, the energy production from PV installations in
city of Oslo, southern Norway, would be mostly reliable from February to October [24]. Yearly global
irradiance values on horizontal and optimally inclined surfaces for Norway [25—27] are depicted in Fig.
4.

Global irradiation and solar electricity potential Global irradiation and solar electricity potential
Horizentally mounted photovoltalc moduss NORWAY / NORGE Spmally nclinee shotovoliaic modules. NORWAY / NORGE
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Figure 4: Global irradiation and solar electricity potential for horizontally (left) and optimally inclined (right) PV
modules [25-27].
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3.2 Challenges and benefits of using BIPV technology in Nordic countries

All PV panels can operate both in hot and cold climates, generating energy, while their efficiency
would differ. In order for PV panels to function efficiently, it is vital to know latitude and optimum tilt
angle of the area or region [22] and adapt PV system installation to the current location. Specific
climate exposures that are present at the specific location would affect modules efficiency when
causing degradation of PV module materials or covering BIPV modules’ surfaces, for example with
Snow.

3.2.1 Type of PV technology

At cold climate conditions the most reliable and recommended type of PV panel is poly-crystalline Si,
due to high efficiency and longer life span [22]. Especially when considering both efficiency, payback
time and economical aspects poly-crystalline Si PV modules might be given a priority. However, all
PV module types could effectively operate in cold climates and different types of modules could be
combined and used jointly to achieve the highest energy output.

3.2.2 Degradation of BIPV module components

PV and BIPV systems are designed to harvest solar energy but due to the degradation of PV module
components, while being exposed to various climate exposures, module efficiency gradually
decreases. Mainly, degradation of PV modules could be grouped in five categories: (a) degradation of
packaging materials, (b) loss of adhesion, (c¢) degradation of cell/module interconnects, (d)
degradation caused by moisture intrusion, and (e) degradation of semiconductor device. Most PV
modules’ degradation observed by Chattopadhyay et al. [28] was found in modules installed in hotter
and more humid climate locations. Discolouration of encapsulant was found in most PV modules
including those installed in regions with cold climates. This damage occurred in 67% of 11-20 years
old PV modules, compared to 90% of 11-20 years old PV modules exposed to hot and humid climate
conditions. Colder climate conditions cause less degradations in PV modules. Hence, using PV
technology in colder climates could have its advantages.

3.2.3 Watertightness of BIPV systems

When BIPV systems replace traditional building envelope elements, the weather resistance must be
maintained. Water is the hardest climate factor for materials [29] while the main moisture source
affecting the hydrothermal performance and durability of the building envelope is wind-driven rain [30].
As not all of the BIPV products are designed specifically for building envelope integration they must
be extensively investigated for watertightness before being applied at large in buildings [31]. It is
especially important for the Norwegian climate [32], as weather is extremely varied in this region due
to a long coastline where extreme events, i.e. storms and rainfalls occur frequently during the autumn-
and winter seasons [33].

3.2.4 Snow and ice covering BIPV

Snow and ice formation on BIPV systems would cause decrease in PV panel energy production [34,
35] likewise lower cost effectiveness [32]. However, during the winter period the Nordic region
experiences low solar insolation and the potential for solar harvesting is relatively low [32]. Southern
part of Norway experiences lighter winters compared to other parts of the country, hence periods with
snow covering are relatively short here [36]. Number of snow days in the highly populated cities in
Norway is comparable to the city of Munich in Germany where PV module energy production loss due
to snow covering was estimated to 0.3-2.7% [37]. Thus, loss in energy production is not extremely
large but still desirable to avoid.

3.3 PV and BIPV installations in Norway

Norwegian grid-connected BIPV and building attached photovoltaics (BAPV) systems range from
small residential systems (1-10 kWp) to large commercial systems (up to 370 kWp). In total, there are
more than 100 installations. Shortlist of exsiting BIPV and BAPV systems that were chosen and
evaluated by Imenes [16] and Hauman [38] are presented in the Table 1. Basic information about the
systems, i.e. type of integration, type of technology, purpose of the building, location and year of
commissioning, is provided. Most of the installations are represented by BAPV systems, but number
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of BIPV projects are growing. BIPV systems are so far mainly used in public buildings. Both mono-
and poly-crystalline Si modules were installed.

Table 1: BIPV and BAPYV installations in Norway [16, 38].

Name Location Building Integration Type | Commissioned
purpose
Oseana Arts and Bergen Culture centre BIPV (curved mono- 2011-Nov
Cultural Centre facade) Si
Kiwi Auli Adlifeltet Foodstore BIPV (pitched mono- 2014-Nov
roof) Si
Skarpnes Arendal Detached BIPV (pitched mono- 2015-Jan/Nov
house roof) Si
Haakonsvern Bergen Offices BAPV (flat mono- 2015-Nov
roof) Si
Kjerbo Sandvika Offices BAPV (flat mono- 2014-Apr/Aug
roof) Si
Solsmaragden Drammen Offices BIPV (fagade), | mono- 2015-Nov
BAPV (flat Si, poly-
roof) Si
Pastor Fangen Oslo Care homes BIPV (pitched poly-Si 2015-Nov
roof)
Haldenterminalen Halden Warehouse BIPV (fagade), | poly-Si 2015-Sep
BAPV (flat
roof)
Evenstad Hedmark College BAPV (pitched | poly-Si 2013-Nov
roof)
Asko Vestby Lillesand/Vestby Warehouse BAPV (flat poly-Si 2014-Sep
roof)
kern Oslo Nursing home BAPV (flat poly-Si 2014-Jun
roof)
Agder Energi Kristiansand Offices BAPV (flat poly-Si, 2011-May
roof) a-Si
Lerkendal Trondheim Offices BAPV (fagade) | poly-Si 2012-Sep
Gregndalen Gard Auli Detached BAPV (pitched CIGS 2015-Dec
house roof)

The largest PV installation in Norway (Agder Energi, Table 1) is located in the southern region in the
city of Agder [39], one of the richest region for solar energy production in the country. PV modules
cover 4500 m2 of the building roof. The overall yearly energy capacity of the installation is estimated
at 720 000 kwh. Another example of BIPV intallation that presents high arhitectural quality is Oseana
Arts and Cultural Centre (Table 1, Fig. 4 (left)). Coloured BIPV are used relatively rarely, for instance
coloured BIPV fagade safety glass modules were used in the Solsmaragden building (Table 1, Fig. 4
(right)). To emphasize environmental mindfulness a green colour of the PV was chosen, where panels
were made by screen printing, and 26 mono-Si modules of various shapes were produced to
construct the fagade system [40].
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Figure 4: (left) Oseana Arts and Cultural Centre [41]; (right) Solsmaragden [40].

3.4 Environmental benefits of BIPV technology

Comparison of three rooftop technologies, such as white roof, green roof and roof-mounted PV
systems, at cold climate conditions revealed beneficial environmental impact especially from PV
installation. Negative environmental impact from PV installation is 1 to 3 times lower than from the
alternative rooftop technologies [42]. The mounting structures have significant contribution to the
emissions from the BIPV systems. Proper integration of BIPV products could reduce the use of
building materials. Therefore, emissions associated with used materials will decrease. Resources
used for PV systems manufacturing are of a high value. Usually, materials used for production are
semiconductor materials such as crystalline Si or CdTe, glass, plastics, rubber laminates and metals
[43]. At the end of the modules’ service life all these components could be reused when separated
from the others and recycled [44] A recovery rate could reach more than 90%, when 1 kg of
semiconductor material can be reused 41 times, before it becomes insufficient for the manufacturing
new panels [45]. As discussed by Kristiansdottir et al. [19], emissions from modules made with reused
PV cells were lower. The end of life benefits from recycling, especially glass and aluminium, can have
a significant influence on the overall life cycle of PV modules [46].

4. Discussion

The potential for the BIPV market to expand is promising, and an increase in building projects and
designs implementing BIPV technology is expected. In the Nordic countries, the interest in BIPV
technology is also growing and is anticipated to increase in the future. PV and BIPV installations in
Norway increase in number rapidly during 2016 also due to the solving of two significant issues: the
rules on self-consumption and green electricity certificates. Solar installation projects in Norway are
receiving more and more subsidy support from the governmental sector each year. Overall interest in
expansion of Norwegian solar market is present. Even though, the Nordic region receives less solar
radiation than southern European countries it has potential for solar energy production. Yearly global
solar irradiance in southern parts of Norway, Denmark and Sweden is comparable to the amount
received in Germany. While most of the yearly amount of global solar irradiance received in Norway is
stable and remain on a sufficient level, winter months could represent various challenges for BIPV
installations. For instance, energy production from BIPV and PV systems drop significantly during this
period, additionally snow covering may lead to even greater reduction in energy output from these
systems. However, installation of BIPV products at Nordic climate conditions could also be beneficial.
Any type of PV technology would work well in cold climates but priority may be currently given to poly-
crystalline Si modules, as they are more efficient and have a longer life span being exposed to colder
climate conditions. BIPV systems should tolerate cold climate conditions with great performance but it
has not been sufficiently proven yet. Degradation of PV module components is expected to be slower
and to have less damage consequences, than PV installed in hotter and more humid climates. One
important climate strain should be noted: wind-driven rain, as Nordic countries, and Norway in
particular, have a long coastline and experience heavy precipitation events. Due to these aspects, all
new technologies used in the building envelope systems should be evaluated and sufficient water
tightness must be proven.
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The PV market in Norway is mostly represented by off-grid installations, which are used for stand-
alone applications, mainly in cabins in the mountains or at leisure boats. If looking at grid-connected
systems in overall more than 100 installations could be found across Norway, at both private houses
and public buildings. Performance of these installations was proven by various studies, however data
from these ones is not present in this work. Mostly, BAPV installations are present, while BIPV
systems are mainly installed in public buildings. Thus, number of BIPV installations is expected to
grow in the nearest future. Mono- and poly-crystalline Si modules are the main PV types used till now.

Development and expansion of BIPV technology is vital for the building sector not only in Norway but
also around the world. The Nordic countries have always been in forefront for climate mitigation policy
implementation and use of renewable energy sources. Therefore, the solar market in the Nordic
region is expected to grow extensively in the future.

5. Conclusions

The building integrated photovoltaics (BIPV) technology represents a profitable solution for the future
buildings. As BIPV are replacing the building envelope elements it may lead to cost profits and
building energy balance improvement, and will be an investment in building energy supply. BIPV
systems have great potential also in Norway, especially if requirements for using them in Norway will
be evaluated and applied to this technology. The BIPV systems must be well designed and approved
by testing laboratories according to Norwegian building requirements and standards. This study
discusses the current situation for the Norwegian solar market, solar power potential of Norway, and
recent building attached photovoltaics (BAPV) and BIPV installations. In future work, evaluation of
most suitable BIPV products on the world market should be conducted. The choice of the most
suitable BIPV products and systems is strongly dependent on the environmental exposure conditions
at the given installation site. Implementation of BIPV products and systems that are chosen
specifically for Nordic climate conditions will reduce the lifetime costs and increase their potential as a
building element in terms of a reliable investment choice.
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Abstract. This review brings together research on the integration aspect of photovoltaic
technologies in the building sector. Buildings are among the significant contributors of negative,
yet not avoidable, environmental impact. Two primary drivers are pushing the building industry
toward sustainability: a goal of lowering the emission levels emitted by the industry, and new
norms and regulations on a zero-energy building. The zero-energy building concept is primarily
based on the principle that the amount of renewable energy created on the site will be equal to
the total amount of energy used by the building during its operational phase throughout its entire
lifetime. As aresult, the photovoltaic technology was introduced to the building sector, and from
there started a rapid research and development of a merged field, building-integrated
photovoltaics (BIPV). The market of BIPV is still young and is hence constantly changing. A
few BIPV product manufacturers are steadily represented on the market, while new products and
manufacturers are emerging and others disappearing now and then. A critical review presented
herein provides technical information on existing BIPV products and systems, considering their
multi-functionality as a climate screen, energy generator and aesthetic component. Therefore,
this paper aims to help to understand BIPV products and systems as well as possibilities and
challenges associated with their integration into the built environment of today, thus also giving
guidelines for the development and design of BIPV components for the future.

1. Introduction

A building-integrated photovoltaic (BIPV) market is a young but fast-developing merged field of two
industries — photovoltaic and building. According to the data from the United Nations Environment
Programme (UNEP), up to 40% of global energy is consumed by buildings, and they emit approximately
1/3 of greenhouse gas (GHG) emissions [1]. Due to an expected population increase of 2.5 x 10° people
by 2050 and the continuation of its growth in the future, the global energy system will experience
additional pressure [2]. With growing energy needs, and as energy production nowadays is primarily
based on fossil fuels [1] that release GHG emissions, the level of emissions will steadily continue to
grow unless severe action is taken. The issue of GHG emissions, exceeding a sustainable level, is one
of the most significant our society faces, and there is a need to find solutions to cope with it. Among
other possible ways, GHG emissions mitigation could be achieved by applying energy efficiency
approaches and using renewable energy sources [1]. In this regard, the concepts of zero-energy and zero-
emission buildings (ZEB) have been established, also mentioned in sustainability in construction
standards [3]. According to the European Parliament and the European Union Directive 2010/31/EU
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(EPD 2010/13 EU) [4] on the energy performance of buildings, by the end of the year 2020, all new
buildings should be “nearly zero-energy buildings.”. This directive is one of the key market drivers,
along with the opinion that BIPV is most applicable to ZEB. Challenges of the BIPV market include
among others the following: cost reduction, performance, service life, product availability and
flexibility, better acsthetics, standardization across industry, construction details, and energy field
regulations, mentioned in order of priority [5]. Additional drivers of BIPV technologies are the United
Nations (UN) sustainability goals: 7 “Affordable and clean energy” and 11 “Sustainable cities and
communities” [6].

Initially, photovoltaic (PV) systems were implemented into the built environment in remote areas to
supply buildings with electricity off the grid (an example of such an installation is shown in figure 1,
left). Then, grid-connected PV installations have gained popularity among various users (an example of
this type of installation is shown in figure 1, middle). Further advancement in the PV field has led to the
design and extensive production of various PV products for integration into a building envelope (an
example of PV integrated into the roof is shown in figure 1, right).

Jotunheimen, Detached'house in“Trondheim, Norway

Figure 1. Off-grid PV system installed on the fagade of a mountain cabin, building applied PV (BAPV) system
attached on the roof tiles, PV tiles system (BIPV) integrated into the roof. (Source: authors’ photos)

The main objective of the present study is to provide a critical overview of existing BIPV products,
illuminating significant obstacles of the market, after its analysis, and to find solutions for further market
development. Only in 2016 internationally agreed definitions for the BIPV industry were presented,
which boosted the standardization base and better structured market.

To understand the intended meaning of the terms “BIPV module” and “BIPV system”, it is referred
to the definitions proposed by members of IEA-PVPS Task 15, Subtask C report “International
definitions of BIPV”[7]. Definitions are quoted here: "4 BIPV module is a PV module and a construction
product together, designed to be a component of the building. 4 BIPV module is the smallest (electrically
and mechanically) non-divisible photovoltaic unit in a BIPV system, which retains building-related
functionality. If the BIPV module is dismounted, it would have to be replaced by an appropriate
construction product. 4 BIPV system is a photovoltaic system in which the PV modules satisfy the
definition above for BIPV products. It includes the electrical components needed to connect the PV
modules to external AC or DC circuits and the mechanical mounting systems needed to integrate the
BIPV modules into the building.". The term “BIPV product” is mainly equal to the term “BIPV module”
but can also mean the full “BIPV system”.

2. Method

The information presented in this study was collected from various sources, mainly based on a review
of relevant scientific publications and projects as well as communication with BIPV manufacturers,
installers, users, and researchers. Years 2013-2020 were in the focus as the BIPV market and
technologies are developing fast, and information is quickly getting outdated. The review presented here
is not intended to be a complete list of all BIPV products represented on the market, but rather to provide
a critical overview of the market giving examples of BIPV products.
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3. BIPV standardization

Building integration of PV must always comply with two different standardization and regulation
schemes. The first scheme refers to requirements of the building industry, often regulated in local
building codes and international (ISO) standards; the second - to the electrical industry and international
(IEC) standards as well as mandatory, local regulations [8]. All PV products must be approved by testing
centres and laboratories according to current international standards. At the same time, as PV products
designed specifically for building integration still represent a niche market, no harmonized standards for
actual testing of these products exist [9]. The first BIPV standard EN 50583 [10,11] had been realized
in 2016, which became a starting point for further work on BIPV standardization. The information
provided by manufacturers is still insufficient for BIPV to fully enter the building sector, as they can
only provide primary electrical performance data and standard module durability certification, while
technical requirements for building integration are still missing [12]. Besides, the information provided
in BIPV product data sheets has no defined form, making it harder to compare various products.

3.1. BIPV related standards

EN 50583 [10,11] standard, which was released in January 2016 classifies BIPV in specific categories
and defines a series of requirements for the BIPV products to satisfy building specifications, although
there has also been published carlier studies with BIPV categorizations. This standard applies to
photovoltaic systems used as construction products integrated into the building envelope. EN 50583
consists of “Part 1: BIPV modules” and “Part 2: BIPV systems™ due to the need to address the
photovoltaic modules, and their mounting, and electrical systems. The focus of EN 50583 is on general,
electrical, and building-related requirements, along with requirements for building products with and
without glass panes, labelling, system documentation, commissioning tests and inspection requirements.
EN 50583 includes an initial list of “basic requirements” for BIPV, however additional qualities such as
durability and reliability, water- and airtightness, and seismic resistance should also be included when
BIPV products are evaluated [8]. International standard for glass in buildings ISO 18178 [13] specifies
requirements for appearance, durability, and safety as well as test methods and designation for laminated
solar photovoltaic (PV) glass for use in buildings, which is defined as laminated glass that integrates the
function of photovoltaic power generation. The International Code Council (ICC) has established
criteria for BIPV as a roofing material that dictates its performance in terms of stability, wind resistance,
durability, and fire safety. Building product test requirements are set in the acceptance criteria AC 365
[14]. The standard IEC 62980 PV modules for building curtain wall applications was cancelled and
incorporated into the new IEC 63092 "Photovoltaics in buildings" (former IEC 63092 "Photovoltaics on
the roof™) restructured in 2017. For further detailed information on BIPV standardization, it is referred
to the report IEA-PVPS T15-08: 2019 “Analysis of requirements, specifications and regulation of
BIPV” [8] and standards themselves. All currently applicable BIPV standards are presented in table 1.

Table 1. BIPV related standards.

Number Name
EN 50583-1[10]  Photovoltaics in buildings. Part 1: BIPV modules.
EN 50583-2[11]  Photovoltaics in buildings. Part 2: BIPV systems.
ISO 18178 [13] Glass in buildings - Laminated solar PV glass for use in buildings.
AC365[14] Acceptance criteria for building-integrated photovoltaic (BIPV) roof covering systems.
IEC 63092-1% Photovoltaics in buildings - Part 1: Building integrated photovoltaics modules.
TEC 63092-2% Photovoltaics in buildings - Part 2: Building integrated photovoltaics systems.
*on June 2020 seem still in progress

For further BIPV product development, there is a need for the definition of complementary tests for
cases when existing test standards are suitable only for some of the BIPV system types. The results of
the existing standards analysis are described in a Tecnalia report [9], and the review of standards for
BIPV fagade and roof integration is given by Rehde et al. [15].
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components, like the BIPV products. The building industry standards that can be applied to BIPV are
presented in table 3.

Table 3. Standards of building industry applicable to BIPV.

Number Name
IS0 12543 [25] Glass in building — Laminated glass and laminated safety glass.
IEC TR 63226 [26]  Solar photovoltaic energy systems - Managing fire risk related to photovoltaic (PV)
systems on buildings.
ISO 15392 [27] Sustainability in building construction — general principals.
ISO 15686-1 [28]  Buildings and construction assets — service life planning — part 1: general principals
and framework.

Even though BIPV standardization has started to form a strong base for a better representation of
BIPV products on the market, there is still a need for further development and work on more harmonized
standardization. The necessity and suitability of international standardization for BIPV were defined in
the IEA report “Analysis of requirements, specifications and regulation of BIPV” by Berger et al. [8].
In this report three categories of standardization to be addressed at the international level were proposed:
“internationally mandatory*, “useful to design BIPV*“ and “useful to characterize BIPV, but no need for
pass/fail criteria“.

The building element’s functions applicable to BIPV are given in the European Construction Product
Regulation (CPR 305/2011) [29] and are following: mechanical resistance and stability (rigidity or
structural integrity); safety in case of fire; safety and accessibility in use; protection against noise;
primary weather impact protection: rain, snow, wind, and hail; separation between indoor and outdoor
environments; energy economy, such as shading, daylighting and thermal insulation; sustainable use of
natural resources; security, shelter, or safety; hygiene, health, and the environment.

The same categories are listed in IEA report “Analysis of requirements, specifications and regulation
of BIPV”IEA report “Analysis of requirements, specifications and regulation of BIPV” [8] as the ones
that should be prioritized. Other categories recognized in the report, like technical requirements, will
continue to be addressed best at the national or local level, as such requirements are not of immediate
urgency or that some non-technical requirements are beyond the scope of the standardization efforts.
Additionally, there should also be other functions to fulfil or to consider like aspects of user needs
identified by Boddaert et al. [30] that complement the functions listed above. Needs concerning BIPV
performance as a building component: water and air tightness, comfort during operation of a building.
Needs concerning BIPV as an electrical generator: electricity for local use (self-consuption), energy
self-sufficiency, applying simulation for reliable prediction of generated power. Needs concerning long-
term BIPV operation: durability and reliability, ease of maintenance, protection against theft and
vandalism. Needs concerning visual impact and interaction with the environment: aesthetically pleasing
building appearance, flexibility in module dimensioning, visible expression of “green’ values (corporate
image), minimisation of disturbing reflection.

4. BIPV market analysis and discussion

To better understand the BIPV market, it is vital to start with its drivers and obstructions. As was
mentioned in the introduction, there are two primary drivers of the building industry towards
sustainability and hence drivers of a rapid BIPV market development. The first one — to meet the goal
of lowering the emission levels emitted by the industry and second one is the new norms and regulations
on zero-energy and zero-emission buildings. However, the BIPV market is still inconsistent and
represents a niche market. Several barriers are causing this. Firstly, the use of BIPV is currently greatly
complicated in the planning of the construction process. As such installations can be costly-it may be
quite complicated to add BIPV systems later in the construction projects and therefore BIPV installations
are rarely included at the beginning of the design process, budget calculation and life cycle cost (LCC).
Secondly, the recently approved BIPV standard EN 50583 is not yet widely known in the building
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industry. Only a few BIPV products certified as construction products and no easy installation methods
(e.g. such as plug and play, plug and function) for BIPV exist [16,31]. What is more, BIPV products
have not yet been integrated into widely available construction product catalogues (preferably online
ones) and planning tools such as computer-aid design (CAD) and building information modeling (BIM)
software. A valuable online catalogue [32] has been created by the Swiss BIPV Competence Centre at
the University of Applied Science and Arts of Southern Switzerland (SUPSI). As the BIPV market is
constantly changing product catalogues need consistent updating. The effort on planning, designing, and
installation of BIPV is high. Additionally, specialists with knowledge of electrical design and wiring are
needed [31]. For example, one may ask who has or should be given the responsibility for a multi-
functional system like a BIPV roof system, e.g. the roofer or the electrician? This question would give
several different answers depending who you ask. Only a small number of planners, building project
managers, architects, and engineers are aware of the variety of BIPV technologies, their potential, and
advantages when installed in the building envelope. Given these points, BIPV must be included in the
early design phase of the construction process along with informing all the actors of the building
construction industry about BIPV market products.

4.1. Critical aspects of BIPV market

A few critical aspects should be considered to support the BIPV market from the different actors
involved in the decision process. These aspects are cost, reliability (including performance, output
guarantee and product warranty), availability, aesthetics, maintenance, application of BIPV in the
renovation of existing buildings and new constructions [5]. Some of the aspects are amplified below.

4.1.1. Costof BIPV

The cost of PV technologies is gradually declining, while this fact has not directly resulted in lower
BIPV product prices. BIPV could still be considered as a high cost investment. Therefore, BIPV product
cost is the first and main obstacle for the BIPV market growth. It is promising that Renken [33] identified
that the costs of BIPV modules per m* replacing facade elements are similar to common cladding
materials. Similar cost of fagade cladding and BIPV modules for fagades can be explained by the fact
that large BIPV modules reminiscent of standard PV modules hence can be produced by existing PV
manufacturers without much changes in the production process. Frontini et al. [34] attained similar
results for facades but found a difference in the cost of BIPV for roof integration of roughly 200 €/m*
compared to conventional roofing materials. The Fraunhofer Institute for Solar Energy Systems ISE has
developed a life-cycle cost model for BIPV systems. This model considers three main phases of the
system lifetime and views the systems from the owner point of view: the investment/installation phase,
the operation phase, and the demolition/disposal phase. Nowadays, BIPV prices are often calculated and
published as €/Wp, or €kWh; while in the future, €/m* will be more important to conform with
construction industry practices [35], and should simultancously increase the interest of architects and
planners.

As mentioned earlier, to achieve a cost-effective production of PV modules, a highly automated
technical process is required. PV manufacturers’ primary market is the production of cost-competitive
PV modules used for freestanding PV plants or rooftop PV applications (BAPV) [31]. In contrast, every
construction product in the EU needs to satisfy the Construction Products Regulation (CPR), which
leads to an extensive number of additional requirements for the PV modules, such as higher demands
on fire safety or post-breakage behaviour. Furthermore, some basic properties of PV modules, especially
the dimensions, need to be adapted to the different situations of the specific buildings. Due to their
primary market, the automated processes required to produce PV modules do not allow the size of the
PV modules to be changed arbitrarily. Consequently, only a few PV modules manufacturers can produce
PV modules designed for building integration and in a range of customized dimensions. Furthermore,
their automation process does not always allow PV modules to be manufactured with the appropriate
mechanical specifications that construction products need to have.
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4.1.2. Reliability of BIPV

The reliability of BIPV products is the second major aspect of slow BIPV market development [36]. For
BIPV manufacturers, it is of major importance that standardized testing procedures are developed to
evaluate the suitability of their products to defined applications. Additionally, at the moment there is not
enough collaboration between the construction industry and the PV industry regarding the product
optimization and application. Currently, it can often be seen that BIPV products are designed and
developed from a PV point of view, instead of optimizing the products based on a construction point of
view. The application should be simplified and better match the regular construction systems. A major
advancement of the BIPV market could be achieved by the inclusion of architects in BIPV product
development. Two more aspects that could be of interest for the BIPV products reliability, are (i) wind-
driven rain intrusion and occurring water leakage problems, and (ii) various durability issues.
Performance aspects could be expressed not only in amount of energy production, but also in need of
easily understandable specific product performance information, technical drawings, installation details
collected in a defined document form and available for a wide variety of specific BIPV products, which
is collected into an extensive product database. Additionally, to case BIPV installation, a verification of
a long term guarantees of electricity output and a warranty of a proper BIPV product function of the as
a building component are needed.

4.1.3. Availability

The availability of BIPV products is yet another aspect of the BIPV market. The products of compatible
size and form must be consistently available on the market so that if there is a need to replace the system
elements during the BIPV system service life, it will be possible to find replacement of the installed
BIPV products. The market lacks large companies’ representation and related marketing of BIPV
products that could widely promote BIPV solutions, along with a database of BIPV products available
on the market. All actors of the building sector should be informed about sources like BIPV database
where they can find a suitable system for a building project. Further, all the data could be used in CAD
and BIM software tools, which will guide architects to find the best suitable BIPV solution. An
understandable ranking that could ecase comparison of products could be useful to include in such
libraries so that various market actors could easily understand a database without in-depth knowledge
of PV and BIPV technologies. In Europe, each country still has its own legal procedures for building
products. For BIPV, this is a serious constraint due to the limited demand for BIPV products within the
as for today still limited market of each country.

4.1.4. Aesthetics

The aesthetics of BIPV may be relatively important as on the one hand more variations of coloured
BIPV modules appear on the market that may make them more attractive to include in a building project,
but on the other hand their cell efficiency is significantly reduced /37]. All so-called new technologies
(dye-sensitized solar cell (DSSC), organic photovoltaics (OPV), and perovskite solar cell (PSC)) have
the intrinsic potential for different colours. The materials of thin-film and crystalline technologies may
be coloured to a limited extent, or the appearance changed using coloured front covers, either polymer
sheets or glass /3/]. Another alternative to BIPV appearance is semi-transparent modules. Semi-
transparent thin-film based BIPV modules apply transparent conductive oxides instead of metals for the
electrodes and are coloured in a neutral grey tone. Another possibility is to vary the distance between
the PV-active areas and enhance the transparency of the BIPV module which hence simultaneously
reduces the area-specific efficiency. Due to the limited space on roof and facade areas, the BIPV system
efficiency should be as high as possible. Still, from an architectural point of view, it could be worth
losing some degree of PV cell efficiency to gain a more aesthetically pleasing appearance. Aesthetics of
a building may be also improved by reducing the complexity of mounting systems and increasing the
flexibility in shapes and forms.
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4.1.5. Maintenance

The maintenance of BIPV systems is not usually considered or suggested by the manufacturers, as
typically, BIPV systems need little maintenance during its expected service life of 25-30 years. BIPV
systems intrinsically have no moving parts. During certification, the BIPV products must withstand
various mechanical loads and therefore mechanical stability is ensured before installation. Moreover, if
BIPV systems installed correctly according to manuals they are expected to work without mechanical
failures. The need to clean BIPV systems is highly dependent on their geographical location of
installation and the meteorological conditions (rain, humidity, wind, dust, etc.), the tilt angle of the
system, and the surface morphology. The only maintenance aspect that is vital to address is rubber
scalant elements used for a better water tightness of BIPV systems. These elements could age
tremendously in a much shorter period than 25-30 years and may need replacement by new sealant
elements, thus research on the durability of such elements is needed

4.1.6. Application of BIPV in new constructions and renovation of existing ones

Application of BIPV in new constructions may seem easier as any of the BIPV systems represented on
the market or specially designed BIPV products may be used. While in renovation of existing buildings
it may be more difficult to find BIPV systems of suitable shape and colors. Regulations for compulsory
use of BIPV products in new construction projects, and specific components development, which are
adapted to application in renovation projects could be useful.

4.2. BIPV market overview

PV cell technologies that lead the existing BIPV market are the first generation PV cells (wafer-based),
which are similar to the primary PV market of free-standing and rooftop PV applications. Among these
technologies are mono-crystalline silicon cells (mono ¢-Si) and poly-crystalline silicon cells (poly c-Si).
A smaller part of the market is shared by the second generation PV cells (also called thin-film solar
cells), i.e. amorphous silicon (a-Si), cadmium telluride (CdTe) and copper indium gallium selenide
(CIGS). The PV market share can be expressed by the percentage of global annual electricity production
by cach PV cell technology. The market share of the first-generation PV technologies is the biggest:
poly ¢-Si — 60.8% and mono c¢-Si — 32.2%; followed by the second generation PV technologies thin-
film solar cells — 4.5%, where the share is distributed between CdTe — 2.3%, CIGS — 1.9% and a-Si —
0.3% (data from a market analysis in 2017) [38]. The third generation PV cells are not included in the
present study, as their market share is minimal.

All BIPV products can be categorized by the type of BIPV products [36], by the type of BIPV
systems, and by the way of integration into the building envelope [39] and by the BIPV categories given
in the standard EN 50583 [10,11]. These three categorizations are presented in table 4, table 5, figure 2,
and summarized in table 6.

Table 4. Categorization by BIPV product type [36].

Product type ~ BIPV foil products BIPV tile products BIPV module products Solar cell glazing

products
Normally arranged in imil ional Tized i
Lightweight and modules with the Similar to conventiona ; Utilize m
e ; PV modules, but made windows, glazing,
Specification  flexible, often made appearance and : . ;
from thin-film cells  properties of standard with prgtectlve_ weather tiles, facades gnd
roof tiles skin solutions roofs, and skylights

Table 5. Categorization by the way BIPV systems could be integrated [39].

System integration Roofing Facade
Solar tiles-shingle\
In-roof mounted systems Solar glazing/skylights Cold fagade
Type of integration Full roof BIPV solution Warm fagade
PV membrane Accessories
Metal panels
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Table 6. Continue

BIPV BIPV
BIPV prodict system integration Type
Producers Illustration category ca{zgory catgegory ofyll))v Special features Source
(table 4) (table5) (figure2)
https://www.enf
ot Gl Might be out of the  solar.com/pv/pa
Solarteg solar tile hin A P Sy BIPV market, had 5 nel-
shingles L different colours datasheet/crysta
1line/34338
Solar tile that equals
i to width of four two
Solinso BIPY ile  Solartiles- A mhap compatible L o e
shingles ¢-Si 2 inso.nl/
conventional roof
tiles
; Dummy roof tile https://www.sol
Soltnso - - - - without PV insonl/
Compatible rubber
solar il - sealant elements are  https://www.sun
Sunstyle solar shingle shingles A o-Si provided with the style.com/en/Ho
Sunstyle solar me.html
shingles
i solar tiles- Dot Atz;tfrbsl‘ eb‘rr:wff:,r Hltps i fel
Nelskamp BIPV tile z A specifi 2 skamp.de/index.
shingles o graphite, red and oiant
black P
Compatible roof https://www.niel
Nelskamp BIpVle  Solartiles A oty tlsesavailibl sktznp.de/index.
shingles ¢-Si from the same
php/en/
manufacturer
mono
g 3 c-Si Frameless modules  https:/www.sol
Solitek BIPV module ;n;l;oe;yn A and specially designed  itek.ew/en/produ
¥ poly c- for integration cts
Si
in-roof Only one module http://solibro-
Solibro BIPV module system, bW o) CIGS size and one colour  research.com/en
cold facade are available /technology/
Capillary system for
in-roof mono roof integration, http://www.sun
BAnEge BIPYmodule system A ¢-Si enables water age.ch/prodotti/
dranage
sm zng mono Acal} be customized http://www.sun
Sunage BIPV module JECS AC - in size and shape of P S
warm c-Si age.ch/prodotti/
facads the module
Modules provided
in-roof . alreafiy with .
system, installation system https://ennogie.
Ennogie BIPV module warm’ AC CdTe attached to modules com/documenta
facade and compatible tion_uk-2/
rubber sealant
elements
solar 5 https://www.sol
Solitek Solar‘cell glazing/sky E fB'_a] itek.ewen/produ
glazing light faci ol
10
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5. Conclusions

The building-integrated photovoltaic (BIPV) market is expected to expand drastically in the coming
years. The first BIPV standard EN 50583-1 and 2 “Photovoltaics in buildings. Part 1: BIPV modules™
and “Photovoltaics in buildings. Part 2: BIPV systems” is a major step toward a standardized BIPV
market with better structure, as this standard defines five different integration categories of BIPV,
depending on the intended way of application. This categorization complements already existing BIPV
categorization by product type and system type. However, EN 50583 is not yet widely known in the
building industry. Unfortunately, the number of BIPV market actors that are simultaneously aware of
the needs and standard procedures of the building industry is limited. Therefore, with the development
of BIPV standards and the availability of corresponding BIPV products, the next step is to create widely
available sources of the BIPV products’ representations for the building sector such as a database of
BIPV modules and systems. Such database may be integrated into computer-aid design (CAD) and
building information modelling (BIM) software that will ease the inclusion of BIPV in the carly design
phase of the construction process. Building elements that are not part of the available databases have a
limited chance to be considered in sophisticated construction projects. As soon as BIPV modules are
available as database objects, including all the information needed in the construction process, BIPV
systems will be able to take the step from a niche market to a standardized commodity product. Despite
the fact that a variety of BIPV products and their compilation in systems that exist today on the market
give many choices and possibilities to designers and construction project actors, there are still several
obstacles on the way for this young but fast-growing field. The first obstacle is a specific BIPV
standardization. Even though EN 50583 has created a solid base for BIPV standardization, there is still
aneed for more harmonized standards which include testing concerning BIPV systems as climate screen
and durability along with other additional examination to existing testing from PV field. When applying
BIPV products in specific countries national standards should also be considered. The last aspect here
is standards related to the building industry, as there is still a question which of these standards must be
obligatory and which should be voluntary. Standards concerning various aspects of safety and resistance
to load impact must be of high priority. Also, the service life prediction could be especially challenging
for innovative components, like the BIPV products.

Testing of BIPV systems is yet another aspect of the BIPV market. Right now, BIPV systems are
tested according to the main standards for PV modules, assessing modules quality, safety, and durability
to some extent. Additional testing that will evaluate BIPV systems as building components should be
developed and implemented. Various aspects may be tested, like durability and reliability, examination
of a performance as a climate screen, including ability to withstand rain with measuring a degree of
water tightness of BIPV systems.

Further BIPV market development is dependent on finding solutions to cope with the barriers such
as cost, reliability (including performance, output guarantec and product warranty), availability,
aesthetics, maintenance, application of BIPV in renovation of existing buildings and new constructions.
BIPV products' cost could be improved by producing a vast number of specially designed BIPV products
in a highly automated production line that allows differences in size, shape, colour, and power output.
Availability may be improved by development of standardized BIPV products for selected building
categories, which should be carried out in collaboration with specialists representing all the involved
fields such as engincers and architects, as well as manufacturers, project developers and building
owners. Another approach to improve the BIPV market is to identify building classes with standard
constructions and dimensions by detailed analysis of the building stock. The resulting comprehensive
data base will allow the definition of standardized modules that can be prefabricated, and which may be
designed to be equipped with plug-and-play technologies. Provision of the same BIPV products and
systems during their service life must be ensured. Cases when components of the BIPV systems need to
be replaced (during 25-30 years’ service life of products), but with the actual manufacturers disappearing
from the market, should be minimized. Aesthetical aspect may be improved by BIPV products of various
colours and shapes. Most of the latest technologies allow inherently different colours and
semitransparency, which give them a great design potential. The use of the immense design potential
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may open and boost new market segments for BIPV products focusing on the design. The main concern
for the maintenance aspect is the use of sealant elements made of rubber materials, which may need
replacement during the BIPV system lifetime of 25-30 years.
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ARTICLE INFO ABSTRACT

Keywords: Wind-driven rain (WDR) exposure is a crucial impact factor to consider for building envelope components and
T@_“ '_“Eﬂ_“-’d X systems. The roof being a climate screen, shields inner structures from various precipitations preventing most of
l;;‘]')l\‘;lmg""‘ey“ed photovoltaics the water from intruding. Although WDR exposure tests are quite common, there is a lack of studies that explore

Widideiven e a quantification of water intrusion during such an experiment. Novel technologies such as e.g. building-
WDR integrated photovoltaic (BIPV) systems have been steadily more used as the building envelope components,
and majority of BIPV systems are designed for roof integration. Such systems are mainly viewed as electricity
generators, consequently, the power output and parameters that affect them are usually in focus when these
systems are evaluated, whereas little information is available on the weather protection performance of BIPV
systems. To address this gap, a series of experiments were conducted to improve the testing methodology of WDR
exposure for BIPV systems where quantification of water intrusion was implemented. As a result, a novel
framework is presented, which includes a step-by-step test methodology and a detailed description of the con-
struction of a water collection system. Selected BIPV system for roof integration was tested according to the

and collected water were provided. The findings in this study demonstrate that quanti-
fication of water intrusion is feasible and provides performance-based information that will help improving the

‘Watertightness

design of BIPV systems as climate screens.

1. Introduction
1.1. Wind-driven raintightness test of building envelope components

The primary function of the building envelope is to compile a
weather screen protecting the inner building structures and environ-
ment from various climate exposures. One of the main climate exposures
that affect the building envelope is precipitation. All kinds of precipi-
tation such as horizontal rain, wind-driven rain (WDR), hail, and snow
significantly affect the hygrothermal performance of the building
envelope.

A relatively young technology that has been introduced to the
building industry and that steadily gains more attention is building-
integrated photovoltaics (BIPV). BIPV systems are designed for inte-
gration into the building envelope along or instead of conventional
building envelope components. Additionally to the weather screen
function such systems produce electricity on-site [1].

To ensure that components and systems of the building envelope can
sufficiently withstand exposure to various precipitations they are
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subjected to numerous testing, both in laboratories and at outdoor fields.
Outdoor testing may require significantly more resources, both
economical and timewise, while testing in a laboratory could be done in
shorter periods. Testing conducted in laboratories has an unbeatable
advantage as climate parameters may easily be controlled under labo-
ratory conditions. Watertightness testing of the building envelope
components is usually conducted in laboratories.

One aspect of watertightness testing, including raintightness, in the
building industry is that such testing is not a part of Construction
products regulation No 305/2011 [2], which specifies harmonized rules
for the marketing of construction products in the EU. The watertightness
testing for the building envelope systems is therefore voluntary and is
not required for them to be sold on the market. Such test may provide
valuable information that might be further used either to predict prod-
uct performance, to compare different products in the same product
range or for future product development. The primary layer of a sloped
ventilated roof structure, viewed from the outside, is compiled of
various roof coverings, for example shingles or tiles, whose main func-
tion is to keep as much precipitation out of the inner roof structure as
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possible. Under this layer first lies a ventilated air cavity, and then the
underroof. The underroof is a secondary water barrier - a layer of a wind
and waterproof membrane, which ensures that the water that went
through the primary layer would not enter into the next layers of the
roof structure [3].

Rain penetration into the building envelope can create problems that
affect the durability of building materials, such as material degradation,
mould growth, and wood decay. Rainwater can reach inner roof struc-
tures through the areas where the roofing underlayment is fastened by
nails and staples. To predict moisture damage quantification of rain
penetration through roof tiles may be utilized [4]. Several studies
investigated WDR exposure on building facades in different countries
[5-9], which shows the importance of risk mitigation associated with
moisture-related problems. However, limited information is available
on studies focusing on WDR exposure on roofing systems. Investigation
of how roofing systems respond to WDR exposure can provide infor-
mation on design parameters that influence the watertightness of
various roof coverings. The design may be improved to minimize water
intrusion. Fasana and Nelva [10] found the following aspects of the
design of the roof coverings that affect watertightness: the value of the
overlap of the roof slates and dimension of the side joint between the
roof slates. It was also highlighted that the inclination of the installed
roof system plays a critical role and an angle at which the system is the
most watertight can be found [10].

Another crucial aspect is that it is often not feasible to access infor-
mation on the methodology and results used for watertightness testing
of the building envelope components and systems. Laboratory in-
vestigations are usually carried out by laboratories on assignment by
manufacturers, where the results usually are not available for public.
Thus, the building envelope components and systems cannot be
compared according to their watertightness quality. In international
standards watertightness is mostly addressed on material or component
level [11]. Therefore, a testing methodology that includes the quanti-
fication of water intrusion for roof systems would give the opportunity
to compare (a) various conventional roof systems with each other, (b)
BIPV systems with traditional (non-BIPV) roof systems, and (c) different
BIPV systems with each other. Also, development of new BIPV systems
may be challenging without a knowledge base of documented perfor-
mance of such systems, as well as the same information on conventional
roof systems. Therefore, this study focuses on laboratory investigation of
BIPV systems and development of a WDR exposure testing methodology
that utilizes a quantitative method.

1.2, Principals of watertightness testing

When it comes to WDR exposure testing both the watertightness and
raintightness terminology are used to describe the quality of the building
envelope components and systems to withstand WDR. The term water-
tightness is mostly used both in international standards and scientific
work, while the term raintightness rarely appears. Even though rain-
tightness may seem as a better description of the quality of the roof
systems, the terms watertightness, water leakage and WDR intrusion
will be used in this study.

The principal of the watertightness test for roof coverings is to apply
a certain quantity of water spray at various ranges of air pressure dif-
ferences at various slopes at defined conditions with respect to the
exterior surface of a roof specimen to observe if water leakages occur
[11-13]. The air pressure loads at which water leakages occur and their
locations, along with corresponding water leakage intensities, have so
far beenrecorded with the main aim to identify a qualitative description
of the water leakages and the limit of watertightness for the tested
building envelope systems. However, to be able to classify tested sys-
tems, additional test parameters and measurements should be included.
More specifically, the watertightness could be characterized by a
measured quantity of the water leakages, which will enable a compar-
ison between a large range of different roof (and facade) products in
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general and BIPV systems in particular. Thus, in the testing methodology
of WDR intrusion for BIPV systems presented herein, a water leakage
quantification method is proposed and evaluated.

The limit for the amount of water leakage intruding through the
system is hardly specified for the building envelope systems. For BIPV
systems intended for roof integration, this aspect is mentioned in the
standard EN 50583-2 “Photovoltaics in buildings. Part 2: BIPV systems”
[14] in annex A “Resistance to wind-driven rain of BIPV roof coverings
with discontinuously laid elements — test method™:

# “A water collector shall be provided, capable of recording the
amount of leakage water during any pressure step in the test”.

o “Reference leakage rate (10 g/m?)/5 min, 5 min being the duration
of a single test step in the sub-test”.

# “The cases, in which leakages exceeding fine spray and wetting on
the underside occur, are considered as being too severe for the
application. In any case, the reference leakage rate of (10 g/mz)/S
min shall not be surpassed”.

Test parameters from watertightness test standards are spray rate, air
pressure and the duration of these two parameters [15]. Standards
mainly focus on manipulation of air pressure ranges, while water spray
rate is usually kept constant. It could be beneficial to manipulate both
parameters to simulate WDR exposure more closely to the one that oc-
curs in real conditions. However, this manipulation may be challenging,
and more research is needed.

To thoroughly test the building envelope systems as the climate
screen it is crucial to test a large-scale model, as the most vital here is to
investigate how connection of elements of such systems affect the per-
formance. There are three basic experimental methods that can be used
in building science: (a) full-scale models, (b) test cells or (¢) experi-
mental modules and large-scale model tests [16]. By the full-scale model
it is meant that a whole building in full-scale is taken as a model for test,
which usually is performed outdoors [3]. The goal of such test is to
collect data on the building performance in real outdoor conditions. By
the test cells it is meant that a part of a building, a cell, is tested in
outdoor conditions, while the necessary indoor conditions are controlled
[17]1, while outdoor conditions are present as they are. The test cells test
may be a connecting point between the full-scale test and the scale
model test. By the large-scale model it is meant a model constructed of
elements and modules of real size, but the tested fragment of the
building envelope fitted to a test specimen. The large-scale model test
enables evaluation of various building envelope systems under
close-to-identical laboratory conditions as these conditions can be easily
replicated in indoor laboratories using similar equipment and
methodology.

Compared to the other two basic experimental methods the large-
scale model test (¢) has both economical and time related advantages,
but the exact scale is to be chosen for each specific test case. While full
scale and test cells testing of the building envelope systems can provide
extensive information and understanding on how various building en-
velope components work together [3], for the purpose of the present
study the large-scale model test was found most appropriate and thus
employed in the investigations. Data collected from all mentioned
methods may be utilized for future computer simulations.

1.3. Background of WDR tightness experiments for BIPV systems

BIPV, being normally a component of the exterior building skin, must
comply with requirements for conventional building envelope compo-
nents. Primarily coming from the PV industry BIPV systems are sub-
jected to tests and certifications of the electrical power industry, while
requirements of the building industry are often neglected [18,19].

Previous laboratory investigations carried out by Breivik et al. [20]
and Andens et al. [21] utilized a dynamic air pressure test methodol-
ogy, and showed the feasibility and importance of conducting
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large-scale experiments with WDR exposure for the BIPV systems. For
easier reference they are named Study 1 (experiments done by Breivik
etal. [20]) and Study 2 (experiments done by Andenzes etal. [21]). Both
studies were based on the test method standard NT BUILD 421 ‘“Roofs:
watertightness under pulsating air pressure” [22]. NT BUILD 421 was
mainly used in the present study as this is the only standard for evalu-
ating WDR exposure on roofs. This method applies to all components
and sections of roofs made of any material to be fitted in roofs at any
slope between 0° (horizontal) and 90° (vertical) at their normal oper-
ating conditions for which they were designed and installed according to
the manufacturers’ recommendations in a finished building.

In Study 1 the underlayment, a transparent polycarbonate (Lexan)
board, was used under the BIPV system. Areas between the steel roofing
and steel fitting were sealed with a self-adhering siliconized paper.

Throughout the duration of the test, the differential air pressure
occurred over the underlayment. The test required that the differential
air pressure occurred over the BIPV roof sample, so a hole (37 cm x 43
cm) was cut in the underlayment (2.75 m x 2.75 m). During testing,
difficulties in maintaining the desired level of air pressure difference
were encountered. As a solution to this problem, it was decided to seal
the initial hole and to cut a smaller hole (7 cm x 43 cm). However, the
same differential air pressure levels were not reached and hence this test
phase was terminated.

Compared to Study 1 no underlayment was used in Study 2 [21] that
was due to time constraints. The underlayment provides a certain
amount of resistance against WDR intrusion due to an air cushion
accumulating in the ventilated air gap behind the elements of a real roof
or facade structure. Therefore, water leakages were expected to oceur
quite early in the test and a test procedure with lower load levels was
used. In Study 2 the BIPV systems did not cover the whole test frame
area thus areas between these BIPV systems, roof tiles and the rest of the
frame were sealed using duct tape and a 0.15 mm thick polyethylene
foil.

In Study 1 the inclination angle was changed more times during the
test than in the present study and Study 2. It was found more time-
efficient to adjust the inclination angle once from 30° in phase 1-15°
in phase 2. Additionally, the drying time of the test systems between test
phases could be shortened. In Study 1 heating fans were used; in Study 2
the test systems were left to air-dry overnight.

2. Methodology
2.1. Equipment

In the present study and previous studies [20,21] WDR was

Tested
system
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simulated in a specially designed rain and wind (RAWI) box (Fig. 1) at
the NTNU and SINTEF Community laboratory in Trondheim in Norway.
WDR is simulated by dynamic air pressure and a set of nozzles that spray
water on the mounted frame where a test specimen is installed. The
RAWI box allows stepless tilting between 0 and 95° from the horizontal
plane, controlled pulsating air pressure across the test specimen and
run-off water at a constant rate 1.7 L/(m x min) at the top of the test
area. A horizontal boom (row) with water nozzles is mounted on rails
inside the box and moves up and down at a velocity of 0.2 m/s along the
sample 0.6 m above the exterior roof surface spraying WDR at a rate 0.3
L/(m2 x min). The run-off water and WDR spray rates are the same in NT
BUILD 421 [22]. The nozzle boom sprays water and air pressure is
supplied in pulses onto a test sample, simulating gusts of wind and rain.

The boom inside the RAWI box, which delivers WDR across the
sample area, consists of tubes that supply water down to transparent
vertical cylinders where it hits the air stream that blows out of horizontal
air tubes and is blown onto the sample area [20].

The duration of the water spray and air pressure exposure are com-
bined in NT BUILD 421 [22] and lasts for 10 min for each increase of air
pressure, while the water spray rate stays constant. The parameters
given in NT BUILD 421 [22] and the parameters used in the present
study and in Study 1 are given in Table 1. The load level 0 (0 Pa air
pressure, run-off water) was added along additional levels 6 (600 Pa)
and 7 (750 Pa) compared to parameters given in NT BUILD 421 [22].
Pulsating air pressure intervals used in Study 2 were in a lower range
and are given in Table 3. As test methodologies used by authors of the
present study, and in Studies 1 and 2 differ from each other, a

Table 1
Test parameters of NT BUILD 421 [22] compared to parameters used in BIPV
systems testing (present study and Study 1 (Table 2)).

NT BUILD 421 [22]

Present study and Study 1 [20] (Table 3)

Angle of slope 30°_0° Angle of slope 30° and 15°
load  Duration Pulsating ait Load Duration Pulsating ait
level (min) pressure level (min) pressure

intervals (Pa) intervals (Pa)

1 10 0-100 0 10 0 Run-off

water

2 10 0-200 1 10 0-100

3 10 0-300 2 10 0-200

4 10 0-400 3 10 0-300

5 10 0-550 4 10 0-400

5 10 0-500
6 10 0-600
7 10 0-750

Boom that
simulates
wind-driven
rain

Fig. 1. Large-scale turnable box for rain and wind tightness testing of sloping building surfaces (RAWI box), while test is running (left) [20] and RAWI box without a

test sample (right) [21]. Schematic drawing of RAWI box is shown in Fig. 12,
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Table 2
Qualitative observations of water leakages during wind-driven raintightness
testing in the RAWI box for the BIPV system Study 3.

Load Maximum Pul sating Colour Inclination Inclination

level wind speed air mark 0° (. 15° (

(m/s) pressure Fig. 13a) Fig. 13b)
(Pa)

0 0 0 (run-off No water No watet
water) leakages leakages
1 129 0-100 No water No water
leakages leakages
2 18.2 0-200 No water No water
- leakages leakages
3 223 0-300 No water Leakages
_ leakages occurred

4 258 0-400 Leakages New
— occurred leakages
occurred

5 28.8 0-500 New New
leakages leakages
occurred occurred

6 31.6 0-600 | New New
leakages leakages
occurred occurred

7 353 0-750 No new New
== leakages leakages
occurred

comparison of these three methodologies is given in Table 3.

The test is initiated at load level 0, during which the nozzle boom is
inactive and only run-off water is applied. At load levels 1-7 (between
100 Pa and 750 Pa, depending on the load level) air pressure inside the
box is increased and decreased in cycles (pulses) lasting 5 s, for a period
of 10 min,

2.2. Investigated BIPV system

In this study, a BIPV system for roof integration was chosen as the

Table 3
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test system. The system was constructed by fish-scale solar shingles.
Each solar shingle is a glass-glass module that is compounded by two
layers of safety glass with solar cells laminated between them. Fig. 2a
shows an outline of the front view of the BIPV system. Fig. 2b presents a
range of solar shingles that were used to construct the system: (1) basic
solar shingle; (2) solar shingle bottom; (3) solar shingle top; (4) solar
shingle left. Fig. 2¢ shows the placement of rubber elements that were
attached to each solar shingle. Reverse anchor-like components are
attached to the upper part of the BIPV shingles, with a line of rubber
sealing the gap between the shingles. Additionally, rubber gaskets are
used under each screw. If needed, the BIPV system can be complimented
to fit the roof shape using colour-matching aluminium composite plates,
which can be cut to various sizes and forms.

2.3. Test arrangement

In NT BUILD 421 [22] the structural details of a test system are not
specified. The test system should be installed according to the manual,
using materials that will be used on the actual roof. A structure under
roof coverings was built using wooden battens. The BIPV system was
installed on a wooden structure according to the manufacturer’s
manual, and the WDR test was performed in the RAWI box.

The focus of the present methodology was to implement quantifi-
cation of water intrusion during the WDR test. For this matter it was
crucial to find a solution to cover the areas around the tested system in
such a way that it would be watertight. Another aspect was to find the
optimal solution for utilizing an underlayment for the water collection,
which included development and implementation of the water collec-
tion system. When the water collection system was ready, trial tests were
Tun to ensure that the system worked correctly. Then the WDR test was
performed according to Table 1 right. Acquired data included the limit
of watertightness for the tested BIPV system (maximum level of differ-
ential air pressure before water leakages occur), amount of water that
went through the tested BIPV system, locations where water intrusion
occurred and corresponding levels of differential air pressure.

Comparison of wind-driven rain exposure test methodologies used for the tested BIPV systems for roof integration.

Study Tested Photo of the BIPV system  Pulsating (dynamic) Underlayment Water intrusion Test procedure
reference system air pressure intervals (Lexan plate) quantification
Study 1 DuPont Run-off water (0 Pa), Yes No 3 phases of test: 1. run-off water applied at
201 HexWrap NF 100 Pa, 30°-15° inclinations; 2. Range of pulsating ait
200 Pa, pressute applied to underl ayment at 30° then the
300 Pa, system was dried, and range of pulsating aic
400 Pa, pressure was applied at 15°; 3. An attempt to
500 Pa, apply pul sating ait pressure to BIPV system
600 Pa, (terminated)
750 Pa
Study 2a Heda Solar 8 Run-off water (0 Pa), No No 2 phases of test: 1. run-off water and | ower range
211 W solar tile 10 Pa, 20 Pa, 30 Pa, of pulsating air pressure applied to BIPV system at
40 Pa, 50 Pa, 60 Pa, 30° inclination; 2. run-off water and lower range
70 Pa, 80 Pa, 90 Pa, of pulsating air pressure applied to BIPV system at
100 Pa, 15° inclination. Phase 2 was carried out on the
Study 2b GS Integra 120 Pa, No No next day after phase 1.
211 Line SP 150 Pa
Study 3 Sunstyle roof Run-off water (0 Pa), Yes Yes 2 phases of test: 1. run-off water and a range of
(present shingle 100 Pa, pulsating air pressure applied to BIPV system at
study) 200 Pa, 30° inclination; 2. run-off water and a range of
300 Pa, pulsating air pressure applied to BIPV system at
400 Pa, 15° inclination. Phase 2 was carried out on the
500 Pa, same day after phase 1.
600 Pa,
750 Pa
4
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2750 mm

2145 mm
27250 mm
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Fig. 2. (a) Front view of the outline of BIPV system in present study (to distinguish components of the system and to make connecting points better visible, BIPV
shingles are left transparent, grey parts are metal plates, and black parts are glass-glass parts without PV cells). (b) Range of BIPV shingles: (1) basic solar shingle; (2)
solar shingle bottom; (3) solar shingle top; (4) solar shingle left. (¢) Rubber element on upper part of the solar shingle schematically shown on the drawing.

2.4. De of a testing
driven rain intrusion for BIPV

hodology for q of wind-

After analyzing previous studies, planning to use the same RAWI box
equipment, several improvement possibilities were identified. Firstly,
the underlayment must be used along finding an optimal hole size cut
into it, so that the desired air pressure difference can be achieved. The
underlayment was also needed for water collection, i.e. a quantification
of the water leakages. A water collection system was used for the first
time in the RAWI box WDR exposure test. Thus, it took many trials and
fails to make this system work properly, at the end the system proved to
be feasible to build and use. A transparent polycarbonate (Lexan) board
was applied as the underlayment so water leakages could be observed
(and collected). The underlayment was fitted into the frame (2.75 m x
2.75 m) and was mounted on the wooden structure secured by screwing
wooden battens to it. The wooden battens were spaced 0.6 m from each
other and formed four separate sections. As the main frame of the test
specimen was wider than the width of these four sections, two small
sections were left along section 4 and sectionl (Fig. 3). The two smaller
sections were not a part of the water collection system, as water was only
collected from the four main sections.

At the bottom of the frame a water collection system was built.
Following the already built four sections, four water collection sections
were formed, where one round hole was cut in each section and a tube
was connected to each hole. A triangle profile made of wooden battens
was built near each hole and taped to the underlayment with duct tape.
From Study 1 [20] it was found that the underlayment must be punc-
tured so that the air pressure will be applied to tested system and the
desired levels of air pressure difference could be reached. Hence, four
holes (each with a size 5 cm x 40 cm) were cut in the upper part of the
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underlayment. During the underlayment evaluation prior to testing an
idea to cover these holes with a breathable waterproof material was
assessed. If water that would go through the connecting points of a
tested system would be drained through holes in the upper part of the
underlayment, they must have been covered to collect all the water.
After first test trials no water was draining through the holes in the
underlayment, and they were left uncovered for the duration of the
experiments. An outline of the water collection system is shown on
Fig. 3. The present study will be further referred as Study 3.

To create a watertight bamrier around the BIPV systems, the
remaining fragments of the surrounding frame were covered with duct
tape and a 0.15 mm thick polyethylene foil. Pretesting had shown a need
of a better taping around the systems, as water leakages occurred at the
points connecting the duct tape and the BIPV system, as well as between
the duct tape and the polyethylene foil, already at 0 load level. The next
step included finding a better sealing tape. It was decided to try to apply
sealing tapes, which are usually used in underroof structures, as they
had proven to be durable enough for prolonged periods [23]. Sealing
tapes from Halotex along polyethylene foil were used to create a
waterproof cover around the BIPV system. The polyethylene foil was
sealed to the test frame using duct tape. Edges of the BIPV system were
sealed using three types of sealing tape. The first layer was Halotex Flex
Tape 60 mm following the polyethylene foil. Then Halotex Delta Tape
60 mm was placed over the plastic foil, following Halotex Delta Tape
100 mm (Figs. 4 and 5).

Examples of a complete taping are depicted in Fig. 6, from the front
point of view before a trial testing and from the back-side point of view
during testing.

As mentioned earlier, in the first trial run only duct tape was used,
and it was changed to sealing tapes both around the BIPV system and in
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400m

Hole to maintain air
pressure difference 4

A 4

Wooden batten

2750mm

Water collection section

Round hole to which
a tube is connected |

N
Triangle wooden profile &://
section 4 section 3 section 2 section 1

2750mm

Fig. 3. Outline of the water collection system. Study 3 (Iable 3).

Polyethylene foil

Sealing tape (60 mm), layered first

100mm

Sealing tape (60 mm), layered second

Sealing tape (100 mm), layered last

BIPV system

Fig. 4. Schematic drawing of sealing tapes layering.

Tube to measure air pressure

E—— )

DELTA > DELIA >  DEUA
iR

e e

Fig. 5. Sealing the edges of the BIPV system using sealing tapes and polyethylene foil (view from the frontside). On the right photo a tube used to measure the

differential air pressure is visible lying on the black module. Study 3 (T'able 3).
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Scaling tape 60nim

Fig. 6. View of a complete taping from the frontside (left) and from the backside (right). Study 3 (Table 3).

the water collection system. Wooden triangle profiles were then covered
on the top and on the bottom side with duct tape (marked with number 1
on Fig. 7), while on the side part of each triangle profile where they were
connected to the underlayment, Haloproof multi xtreme flex tape was
attached (marked with number 2 on Fig. 7) to seal the gap and ensure
that all the water would be collected. Then double-sided sealing tape
was attached to the upper part of each triangle profile. Later, plastic foil
was attached to this double-sided tape (marked with number 3 on
Fig. 7). Step by step procedure of the present methodology is summa-
rized in Fig. 8.

2.5. Evaluation of the developed methodology

After taping of the BIPV system was completed (Fig. 9) several trial
runs were conducted (Fig. 10), starting from 0 load level (no air pres-
sure, run-off water only), and increasing load levels according to Table 1
(right). The focus at this point was to monitor areas with taping to
ensure that water leakages did not occur there. Hence, only water going
through joints in the BIPV system, including joints between BIPV tiles
and non-PV tiles (dummies), was collected. Taping had to be fixed in
various places across the edges with small fragments of Halotex Delta
Tape 60 mm. Taping at the bottom side of the BIPV system also had to be
fixed. Here water should drain away, but the sealing tape was stopping
this drainage at a few points and subsequently this water erroneously
went to the water collector system, which was observed during trial run.
Before water leakages were collected for recording, some parts of the
sealing tape in the drainage areas were cut and plasticine was added
underneath some locations between the tiles. After such adjustments
were done, water leakages occurred only between tiles and the rest of
the water was draining as it would on an actual roof.

The four water collection sections were numbered and respective

Wooden profile

Waterproof tape

containers for water collection were placed at the end of each tube
connected to their section. The tubes were partially filled with water so
that the air pressure measurements would not be interfered. The four
sections with the water collection system at the bottom of the sections
are shown in Fig. 10 (except the water collection containers), with some
details depicted in Fig. 11. See also Figs. 12 and 13 which show the
water collection containers. In Fig. 10 left, one of the four holes that are
cut in the upper part of the underlayment is marked with a white
rectangle.

At this point the taping was fixed and the test was run up to load level
4 (400 Pa), and as there were no leakages it was decided to run the first
main test for this BIPV system. The test continued further with load
levels 5, 6 and 7. One of the important aspects in WDR testing when
using scale models is to make sure that the air pressure is evenly
distributed across the whole area of the test system. In the RAWI box the
air pressure is measured automatically, but usually there is no under-
layment underneath the test system and the air pressure difference is set
with respect to the ambient air pressure in the laboratory.

As in case of this test method, the air pressure difference must be set
with respect to the air pressure underneath the tested BIPV system,
hence a tube (Figs. 12 and 13) was placed under the BIPV system in the
upper left corner and the other end of the tube then connected to the
RAWI box. Along with this measurement, it was decided to measure the
air pressure difference externally. For this matter one tube of the same
diameter was installed during the taping stage on top of the BIPV system
in the upper right corner (Fig. 5 right). Later this tube was connected to
the external micromanometer (Figs. 12 and 13). Another tube of the
same diameter was placed underneath the BIPV system. This tube was
consistently moved across five points: each of the comers of the BIPY
system and the middle part. Measurements were taken at each load level
at the beginning of each of them and compared to the level of air

Plastic foil Double-sided tape

Fig. 7. Triangle wooden profile covered by duct tape (1) built on the underlayment. Waterproof tape sealing the gap between the underlayment and the triangle
wooden profile (2), and double-sided tape sealing area between the triangle wooden profile and plastic foil (3). Study 3 (Table 3).
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« First, the structure was build using wooden battens.

Building and Environment 199 (2021) 107917

= Then the undelayement, the transparent polycarbonate (Lexan) board, was placed on the wooden structure.
| Under roof * The undelayement was fixed usung wooden battens and screws.

structure

«Holes were cut in the underlayment. Four holes in the upper part of it and four small round holes in the down

part. Triangle wooden profiles were placed near each round hole

\ «BIPV system was installed according to instructions in the manual.
pipy |~ The tube for measuring air pressure was placed on top o BIPV system and put through the closest hole in the

installation underlayment.

A 4 + Before sealing tapes were attached, BIPV system was assessed to identify an optimal tape placement so water
can be drained where it was designed to by BIPV system manufacturer.

*Sealing tapes were attached in the following order: first half of the width of the green tape was placed under

the edge of BIPV system, then the 0.15 mm thick polyethylene foil was attached to the other half of the green
Sealing tape. White sealing tape (width 60 mm) was placed on top of the polyethylene foil and the edge of BIPV
\ 1apes system, and same tape type width 100 mm was attached on top of previous tape in overlap.
N + The waterproof tape was placed on the side of the triangle profile. The double sided sealing tape was placed
N on each wooden triangle profile and the polyethylene foil was attached to it.
* The other end of the polyethylene foil was attached to the test frame using duct tape.
- After taping was finished, the test frame with BIPV system was placed in the RAWI box, tubes were attached
o the round holes in the water collection sections and containers for water collection were placed to the
X respeetive seetions. Tubes to measure air pressure difference were placed and attached to the external
Pretesting | micromanometer and the RAWT box.
~\ = A few trial runs were performed to test if taping was watertigt. If needed, taping was fixed until there were no
4 water leakages through taping both around BIPV system and in the water collection sections.
.~ « After trial runs, BIPV system was tested with WDR exposure. The test consisted of two phases (30° and 15°
WDR inclination). Water leakage points were identified and noted during the test. Air pressure difference levels were
testing, monitored. BIPV system was elevated to around 90° and left to dry after phase 1 for around 2 hours. Water

that was collected during the test was measured after each phase.

Fig. 8. Summary of the present test methodology.

Water collection system

Fig. 9. The BIPV system with completed taping before testing. Study 3
(Table 3). Range of BIPV shingles: (1) basic solar shingle; (2) solar shingle
bottom; (3) solar shingle top; (4) solar shingle left.

pressure measured by the RAWI box. All load levels during all test runs
reached the desired values with minor error margins.

3. Results and discussion
3.1. The watertightness performance of tested BIPV system

The test was conducted in 2 phases, similar to the phases in Study 2.
Phase 1 for the system inclined at 30° and phase 2 for the system inclined
at 15°. Each phase started at load level 0 and then steadily continued up
to load level 7 (Table 1, right and Table 3). The amount of water
collected during eachload level waslow, and it was therefore decided to
measure the water leakage once all load levels were applied. Even
though it was proposed to measure the amount of water collected during
each load level, it was not performed for this test. After the test for 30°
inclination was over, the BIPV system was elevated and left to dry in air
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so that the water collection measurements during the next test would be
more accurate.

It was decided to conduct phase 2 on the same day as phase 1.
Partially because the sealing tape was already tested and no water
leakages through it were expected to appear, but also to shorten the time
when the tested system was installed in the RAWI box. A few water
droplets that remained on the underlayment prior phase 2 of the test
were not distracting observations of water leakages occurring during
phase 2, as all points of water leakages were clearly visible and marked
consequently with an erasable marker. The remaining droplets were also
considered not significant to influence the water measurements. At the
end of 2 phases of the test it was concluded that it was not obligatory to
use heat fans to dry the underlayment or the inner side of the tested
system, neither to leave it to dry during a long time. It was enough to lift
the system to a steeper angle and leave it in this position for few hours.

Observations are summarized in Table 2 and water leakage points
are market in Fig. 14. The results of collected water from testing of the
Sunstyle BIPV system is presented in Fig. 15. The BIPV system showed a
high watertightness level. During the test at 30° inclination leakages
started to occur at 400 Pa (load level 4). Then new leakages continued to
occur at 500 Pa (load level 5) and 600 Pa (load level 6). No new leakages
occurred at 750 Pa (load level 7). Compared with the results of the test at
30° inclination, at 15° inclination leakages occurred one load level
earlier, at 300 Pa (load level 3). New leakages continued to occur at each
next load level applied (load levels 4, 5, 6, and 7). It may indicate that
the tested system experienced higher WDR impact at the lower angle of
inclination. The limit of watertightness for the tested BIPV system is at
300 Pa at 30° inclination and at 200 Pa at 15° inclination.

The main points where leakages occurred are in areas of metal plates
overlapping BIPV shingles. The width of the metal plates is 2-3 times
less than the width of the BIPV shingles. Already at low load levels, the
metal plates were slightly bending that later lead to creating points of
water leakage. Along with BIPV modules, metal plates were used to
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Fig. 10. The BIPV system during trial runs viewed from the outside (left) and inside (right) of the RAWI box. Study 3 (Table 3).

Water collection
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Fig. 11. The water collection sections viewed from the back side of the BIPV system. Study 3 (Table 3).

complete the system. Water leakages occurred mostly at points where
the metal plates overlapped the BIPV modules. Even though the metal
plates were only partially placed on water collection section 3 and
mostly on section 4, most water leakages were collected in section 3. The
amount of water collected from sections 4, 2, and 1 at the 30° inclination
did not exceed 500 g, which is very low, considering that air pressure
levels up to hurricane weather conditions were applied. During the
mounting of this BIPV system, it was observed that the system would be
very watertight as modules of the system were screwed to each other
tightly, and various rubber sealant elements were used.

‘WDR test is quite a usual way to assess design quality of roof cov-
erings. However, only after quantification of the water leakages, an
actual watertightness of the system can be identified, thus enabling
quantified comparisons with other systems. Conventional roof elements
do not usually use sealant elements but are designed with openings for
water drainage. Therefore, the watertightness level of traditional roof
systems is expected to be significantly lower than roof systems with
sealant elements. It might be beneficial to test more roof systems using
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quantification of water leakages to collect data on how the design of roof
system is correlated with the system watertightness.

5 odol Fodol

and previous g

3.2. Comparison of the present

The present test methodology and methodologies from Study 1 and 2
are summarized in Table 3. The main distinctions of Study 3 can be
highlighted as follow:

¢ Water intrusion quantification using the underlayment was
implemented.

» Holes of optimal size that were cut in the underlayment were found.

» Layering of sealing tapes was used to cover areas around the BIPV
systems.

« Time between test phases was shortened.

The main aim of Study 3 was to implement quantification of water
intrusion during WDR testing in the RAWI box. This aim was
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Fig. 12. Schematic drawing of raintightness test setup with four water collecting sections connected by tubes to four containers where the leakage water was
collected. Additionally, a set of 3 tubes was used to measure air pressure difference. Tube 1 for measuring the differential air pressure by the RAWI box, and tubes 2
and 3 for measuring the differential air pressure connected to the external micromanometer. Study 3 (Table 3). Dimensions of the water collection system are given in
Fig. 3. Upper sketch depicts a cross section top view of the RAWI box, whereas the lower sketch shows the front face of the RAWI box (see e.g. right photo in Fig. 1
and left photo in Fig. 13 for front face of the RAWI box with additional details).

successfully achieved. The underlayment was used as a part of the water
collection system, the optimal size of holes was found, and water was
collected during WDR experiments. While Study 1 also used underlay-
ment, it was found difficult to find the right size of holes to cut in it so the
differential air pressure could be applied to the tested BIPV system and
maintain the desired level of air pressure. Even though air pressure in-
tervals of the same magnitude as in Study 3 were applied in Study 1,
differential air pressure was applied to the underlayment and not to the
tested BIPV system. Qualitative data on placement of water intrusion
obtained in Study 1 may differ from data that can be obtained if the same
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system is tested according to the test methodology from Study 3.
Therefore, data from Study 1 cannot be compared to data from Study 3.
Data obtained in Study 2 also cannot be compared to data from Study 3.
No underlayment was used in Study 2 and air pressure intervals of a
lower range were used. Therefore, qualitative data on placement of
water intrusion obtained in Study 2 (a and b) may differ from data that
can be obtained if the same systems are tested according to the test
methodology from Study 3. In conclusion, qualitative data from Study 1
and Study 2 cannot be compared to qualitative data from Study 3.
However, testing methodologies can be compared (Table 3) and this
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Fig. 13. Raintightness test setup in the laboratory. The set of 3 tubes to measure air pressure difference are marked. Tube 1 for measuring the differential air pressure

by the RAWI box, and tubes 2 and 3 for the diffc

ial air pressure

cted to the external micromanometer. Study 3 (Table 3).

section 3 section 2
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Fig. 14. Location of water leakage points for the BIPV system Study 3 with corresponding colours as given in Table 2. (a) First test phase (inclination 30°); (b) second
test phase (inclination 15°). View from the backside of the BIPV system. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 15. The results of water collection from testing of BIPV system Study 3.

comparison helped to improve the present methodology. It must be
noted that in the present study the preparation time before the test and
trial testing took a considerable amount of time. Taping a large area with
sealing tapes was challenging, and the tape had to be fixed multiple
times during trial tests. Then once the tape was fixed, the test procedure
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‘was straightforward.
4. Conclusions

The wind-driven rain (WDR) research field is complex and broad. It
spreads from a micro-scale, covering the investigation of WDR exposure
itself, its intensity, field measurements, etc. to a macro scale, when the
subject of study explores how WDR affects the building envelope sys-
tems or the whole building. The present study focused on development
and evaluation of a test methodology for assessing building-integrated
photovoltaic (BIPV) systems ability to withstand WDR. The main nov-
elty of the methodology is quantification of water intrusion collected
during testing.

Critical aspects of the present methodology can be summarized as
follow.

1) An underlayment must be used to enable water collection and
replicate conditions of a real roof installation when an air cushion
accumulates in the ventilated air gap behind the elements and makes
the roof system more watertight. Four holes each with a size 5 cm x
40 cm for a test area of 2.75 m x 2.75 m were enough to reach the
desired air pressure load levels. These holes are also needed so that
the air pressure difference will be applied to the test system. If no
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wholes are cut in the underlayment, the air pressure difference is
applied to the underlayment. The underlayment is also a vital part of
the water collection system.

To collect water from underneath the tested systems, edges around
each system must be sealed. For that matter, a range of waterproof
sealant tapes can be used.

The water collection system can be constructed using sections
formed by wooden battens of the under-roof structure. At the bottom
of each section, simple triangle profiles can be built for a more
accessible water collection.

During the test, it is advised to measure the air pressure difference
under the test system. Measurements applying an external micro-
manometer can be used to ensure that the air pressure distribution is
even across the system. Two tubes connected to the micromanometer
may be used when one is placed on top of the system, and the other
one thoroughly moved under the system.

The test system areas should preferably be of the same size, and /or
with a representative joint length amount, so that the water collec-
tion results could easily be compared.

The present test methodology may be further improved by imple-
mentation of automatic measurement of the amount of water leakages
that can be applied at each level of air pressure. Then the duration of
application of each air pressure load level (the duration of a single test
step in the sub-test) may be shortened down from 10 min to 5min, i.e. so
that water leakage measurements can be compared to a reference
leakage rate of (10 g/m®)/5 min. More systems should be tested ac-
cording to the presented methodology, BIPV systems, and conventional
roof systems. When choosing an outline of systems to test it should be of
the same size so the WDR exposure will be applied to the same area.

Test parameters used in this study are standard for the WDR test.
Ideally, parameters should be calculated from information on driving
rain intensities, wind pressure rates, water droplet sizes that are likely to
occur for climate conditions at a specific location where the tested sys-
tems will be installed and used. Suppose several systems of the same
specimen size will be tested according to this methodology. In that case,
it will be possible to collect and create a database of the tested systems’
watertightness level and forthcoming ones. This information can be
useful for both the BIPV market and the scientific community, and roof
and facade products in general. Firstly, as the methodology can be used
by certificating institutions giving quality assurance for products avail-
able on the market. Secondly, such data may provide some directions for
manufacturers and designers developing the products. Then these sys-
tems could become more accessible for customers and resellers to choose
better-suited systems for a particular location. Simultaneously, data
from performance-based tests may be used for computer simulations and
future system upgrades and developments.
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ARTICLE INFO ABSTRACT

Keywords: Wind-driven rain (WDR) impact is a serious exposure that affects performance of the building envelope com-
Building:integrated photovoltaics ponents and systems. This study presents results from a laboratory investigation of a testing methodology of WDR
BIPV

intrusion in building-integrated photovoltaic (BIPV) systems. The major aspect proposed in this work is a
quantification of water intrusion through BIPV systems. For that matter, a water collection system was designed
and tested. When water intrusion is quantified, it may enable categorisation and comparison of various BIPV
systems according to their watertightness level. This methodology was applied to three BIPV systems designed
for roof integration. The methodology can also be modified and used for various building envelope systems,
including traditional roof and facade systems without PV or BIPV systems. As the methodology was developed
with climate conditions in northern Europe in mind, WDR exposure of extreme levels was applied. Wind speed
ranges from 12.9 m/s (strong breeze) to 35.3 m/s (hurricane) were used. When it comes to newly developed and
not well-studied building envelope systems, such as various BIPV systems, they should be subjected to a more

Wind-driven rain
Quantification
Test
Watertightness

extens

investigation. The proposed testing methodology could become an extension of the standard in-

vestigations of BIPV systems carried out at accredited laboratories.

1. Introduction

Building-integrated photovoltaics (BIPV) are photovoltaic modules
designed to be integrated into parts of the building envelope, such as
roofs or facades (Jelle et al., 2012). One of the building envelope func-
tions is to keep as much precipitation (rain, wind, hail, snow, etc.) as
possible from entering through a building’s exterior weather protective
skin. When various precipitations occur simultaneously, they have a
more complex impact on the building envelope systems. Climate expo-
sure, known as wind-driven rain (WDR), is a co-occurrence of rain and
wind that causes an oblique rain intensity vector (Blocken and Carme-
liet, 2004). Currently, watertightness testing in building science intends
to assess the resistance of the building envelope el and sy
against WDR. On the one hand, before the building envelope systems are
installed, they may be examined to withstand WDR exposure. However,
this testing is not obligatory for the building envelope systems to be sold
on the market as such a test is not a part of The Construction Product
Regulation (CPR) No 305/2011 of the European Parliament and the
European Council (The European Parliament and the European Council,
2011), which specifies harmonized rules for the marketing of

* Corresponding author.
E mail address: anna.fedorova@ntnu.no (A. Fedorova).
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construction products in the EU. On the other hand, even though the
WDR exposure test is quite common, there is a lack of appropriate
quantitative data (Blocken and Carmeliet, 2004). Arce-Recatala et al.
investigated weathertightness of rear-ventilated fagade systems by
quantifying WDR intrusion (Arce-Recatala et al., 2020). However, there
are no adequate information available on the watertightness level of the
building envelope systems in general and BIPV systems in particular.
BIPV systems are still mostly seen as electricity generators. Therefore
their evaluation focuses on testing and verification according to the
International Electrotechnical Commission (IEC) standards (CEA et al.,
2016; Wohlgemuth, 2012) IEC 61215 “Terrestrial photovoltaic (PV)
modules - Design qualification and type approval” (International Elec-
trotechnical Commission, 2016a, 2016b, 2016¢, 2016d, 2016€) and IEC
61730 “Photovoltaic (PV) module safety qualification” (International
Electrotechnical Commission, 2016f, 2016g). After a BIPV system has
been tested and approved according to these two IEC standards, the
system is expected to safely function without design failures during a
service life of approximately 25-30 years with a decline in electricity
production of no more than 1% per year (Wohlgemuth, 2012). However,

BIPV systems are not usually | d as c of the buildi
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skin, as a weather screen, and requirements are yet to be stated by the
building industry (Pellegrino et al.,, 2013; Rehde et al., 2016). Re-
quirements for roof and fagade systems vary as their testing methodol-
ogies are varying. The testing standard NT BUILD 421 “Roofs:
Watertightness under pulsating air pressure” (Nordtest Standard, 1993)
describes a methodology for assessing roof systems’ ability to withstand
WDR. A similar methodology but for fagade systems is given in the
European standard EN 12155 “Curtain walling. Watertightness. Labo-
ratory test under static pressure” (European Committee for Standardi-
zation, 2000) and EN 13050 “Curtain walling. Watertightness.
Laboratory test under dynamic condition of air pressure and water
spray” (European Committee for Standardization, 2011).

As mentioned earlier, one possible influential aspect that can be
determined during WDR testing is the amount of water leakage
intruding through the tested system. While quantification of water
intrusion is hardly specified for the building envelope sy , for BIPV
systems intended for roof integration, this aspect is mentioned in the
standard EN 50583-2 “Photovoltaics in buildings. Part 2: BIPV systems”
(European Committee for Electrotechnical Standardization, 2016a) in
annex A “Resistance to wind-driven rain of BIPV roof coverings with
discontinuously laid elements - test method™. It must be noted that no
requirements on WDR testing for BIPV fagade systems are given in this
standard. The following information on water leakage quantification is
provided in the standard EN 50583-2 (European Committee for Elec-
trotechnical Standardization, 2016a):

e “A water collector shall be provided, capable of recording the
amount of leakage water during any pressure step in the test”.

o “Reference leakage rate (10 g/mz)/s min, 5 min being the duration
of a single test step in the sub-test”.

e “The cases, in which leakages exceeding fine spray and wetting on
the underside occur, are considered as being too severe for the
application. In any case, the reference leakage rate of (10 g/mz)/ 5
min shall not be surpassed”.

There are four sub-tests (A, B, C, and D) defined in the standard EN
50583-2 (Ewropean Committee for Electrotechnical Standardization,
2016a), each specifies a WDR combination appropriate to specific
climate zones. Sub-test A: low wind speed with severe rainfall rate; Sub-
test B: low wind speed with high rainfall rate; Sub-test C: severe wind
speed with low rainfall rate; Sub-test D: maximum rainfall rate with no
wind (deluge).

In the present study, the water collection system was successfully
designed, built, and applied for water leakage quantification for BIPV
roof systems. As no structural details or drawings of the water collection
system are given in EN 50583-2 (European Committee for Electro
technical Standardization, 2016a), it is unclear how such a water
collection should be executed. If data on quantified water leakages is
available, it may be used to evaluate various systems and rank them
according to their watertightness level. It might be especially useful for
BIPV systems that are planned to be used in areas with harsher climates,
and where wind speeds and precipitation levels are excessively varying.
So far, watertightness testing of BIPV systems, and in general roof and
fagade systems, has been carried out without quantification of water
intrusion. Hence, there is no appropriate method to quantitatively
compare the watertightness of various roof and facade systems.

Thus, the objective of this study is to present the results from a test
methodology of quantification of the wind-driven rain intrusion in BIPV
systems for roof integration. In the first part of the paper, information on
the applied test methodology and equipment is given. Then a short
overview of tested BIPV systems presented. As the BIPV systems’ design
can significantly vary, information on the design of the tested BIPV
systems is also provided. Next, WDR test results are split into three parts,
each part dedicated to one of the tested BIPV systems. Each part includes
data on water leakage points, wind load levels at which leakages
occurred, and the amount of water collected during the testing. The
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paper ends with a comparative analysis of the tested BIPV systems.
2. Wind-driven rain testing methodology

Shortly, WDR testing can be described as follows. A constant supply
of water (water spray) is applied to the test specimen. It is usual to apply
a combination of run-off water applied on an upper side of the tested
system and water spray that is distributed along the test specimen sur-
face area. Simultaneously, a specific level of air pressure difference (AP)
is reached between the outer and inner surfaces of the tested specimen
(Perez-Bella et al, 2014). A range of air pressure is applied and
increased stepwise. The test sp d for water
into its inner surface and water leakage points are registered. As a result,
a limit of watertightness can be identified for the tested systems. The
limit of watertightness may be described as the maximum level of air
pressure applied simultaneously with water spray when no water leak-
ages occur on the tested system’s inner side.

Testing of the present study was executed according to NT BUILD
421 (Nordtest Standard, 1993) with minor modifications, and was
mainly based on two studies (Andenzs, 2016; Breivik et al., 2013)
carried out with the same large-scale apparatus, i.e. a rain and wind
(RAWI) box (Fig. 1) at the NTNU and SINTEF Community laboratory in
Trondheim, Norway. The RAWI box allows a step-less variable inclina-
tion, controlled differential air pressure applied across the test specimen,
run-off water at the top of the test area, and WDR exposure across the
test area.

The present test methodology consisted of 2 phases. The test system
was first inclined to 30° and thereafter to 15°, where run-off water was
applied for 10 min. Inclinations 30° and 15° were chosen because they
represent typical ventilated pitched roof angles. In addition, these rather
low inclination angles represent worst case scenarios with the potential
of large wind-driven rain intrusion, thus they are better suited for testing
of watertightness. Inclination angle of 30° was tested before 15° as
normally there was expected more water intrusion at lower inclinations.
To simulate WDR exposure, a pulsating dynamic air pressure was
applied in steps (load levels), starting from load level 0, where no air
pressure was used, only run-off water was applied for 10 min. During
each load level, the dynamic air pressure was increased by 100 Pa (by
150 Pa for the last load level 7), applied in impulses, each load level
lasting for 10 min. In NT BUILD 421, air pressure and run-off water are
applied simul ly from the b, ing of the test, and the last air
pressure level applied is 550 Pa compared to 750 Pa used in the current
study. A summary of the applied test methodology and a comparison of
the air pressure levels from NT BUILD 421 are given in Table 1. All
parameters that were used in the current study are presented in Table 2.

The main aim of the current study was to quantify water leakages
during wind-driven rain testing. An outline of the water collection sys-
tem that was constructed for the experiments is depicted in Fig. 2.

The water collection system consisted of four equally sized sections
(sections 1 — 4 on Fig. 2), but as the main frame (2.75 m x 2.75 m) was
larger than initially planned, two small sections were left along the
Section 4 and Section 1. These two sections were not part of the water
collection system. Water was collected from the four main sections in
four respective containers. During testing of BIPV system 1, 5 L con-
tainers were used, whereas during testing of BIPV systems 2 and 3 10 L
containers were used. It was decided to use 5 L and 10 L containers as
they were weighed on scales during testing and had to be of a suitable
size, manageable to lift and carry.

A transparent polycarbonate (Lexan) board was applied as an un-
derlayment, which is correspondent to the roof secondary water barrier.
Water collection points were formed at the bottom of the four vertical
sections, where one round hole was cut in each section, and a tube was
connected to each hole. A triangle profile made of wooden battens was
built near each hole. Furthermore, four holes (each with a size of 5 cm x
40 cm) were cut in the underlayment’s upper part as shown in Fig. 2.
Firstly, the underlayment must be punctured so that the desired levels of

is i
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Fig. 1. Large-scale turnable box for rain and wind tightness testing of sloping building surfaces (RAWI box). Test running with a test sample (left) (Breivik et al.,

2013), and RAWI box without a test sample (right) (Andenzs, 2016).

Table 1
Pulsating air pressure intervals used in the present study (compared to NT BUILD
421) including description of the test phases.

water leakages can be observed. The tested systems were mainly
observed from outside the RAWI box (view depicted on Fig. 1 left), i.e.,
the BIPV system’s interior side. As the RAWI box has small windows on

Air pressure intervals

NT Present Test phases used in the present study
BUILD study
421
0 (run-off Test phase 1-30° Test phase 2-15°
water) inclination. inclination.
100 Pa 100 Pa Run-off water and a Run-off water and a
200 Pa 200 Pa range of pulsating air range of pulsating air
300 Pa 300 Pa pressures (from 0 Pa to pressures (from 0 Pa to
400 Pa 400 Pa 750 Pa) applied to BIPV 750 Pa) applied to BIPV
550 Pa 500 Pa system at 30° system at 15°
600 Pa inclination. inclination.
750 Pa Phase 2 was carried out
on the same day after
phase 1.
Table 2
Parameters used during wind-driven rain testing.
Load Colour Pulsating Weather Maximum Duration
level mark (dynamic) air condition wind speed (min)
pressure description (m/s)
intervals (Pa)
0 0, run-off - 0 10
water
1 0-100 Strong 12.9 10
breeze
2 - 0-200 Fresh gale 18.2 10
3 - 0-300 Strong gale 223 10
4 - 0-400 Storm 25.8 10
5 0-500 Violent 28.8 10
storm
6 j=—=x] 0-600 Violent 31.6 10
storm
% == 0-750 Hurricane 353 10

the side, the sy were also i d from time to time
from that viewpoint (i.e., the exterior side of the BIPV systems) and
photographed (photos can be viewed in Section 5).

After the application of the last level of air pressure (750 Pa) was
finished, the test system was elevated so water droplets remaining on the
underlayment could be collected. After a couple of hours, the under-
layment was inspected, and as most water droplets were drained, con-
tainers with the collected water were weighed, and the results were
recorded. The containers were then placed back to the water collection
sections. In the second phase, the same procedure was applied to the test
system inclined to 15°. Both phases were carried out on the same day.

During the experimental work, along with measuring the water
amounts that went through the tested BIPV systems, the points where
the water leakages occurred were registered (data is provided in Section
5). The water leakages were marked with colours according to the load
level at which they had first appeared. Colour mark for each load level is
given in Table 3. According to EN 50583-2 (European Committee for
Electrotechnical Standardization, 2016a), the amount of water leakage
should be registered at each load level. Unfortunately, due to a few as-
pects, it was not feasible to record the intensity of water leakages at each
load level during the current study’s experiment. The amount of water
leak was not d ically and had to be done manually.
Due to time constraints and a limited number of people involved in the
experiments, it was not feasible to carry and weigh containers as often as
needed for each load level. During testing of BIPV system 1, water
leakages were relatively scarce, whereas during testing of the second
and third systems the leakages were more severe. Another reason was
that during each load level, not only the BIPV system must have been
monitored, but also the sealing tapes all around the system must have
been inspected. For future investigations it could be beneficial to orga-
nize the experiment so that either water would be measured automati-
cally for each load level or that more people could be involved in the
running of the laboratory experiments. Then one person could be

b1,

air pressure difference could be reached and applied to the BIPV system,
and not to the underlayment itself. Secondly, the underlayment repli-
cates conditions of a real roof installation when an air cushion accu-
mulates in the ventilated air gap behind the elements and makes the roof
system more watertight. And finally, the underlayment is needed to
enable the water collection. Moreover, it must be transparent so that the
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p for operating the equipment, a second person could be
monitoring the tested system and sealing tapes around it, and a third
person could be responsible for the water leakage collection
measurements.

T

3. Overview of tested BIPV systems

Three BIPV systems were tested in this study. BIPV system 1 was
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Fig. 2. Outline of the water collection system with four separate water collection sections. View from the interior BIPV system side (backside).

Table 3
Parameters of tested BIPV systems.
Numberof  Typeof  IHlustration BIPV product BIPV system category BIPV integration Weight Materials Producer
system PV category (Jelle (Verbemne et al., category (Fig. 1) (kg/m?)
et al., 2012) 2014)
BIPV mono Solar tile Roofing: solar tiles A 19.5 Laminated glass.-glass module Sunstyle
system 1 csi ‘ shingles without a frame.
BIPV mono Solar tile Roofing: solar tiles- A 17.1 Tile is made of a ceramic compound; Heda
system 2 cSi shingles solar cells are covered with glass. Solar
BIPV CdTe BIPV module In-roof system/warm AC 18 Laminated glass-glass module with ~ Ennogie
system 3 facade steel profile on the left and right side

of each module.

constructed by fish-scale solar shingles resembling the skin of a fish.
Each solar shingle is a compound of two layers of safety glass with solar
cells laminated between them. Therefore, such modules are called glass-
glass modules. The full product range is given in Fig. 4 in sub-Section
4.1. If needed, the BIPV system can be complimented to fit the roof shape
using colour-] hing aluminium comp plates, which can be cut to
various sizes and forms. Solar shingles are available in three colours:
black, brick red, and slate grey, which are typical, neutral colours and
can match most of the traditional roof systems when used as supple-
ments. BIPV system 2 was composed of flat solar tiles and their matching
tiles. Rectangular-shaped tiles are made of a ceramic compound, and the
tiles with solar cells are covered with tempered glass. The matching tile
is half of the size of the solar tile. These tiles are available only in black

=]
a
=]

colour, but manufacturer produces a variety of colours for other tiles.
Finally, BIPV system 3 was constructed by large size BIPV modules,
remini standard PV They are gl 1 lules installed
on coated steel rails attached to each module’s left and right side, which
eases the installation. Only black coloured modules are available.

All BIPV systems can be categorized (Fedorova et al., 2020) by the
type of BIPV products (Jelle et al., 2012); by the type of BIPV systems
and the way of integration into the building envelope (Verberne et al.,
2014); and by the BIPV categories given in the standard EN 50583
(Fig. 3) (European Committee for Electrotechnical Standardization,
2016a, 2016b). BIPV system 1 solar shingles and BIPV system 2 solar
tiles are designed for roof integration. Therefore, they are categorized as
roofing BIPV systems, while modules of BIPV system 3 can be integrated

dul

Fig. 3. BIPV categories as defined in EN 50583
(European Committee for Electrotechnical Stan-
dardization, 2016a, 2016b). (A) Sloped, roof-
integrated, not accessible from within the build-
E ing. (B) Sloped, roof-integrated, accessible from

from within the building. (E) Externally i or not

149

within the building. (C) Non-sloped (vertically)
mounted, not accessible from within the building.
(D) Non-sloped (vertically) mounted, accessible

ible from within the building (Fedorova et al., 2020).
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into the roof or the facade. The weight of all three systems is remarkably
close to each other. The lightest is BIPV system 2 with 17.1 kg/m? then
BIPV system 3 with 18 kg/ m? and BIPV system 1 with 19.5 kg/ m?. The
parameters of these BIPV systems are summarized in Table 3.

4. Installation of BIPV systems

The tested BIPV systems were installed according to the manufac-
turers’ manuals. The ls are ilable on the facturers’
websites or could be requested from the manufacturers or BIPV system
resellers. The same frame, 2.75 m x 2.75 m (Fig. 2), built of wooden
beams, was used for all the tested BIPV systems. The following infor-
mation is presented in this chapter: photos of BIPV systems installed on
actual building roofs, BIPV systems design and installation details that
the authors find beneficial to mention, images of the BIPV sy

Solar Energy 230 (2021) 376-389

solar shingle left), four glass-glass elements, which were shaped to the
system profile and provided with the system. Four metal plates, also
shaped to fit the remaining parts of the profile, were cut in the labora-
tory. After the installation was finished, parts around the system were
covered with a 0.15 mm thick polyethylene foil and connected to the
BIPV system using sealing tapes. Then, the polyethylene foil was
attached to the wooden frame using duct tape. BIPV system 1 with
completed taping is depicted in Fig. 6. The same procedure of covering
the surrounding wooden frame was used for all three BIPV systems
tested in this study. The system outline (Fig. 6) shows how the solar
shingles and complementing elements are connected.

4.2. BIPV system 2 details

installed in the laboratory, and the technical outline of the BIPV
installations.

4.1. BIPV system 1 details

BIPV system 1 installation on an actual building roof is depicted in
Fig. 4 (left). Glass-glass BIPV shingles of four shapes are presented on the
market (marked with 1, 2, 3, and 4 on Fig. 4 (right)) and can cover the
roof of various sizes using only soalr shingles and additional triangle
glass-glass parts (Fig. 5 (middle), marked with 5).

When needed, this system can be complemented by metal plates.
However, these metal plates have a significantly smaller thickness and
different stiffness from their BIPV counterparts and could thus cause
additional water leakages as anticipated and demonstrated during
testing. It must also be noted that it was not obvious how these metal
plates should be installed. The manufacturer provided only BIPV shin-
gles and small glass-glass triangle parts, made of the same materials. The
metal plates are provided when the BIPV system is purchased from a
reseller. Thus, no specific manuals and clear details are given for
installing metal plates with the BIPV system. In Fig. 4 (middle) the metal
plates are fixed using small screws, which differ from the screws used for
BIPV system 1. When the system was delivered to the laboratory, both
types of screws were provided. The final recommendation was to use the
same screws as used for BIPV system 1. However, that led to metal plates
not being screwed as tight as they would when screwed with the smaller
sCrews.

A few rubber elements provided with BIPV system 1 are attached to
each solar shingle (Fig. 5). Reverse anchor-like components are attached
to the upper part of the BIPV shingles, with a line of rubber sealing the
gap between shingles (Fig. 5, illustrated on the left picture and shown on
the middle photo, marked with white rectangles). Additionally, rubber
gaskets are used under each screw (Fig. 5 (right)).

The tested BIPV system 1 consisted of three whole and three half
BIPV shingles (one solar shingle top, one solar shingle bottom and one

An i ion of flat solar tiles and matching tiles on an actual
building roof is depicted in Fig. 7. The number of roof tiles with solar
cells used on the roof will depend on the building’s electricity demand,
where the rest of the roof area can be covered with the matching tiles.
Solar tiles have a unique design that provides drainage of water. Their
mounting is similar to the mounting of conventional roof tiles. Tiles are
placed on wooden beams and secured with hurricane clip nails (hooks)
on each tile’s right side, which is also standard for the conventional roof
tiles. Additionally, solar tiles are secured with three screws, and
matching tiles with two screws, on top of each tile.

Manufacturer produces an extensive range of solar tiles, varying in
shape (wave tiles, flat tiles, flat tiles with borders) and colours. A variety
of solar tiles may provide more accessible solutions to suit a particular
built environment.

BIPV system 2 consisted of four BIPV roof tiles with eight matching
tiles (one of which was cut in two). An outline of BIPV system 2, which
shows how the tiles are connected, and the system with completed
taping are depicted in Fig. 8. Solar tiles are coloured in dark grey with
black rectangles with stripes illustrating the solar cells, whereas
matching non-solar tiles are coloured in light grey for visualization
purposes, in reality they have the same colour.

4.3. BIPV system 3 installed with metal roof plates details

BIPV system 3 was constructed with glass-glass modules, which can
be installed in two ways: orientated vertically or horizontally. In this
study modules were installed vertically. Most of the realized projects
utilize BIPV modules only, covering the roof’s whole area. Depending on
the energy need of a particular building, it may not be necessary to cover
the roof’s entire area with solar modules. BIPV modules might be
installed along metal roofing plates.

In the current study, BIPV system 3 was integrated with steel roof
plates that have no PV elements on them (Fig. 10). These two roof sys-
tems have not been designed to be installed together but were used for
our experimental purpose. Example of real-life installation of steel roof

Fig. 4. BIPV system 1 installed on an actual building roof (left). Metal plates completing the BIPV system 1 at edges (middle). Range of BIPV shingles (right): 1 - basic
solar shingle; 2 — solar shingle bottom; 3 — solar shingle top; 4 — solar shingle left.
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Fig. 5. Rubber element on upper part of the solar shingle (schematically shown on the drawing to the left and how they are attached on the real roof shown on the

photo in the middle) and lower part of the solar shingle (right). 1 - bas
building roof.

2140 mm
2750 mm

f—o—
——

2145 mm
2750 mm

olar shingle, 3 - solar shingle top and 5 -~ matching glass-glass triangle element on an actual

Fig. 6. Front view of the outline of BIPV system 1. To distinguish components of the system and to make connecting points better visible, BIPV shingles are left
transparent, grey parts are metal plates, and black parts are glass-glass parts without PV cells. BIPV system 1 with completed taping before laboratory testing. View

from the bottom of the exterior BIPV system side.

Fig. 7. (a) Complete solar tile system on an actual building roof, (b) solar tile and matching non-solar tile with dimensions, and (c) actual solar tile and dummy tile.
The matching tile may seem more of a greyish colour here, but in reality, it is the same black colour as solar tile (“Heda Solar product catalogue,” 2017).

plates is shown in Fig. 9.

Steel rails attached to each module’s left and right side were not only
helpful to ease the installation of the BIPV modules, but also made it
uncomplicated to couple them with steel roof plates. Both BIPV modules
and steel roof plates were fixed to the wooden beams with screws.

BIPV system 3 consisted of four BIPV modules with six rows of steel
roof plates. The system outline and completed taping is depicted in
Fig. 10. The BIPV modules are coloured in dark grey, whereas the steel
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roof plates are coloured in light grey, similar to systems’ colours in real
life.

5. Results and discussion
Before data on the water collection was aggregated, several trial tests

were conducted to ensure that the water collection system was ready for
testing. The data sets gathered are presented in the order the BIPV
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Fig. 8. Front view of the outline of BIPV roof tile system. To distinguish solar tiles from matching tiles they are coloured in dark grey and black (solar tiles) and light
grey (matching tiles). As depicted on the picture on the right, in reality both types of tiles have the same black colour. Here BIPV roof tile system shown with
completed taping before laboratory testing. Front view of the exterior BIPV system side.
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Fig. 9. Isola Powertekk steel roof plates (non-PV) installed on an actual
building roof (“https://www.isola.com/").

systems were tested: first, BIPV system 1, then BIPV system 2, and finally
BIPV system 3 installed with steel roof plates.

5.1. Testing of BIPV system 1

The WDR tightness test of BIPV system 1 started with the system
being inclined at 30° (Fig. 11) and load level 0. After 10 min of applying
run-off water, a differential air pressure of 100 Pa (load level 1) was
used, moving in 10 min periods to load levels 2 and 3. No water leakages
were detected up to load level 4 (400 Pa). Water droplets started to occur
in two areas where BIPV full shingles overlapped with the metal plates
(all points of water leakages are shown in Fig. 12). New points of water
droplets occurred at load levels 5 (500 Pa) and 6 (600 Pa). No new
leakages were detected at the last load level 7 (750 Pa). Leakages that
occurred had been intensifying at each next load level. When the test for
30° inclination was over, the system was elevated to nearly 90° incli-
nation and left to dry.

For the next stage of the test, the system was inclined to 15°. The
same procedure was followed, starting at load level 0, and finishing with
load level 7 (750 Pa). Water leakages began to occur one load level
earlier than at the previous stage, but only at the point where the metal
plates were screwed together. A small amount of droplets occurred at
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load level 4 (400 Pa) at the points where the BIPV shingles overlapped
with the metal plates, following water leakages along the overlapping
area at load level 5 (500 Pa) (the same area where water leakages
occurred at load levels 4 (400 Pa) and 6 (600 Pa) at the previous stage).
Small water leakages were visible on the overlap of the BIPV half-shingle
lower tile, glass-glass triangle, and metal plate. The first water leakage
between the BIPV shingles (the whole shingle and the half-shingle right
tile) occurred at the last load level. Observations are summarized in
Table 4 and water leakage points are market in Fig. 12. After this stage
was finished, the system was again lifted to nearly 90° to dry.

BIPV system 1 was initially tested at two inclinations (30° and 15°).
As the system showed a high level of watertightness, it was decided to
conduct an additional testing stage as a possible worst-case scenario
where screws were loosened by three full turns each. The system was
inclined to 15° angle, as the impact of the WDR is expected to be more
forceful on lower inclined roof systems. During this stage of the test, no
water leakages occurred until load level 2 (200 Pa). Water droplets
appeared at the points where metal plates were screwed together and at
the overlapping point of them, and where the half-shingle right was
screwed with the glass-glass part. At the next load level, new points with
water leakages emerged at overlaps of whole shingles and metal plates.
Following new leakage points at load levels 4 (400 Pa) and 5 (500 Pa)
(various overlapping points of shingles, glass-glass parts, and metal
plates). At the last load level, 7 (750 Pa), droplets appeared on the glass-
glass part where it overlapped with the metal plate. During the first two
WDR testing at 30° and 15° inclination, before the test where the
fastening screws were loosened, it was observed that the metal plates
were slightly bending from the BIPV shingles when the air pressure was
pulsating due to a difference in stiffness in the metal plates and their
BIPV counterparts (and possible differences in distance between
fastening screws), thus causing larger water leakages at these locations,
which lead to considerably larger water leakages collected in Sections 3
and 4 as compared with Sections 1 and 2 for both inclinations as
depicted in Fig. 14.

Water collected from the respective four sections was weighed on a
scale after each test phase. As the amount of water did not exceed 3 L (5
L containers for each collection section were used when BIPV system 1
was tested), it could be measured once per the test phase. The quantified
results of these water leakage measurements for BIPV system 1 are
collected in Fig. 14.



A. Fedorova et al.

1300 mm

2623 mm

Solar Energy 230 (2021) 376-389

665 mm__|

Fig. 10. Tront view of the outline of BIPV system 3 and steel roof plates. The BIPV modules are coloured in dark grey, whereas steel roof plates are coloured in light
grey. BIPV system 3 integrated with steel roof plates with completed taping before laboratory testing. View from the bottom of the exterior BIPV system side.

Hole to maintain air
pressure difference

Boom that simulates

BIPV system X : .
wind-driven rain

Fig. 11. BIPV system 1 during wind-driven rain testing in the RAWI box. Interior BIPV side (left) and exterior BIPV side (right).

5.2. Testing of BIPV system 2

BIPV system 2 did not cover the whole testing frame. Due to time and
economic constraints, it was not feasible to obtain more tiles from the
manufacturer, and the testing was thus run, as shown in Fig. 16. Two
stages of WDR tightness testing were conducted for 30° and 15° angle
inclinations, following the same procedure as for BIPV system 1 testing.
BIPV system 2 during testing is shown in Fig. 15. Before the experiment
with water collection started, a few trials to test the sealing tape were
carried out. More severe water leakages occurred already at load level 1
(100 Pa), compared to the leakages in BIPV system 1, and hence 5 L
containers were changed to 10 L containers for each collection section.

At the first phase (30° inclination), water leakages appeared at load
level 1 (100 Pa) at four locations: two leakage points between matching
tiles and two leakage points between solar tiles connected to matching
tiles. During the next load level, more leakages started to appear with
higher intensities. Only one more leakage point occurred during load
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level 3 (300 Pa). During the following load levels, no new leakages
occurred. All earlier appeared leakage points remained, and each water
leakage’s intensity was increasing with each next load level. At the
second test phase (15° inclination), leakages occurred at the same load
levels and approximately at the same points but at a higher rate. At load
level 1 (100 Pa), six water leakage points occurred (compared to the four
leakage points at the first phase) and at load level 2 (200 Pa), thirteen
leakage points occurred (compared to the six points at the first phase).
More leakages appeared at load level 3 (300 Pa), all of them, along the
downside of the lower row of tiles of the BIPV system. Observations of
both phases of the test are summarized in Table 5. All leakage points are
shown in Fig. 16 A and 16B.

During testing of BIPV system 2, it was first attempted to weigh the
leakage water amount at each load level. It was then decided to proceed
with weighing the water amount from each water collection section
summarized for each phase. The quantified results of these water
leakage measurements for BIPV system 2 are collected in Fig. 17. As
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section 4 | section 2 || section 1

Fig. 12. Location of water leakage points for BIPV system 1 with corresponding colours as given in I'able 4. A - first test phase (inclination 30°); B — second test phase

(inclination 15°). View from the backside of the BIPV system.
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Fig. 13. Location of water leakage points for BIPV system 1 with corresponding

colours as given in Table 4. Second test phase ran for the second time with the

BIPV system inclined to 15°. All screws were loosened by three turns each. View
from the backside of the BIPV system.

shown in Fig. 17, the amounts of water collected at the 30° inclination
from Sections 4 and 3 are higher than the amounts collected from the
same sections at the 15° inclination. However, data collected for sections
2 and 1 showed the opposite, i.e., the water amounts collected at the 15°
inclination were slightly higher than at the 30° inclination, where the
observed differences are larger than the estimated uncertainties in the
water collection measurements.

5.3. Testing of BIPV system 3 and steel roof plates

The third tested system was constructed with BIPV modules installed
along with steel roof plates. The BIPV system consisted of two pairs of
modules (four modules in total). One module overlapped with the sec-
ond module in each pair, and a rubber sealant profile was placed be-
tween them to fill in the gap. The two lower modules were installed first,
then pieces of the rubber profile were placed on top of each module,
followed by the installation of the two upper modules. The rubber
sealant profile was not visible from the front side of the BIPV system and
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Table 4
Qualitative observations of water leakages during wind-driven rain tightness
testing in the RAWI box for BIPV system 1.

Load  Pulsating Colour clinati
level air mark 30° (Fig. 12 15° (Fig. 12 159
pressure A) B) Fig. 13)
(Pa)
0 0 (run-off No water No water No water
water) leakages leakages leakages
1 0-100 No water No water No water
leakages leakages leakages
2 0-200 - No water No water Leakages
leakages leakages occurred
3 0-300 - No water Leakages New
leakages occurred leakages
occurred
4 0-400 B Leakages New New
occurred leakages leakages
occurred occurred
5 0-500 New New New
leakages leakages leakages
oceurred oceurred occurred
6 0-600 | New New No new
leakages leakages leakages
occurred occurred
7 0-750 _ No new New New
leakages leakages leakages
occurred occurred
*All screws of the tested system were loosened by three turns.
BIPV system 1
E 3000
e
‘s 8 2500
o ®
S 2 2000
2%
E g 1500
S 1000
500 J
0 - -—
section4 = section3  section2 = sectionl1
m30° 36 212 0 0
m15° 508 1888 24 83
15°% 1523 2557 1335 2491

Fig. 14. Quantitative measurements of water amounts collected during wind-
driven rain testing in the RAWI box for BIPV system 1.
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Fig. 15. BIPV system 2 during wind-driven rain testing in the RAWI box. Interior BIPV side (upper photo) and exterior BIPV side (bottom photo).

Table 5
Qualitative observations of water leakages during wind-driven rain tightness
testing in the RAWI box for the BIPV system 2.

Load Pulsating air Colour Inclination 30° (  Inclination 15° (
level pressure (Pa) mark Fig. 16 A) Fig. 16 B)
0 0 (run-off No water No water
water) leakages leakages
1 0-100 Leakages Leakages
occurred occurred
2 0-200 - New leakages New leakages
oceurred occurred
3 0-300 === New leakages New leakages
occurred occurred
4 0-400 I Nonew leakages  No new leakages
5 0-500 No new leakages  No new leakages
6 0-600 [— No new leakages No new leakages
7! 0-750 o | No new leakages No new leakages

could therefore not be inspected for correct placement during installa-
tion. When the system was later placed in the RAWI box and inclined at
30° for the test, it was possible to observe the rubber sealant profiles.
However, no visible difference in the placement of the sealant profile
between the left pair and the right pair of modules was observed.

At the first test phase (30° inclination) of the WDR testing, no water
leakages were detected at load levels 0 and 1. However, the rubber
profile between the right pair of modules had started to move/dislocate,

and at load level 2 (200 Pa), water began to run through it. New leakages
occurred at load level 4 (400 Pa) at points where the metal plates
overlapped, the parts close to the BIPV modules. A small number of
water droplets appeared on the rubber profile between the left pair of
modules. Water leakage points remained the same during all the next
load levels, increasing in intensity with each next load level.

At the second test phase (15° inclination), water leakages appeared
at the same locations, but at lower load levels: between the right pair of
modules at load level 1 (100 Pa), at metal plate overlaps, and between
the left pair of modules at load level 3. As the BIPV system was mounted
and sealed with waterproof tapes, it was not feasible to correct the
sealing profile placement between the right pair of BIPV modules.
Therefore, it was decided to run the test as it was and investigate how
much leakages would occur if the sealing profile was dislocated. Addi-
tionally, moderate water leakages occurred between the upper modules
at the last load level. The difference in the amount of water leakage
through the rubber profile between the left and right pair of BIPV
modules at 30° and 15°inclinations can be observed in Fig. 22. A com-
parison of the rubber profile between the left and right pairs of the
modules during testing is shown in Figs. 18 and 19, and after the WDR
test was fully finished is shown in Fig. 20.

Observations of both phases of the test are summarized in Table 6.
All water leakage points are shown in Fig. 21A and 21B. The quantified
results of these water leakage measurements for BIPV system 3 inte-
grated with steel roof plates are collected in Fig. 22.

Even though data on leakage water collected during WDR testing of

section 1

section 2

Fig. 16. Location of water leakage points for BIPV system 2 with corresponding colours as given in Table 5. A~ first test phase (inclination 30°); B - second test phase

(inclination 15°). View from the backside of the BIPV system.
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Fig. 17. Quantitative of water llected during wind-

driven rain testing in the RAWI box for BIPV system 2.

BIPV system 3 is provided, it must be noted that an utterly watertight
tape sealing was not achieved for this system (see Fig. 10). Thus, the
amount of water included in Fig. 22 also contains some amount of water
that ran through the sealing tape system. The test was run anyway to
study the behaviour of this system under WDR exposure. The amount of
water collected from Section 3 corresponds to a small water leakage
between the left pair of BIPV modules. In contrast, the water amount
collected in Section 2 is approximately 21 and 16 (for 30° and 15°
inclination, respectively) times larger than in Section 3.

Such a large difference occurred due to the rubber sealant profile’s
displacement between the right pair of the BIPV modules. Therefore, it
can be advisable to include in the installation manual information about
the importance of the proper placement of the sealant profile. Addi-
tionally, a solution for fixing this rubber profile on the module may be
found to avoid the displacement. In water collection sections 4 and 1, the
water leakage was collected from the points connecting the BIPV system
with steel roof plates. The steel rails attached to the left and right side of

Left pair of BIPV modules

Solar Energy 230 (2021) 376-389

BIPV modules are designed for water drainage, and steel roof plates on
both sides of the BIPV system were placed over the steel rails. The dis-
tance from the roof plates placed to the right pair of BIPV modules was
wider than the distance from the left pair of BIPV modules to the roof
plates. Consequently, the amount of leakage water on the right side of
the BIPV modules (Section 1) was approximately 3.5-3.6 times larger
than on the left side of the BIPV modules (Section 4), for inclination 30°
and 15°, respectively. Therefore, it can be concluded that the steel roof
plates should be placed closer to the BIPV modules to minimize water
leakage.

5.4. Comparison of tested BIPV systems

As was anticipated before the experiment, test results showed that
the most watertight BIPV system among the tested ones was BIPV system
1, with respect to short-time wind-driven rain exposure tests. Multiple
rubber sealing elements used during the system installation provided a
reliable waterproofing. However, if after installation, the BIPV system
needs adjustment or the cabling needs to be checked, it should be
advised to change the used sealing elements to new ones. The BIPV
shingles are screwed quite tightly, and sealing elements are hence
squeezed. Thus, they might be deformed, and thereby loose water-
proofing ability to some degree. Careful use of a rubber sealing profile
was also necessary for BIPV system 3. If the sealing profile is placed
correctly and stays in place, the watertightness level is quite close to
BIPV system 1. However, more investigations of the long-term perfor-
mance of the rubber sealing profiles should be carried out, as the
durability of these materials may be much shorter than the service
lifetime of the BIPV system. BIPV system 2 resembles conventional roof
tiles and was expected to be less watertight than the other two BIPV
systems. As no sealing materials were used in BIPV system 2, it should be
compared to data on the watertightness of conventional roof tiles. From
the graph in Fig. 17 it can be concluded that BIPV system 2 has an
advantage when it comes to a lower inclination angle. BIPV system 2
performed almost as good or even better at 15° than at 30° inclination,

Right pair of BIPV modules

Fig. 18. The rubber sealant profile (marked with white rectangles) between pairs BIPV modules during wind-driven rain testing in the RAWI box with 30° incli-
nation. A major difference in water leakage intensity between left pairs (no leakage) and right pairs (intense leakage) of the BIPV modules could be observed.
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Left pair of BIPV modules
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Fig. 19. The rubber sealant profiles (marked with white rectangles) between BIPV modules during wind-driven rain testing in the RAWI box with 15° inclination. A
major difference in water leakage intensity between left pairs (no leakage) and right pairs (intense leakage) of the BIPV modules could be observed.

air of BIPV modules

Right pair of BlP;/ modules

Fig. 20. The rubber profile between the pairs of BIPV modules (marked with white rectangles) inspected after wind-driven rain testing in the RAWI box for BIPV

system 3 installed with steel roof plat
between the left pair of modules was

till in plac

Table 6
Qualitative observations of water leakages during wind-driven rain tightness
testing in the RAWI box for BIPV system 3 installed with steel roof plates.

Load Pulsating air Colour Inclination 30° ( Inclination 15° (
level pressure (Pa) mark Fig. 21 A) Fig. 21 B)
0 0 (run-off No water No water
water) leakages leakages
) 0-100 No water Leakages
leakages occurred
2 0-200 | Leakages No new leakages
occurred
3 0-300 B Nonewleakages  New leakages
occurred
4 0-400 | —} New leakages No new leakages
occurred
5 0-500 No new leakages  No new leakages
6 0-600 == No new leakages No new leakages
7 0-750 B Nonewleakages  New leakages
occurred
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;. The rubber profile between right pair of modules was dislocated and had lost its sealing function, while the rubber profile
and thus no water leaked through it.

whereas the two other BIPV systems were less watertight at 15° than at
30° when c d to th lves. The watertigh level of the tested
BIPV systems is provided in Table 7.

Even though the watertightness level may be identified without
quantification of the water leakage, it is an influential parameter that
can support a more precise classification of the tested BIPV systems. In
this study, both BIPV systems 1 and 3 are watertight at 300 Pa at 30°
inclination and at 200 Pa at 15° inclination. However, without addi-
tional data on the amount of water that go through each system it is not
possible to quantitatively compare and identify which of these systems
are the more watertight ones.

6. Conclusions

The aim of this study was to quantify the water intrusion during
wind-driven rain test in building-integrated photovoltaic (BIPV) sys-
tems. A test methodology for testing the watertightness of roof and
facade systems was presented and applied utilizing a water collection
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Fig. 21. Location of water leakage points for BIPV system 3 installed with steel roof plates with corresponding colours as given in Table 6. A — first test phase
(inclination 30°); B — second test phase (inclination 15°). View from the backside of the BIPV system.

BIPV system 3 installed with steel roof plates
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Fig. 22. Quantitative measurements of water amounts collected during wind-
driven rain testing in the RAWI box for BIPV system 3 installed with steel
roof plates. Note that some of the water collected here has erroneously run
through the sealing tape system.

Table 7
Watertightness level of tested BIPV systems.

Angle of inclination

30° 15°
BIPV Watertight at air Weather condition 200 Pa =
system pressure level equivalent of air fresh gale
pressure 18.2m/s
BIPV 300 Pa 200 Pa 300 Pa =
system strong gale
1 223 m/s
BIPV 300 Pa 200 Pa
system
2
Metal 300 Pa 200 Pa
roof
plates
BIPV 0Pa(un- 0 Pa (run-
system off water)  off water)
3

system. The test methodology was applied to three different BIPV sys-
tems for roof integration.

The study’s principal finding is the design of a successfully func-
tioning water collection system and results from these laboratory in-
vestigations with quantified water leakages from different BIPV systems.
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Acquired data on the amount of water leakages collected during the test
provides the ground for comparing different systems. The systems can be
ranked according to their watertightness level, i.e., the maximum level
of air pressure applied simultaneously with water spray when no water
leakages occur on the tested system’s inner side. Quantification of the
amount of water that go through the tested systems can provide addi-
tional valuable information for a more precise classification, identifying
the causes for the different water leakages and their magnitudes, and
hence providing the necessary information for further improving the
BIPV systems. The watertightness level is determined for all the tested
systems. Such a ranking may be helpful when choosing which BIPV
system is the most suitable for a particular climate.
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