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The building skin has evolved enormously over the past decades. The energy performance and environmental quality of both the interior and 
exterior of buildings are largely determined by the building envelope. The façade has experienced a change in its role as an adaptive climate 
control system that leverages the synergies between form, material, mechanical and energy systems towards an architectural integration of energy 
generation.

The PowerSKIN Conference aims to address the role of building skins to accomplish a carbon neutral building stock. Topics such as building 
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The focus of the PowerSKIN issue 2021 deals with the question of whether simplicity and robustness stay in contradiction to good performance of 
buildings skins or whether they even complement each other: simplicity vs. performance?

As an international scientific event - usually held at the BAU trade fair in Munich - the PowerSKIN Conference builds a bridge between science and 
practice, between research and construction, and between the latest developments and innovations for the façade of the future.

The Technical University of Munich, Prof. Dipl.-Ing. Thomas Auer, TU Darmstadt, Prof. Dr.-Ing. Jens Schneider and TU Delft, Prof. Dr.-Ing. Ulrich 
Knaack, are hosting the PowerSKIN Conference. It is the third event of a biennial series: April 9th 2021, architects, engineers, and scientists present 
their latest developments and research projects for public discussion and reflection. For the first time the conference will be a virtual event. On the 
one hand, this is a pity, as conferences are also about meeting people and social interaction; on the other hand, it o!ers the possibility that we can 
reach more people who connect from all over the world.
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PREFACE

The building skin has evolved enormously over the past decades. 

The energy performance and environmental quality of both the interior and 

exterior of buildings are primarily determined by the building envelope. 

The façade has experienced a change in its role as an adaptive climate 

control system that leverages the synergies between form, material, 

mechanical and energy systems towards an architectural integration 

of energy generation.

The PowerSKIN Conference aims to address the role of building skins to accomplish a carbon-
neutral building stock. The focus of the PowerSKIN issue 2021 deals with the question of whether 
simplicity and robustness stay in contradiction to good performance of buildings skins or whether 
they even complement each other: simplicity vs performance?
As an international scientific event - usually held at the BAU trade fair in Munich - the PowerSKIN 
Conference builds a bridge between science and practice, between research and construction, 
and between the latest developments and innovations for the façade of the future. Topics such as 
building operation, embodied energy, energy generation and storage in the context of the three 
conference sessions envelope, energy and environment are considered:

 – Envelope: The building envelope as an interface for the interaction between indoor and outdoor 
environment. This topic is focused on function, technical development and material properties. 

 – Energy: New concepts, accomplished projects, and visions for the interaction between building 
structure, envelope and energy technologies.

 – Environment: Façades or elements of façades, which aim to provide highly comfortable surroundings 
where environmental control strategies as well as energy generation and/or storage are an 
integrated part of an active skin. 

The Technical University of Munich, TU Darmstadt, and TU Delft are signing responsible for the 
organisation of the conference. It is the third event of a biennial series: April 9th 2021, architects, 
engineers, and scientists present their latest developments and research projects for public 
discussion and reflection. For the first time, the conference will be a virtual event. On the one hand, 
this is a pity, as conferences are also about meeting people and social interaction; on the other hand, 
it o!ers the possibility that we can reach more people who connect from all over the world.

We have to thank the authors, speakers and keynote speakers for their contribution and our teams 
for doing such a good job in organising this event. Finally, we have to thank our sponsors for their 
support and the Technical University of Munich, which is so kind to support this virtual conference 
with their broadcasting technology and other amenities.

Thomas Auer, 
Ulrich Knaack,
Jens Schneider,

the conference hosts.
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Hochschule OWL, Germany. He also was and still is appointed professor for Design of 
Construction at the Delft University of Technology / Faculty of Architecture, Netherlands, 
where he developed the Façade Research Group. In parallel Ulrich is professor for 
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Jens is a full professor for structural engineering at the Institute of Structural Me-
chanics and Design, TU Darmstadt, Germany. After his studies in civil engineering 
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structures, in 2007 to the position of a professor for structural engineering in Frankfurt. 
and in 2009 to his current position at TU Darmstadt, where Jens is currently Vice 
President for Transfer and International A#airs. Since 2011, Jens is also partner in his 
engineering o"ce SGS GmbH in Heusenstamm in Frankfurt, Germany. Since 2015, Jens 
leads the European project group for the preparation of the new Eurocode 11 „Structural 
Glass“.
Jens is specialized in structural mechanics of glass & polymers, façade structures, 
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PROF. ALMUT GRÜNTUCH-ERNST

Prof. Almut Grüntuch-Ernst, architect and partner of Grüntuch Ernst Architects, heads the IDAS (Institute for Design and 

Architectural Strategies) at the TU Braunschweig, where she builds up research at the intersections of architecture, biology, 

and technology in order to transfer the knowledge gained to the design of buildings. She introduces the topic and advances 

the awareness and expertise needed to develop a nature-based urban architecture with projects, ideas and experiences of 

international experts who have exchanged ideas at three symposia at the TU Braunschweig.

HORTITECTURE – MORE NATURE WITHIN THE ARTEFACT

Plants and architecture: two seemingly opposite elements. How can we combine them to plan future 
cities that are closer to nature? What synergies can we explore? Hortitecture (from the Latin “hortus” 
for garden and the English “architecture“) seeks to discover the creative and constructive potential of 
vital plant material, and explores its applications in ecosystem services and urban food production.

With the increasing density of cities, new buildings should maximise bio-active surfaces that could 
e! ectively enhance wellbeing and reduce our footprint on the built environment. Nature-based 
architectural strategies aim for more urban vitality - they aim to activate surface areas in the 
city - between, around and on buildings to o! er direct access to a maximum of private, collective 
and public outdoor spaces. Current projects by Grüntuch Ernst architects illustrate the conceptual 
approach of how to integrate and activate biodiversity within o#  ce buildings.
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PROF. FLORIAN NAGLER

Prof. Florian Nagler, architect and founder of Nagler Architekten, heads the Chair of Design and Construction at the Faculty 

of Architecture, Technical University of Munich. After an apprenticeship as a carpenter, Florian Nagler studied architecture 

at the University of Kaiserslautern. Visiting and substitute professorships took him to the Gesamthochschule Wuppertal, the 

Royal Danish Academy in Copenhagen and the Hochschule für Technik in Stuttgart. Florian Nagler is a founding member of 

the Stiftung Baukultur and has been a member of the Akademie der Künste, Baukunst section in Berlin, and the Bayerische 

Akademie der schönen Künste since 2010. 

POWER YES — SKIN NO

Florian Nagler’s chair is primarily concerned with the connection between design and construction 
and the direct implementation of analytical studies in designs. The research work revolves around 
the theme of “simply build” and attempts to contribute to a new building culture – the simplifi cation 
of building and buildings operation.

The principles based on calculations and simulations, such as reasonable room geometry, su#  cient 
window areas for natural lighting, but above all a monolithic and simple construction method, 
are tested in practice. The concept is mainly driven by combining resource-friendly preparation, 
reasonable costs and a long-lasting operation phase with a low maintenance e! ort. Energy e#  ciency 
regarding the HVAC systems and excellent reuse and recycling capabilities are further aspects.
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Comparison of Health E!ects 
Caused by Fire and Noise 
on the Façade Considering 
the Years of Life Lost

Daniel Herzog1, Anica Mayer2

 Chair of Building Physics, Department of Civil Engineering, Technical University of Munich, Germany
1 Daniel Herzog, M.Sc, Lst Bauphysik, Arcisstraße 21, 80333 München, daniel.herzog@tum.de 
2 Anica Mayer, M.Sc, Lst Bauphysik, Arcisstraße 21, 80333 München, anica.mayer@tum.de
 [Equal Contributors]

Abstract 
Façades are designed with the purpose of protecting their residents from all environmental influences, but is the health protection 
against every hazard on the same level? This paper describes a method to examine and compare health hazards in urban areas caused 
by smoke, fire and flames and tra"c noise. To obtain a comparable data basis, statistical values of health data of people a#ected by 
noise or fire were converted into the unit years of life lost as defined by the World Health Organisation (WHO). As an example, it was 
found that noise-induced ischemic heart disease (IHD) in Munich costs, on average, more than twice as many years of life lost than 
dwelling fires. These results can be extended by other city-specific health hazards, such as smog and sick building syndromes, to 
optimise the requirements for façades in their entirety by a multi-criteria optimisation. In addition, this paper shows that the legal 
regulations in the area of noise are significantly lower than those for fire protection. 

Keywords 
Comparison, health, YLLs, noise, ischemic heart disease, fire, façade
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1 INTRODUCTION

Anthropogenic climate change is scientifically proven, and today, society is experiencing the first 
serious consequences, such as increased average annual temperatures combined with an increase 
in extreme weather events. Furthermore, the United Nations predicts that by the year 2050, two of 
three people of the world’s population will live in cities. As a result, the number of megacities (more 
than 10 million inhabitants) will also increase. (United Nations, 2018) The suppression of nature 
in urban areas through intensive land sealing intensifies the consequences of climate change and 
leads to, among other things, the heat island e!ect and negative e!ects on both the physical and 
mental health of the inhabitants.  

Buildings, and especially their façades, are designed with the purpose of protecting their residents 
from all environmental influences, like weather, fire and wild animals, or strangers. Moreover, there 
are city-specific health impairments like smog, noise and the sick building syndrome, which must be 
counteracted. Based on this, requirements are defined for each hazard; however, these requirements 
neglect upcoming interdependencies and health hazards that aren’t as obvious as an apartment 
on fire. In this paper exemplary, the health e!ects of noise and fire exposure are compared. 
The selection of these two exposures is arbitrary and could also be done with other exposures, 
shown in Figure 1. In Germany, on the outside of a residential house, a maximum of 59 dB by day is 
requested to prevent the health hazard of noise. (BImSchV, 2020) But is this limit as safe for health as 
the requirements of structural fire protection? Further, does this limit prevent the noise of a multi-
lane street (a higher risk) to the same degree as fire regulations protect residents from a dwelling 
fire spreading over the façade? And if so, what is the optimum construction of a façade to protect the 
citizens, under the premise that the di!erent requirements a!ect each other? For example, a green 
façade filters air pollutants and can reduce noise but is inherently flammable therefore, inferior to a 
concrete wall. (Engel & Noder, 2020) In contrast, a common concrete wall has no positive e!ect on air 
and noise pollution, but it’s incombustible. In order to determine the protection and the required level 
of protection of the local façade in the best possible way, in the first step, the actual acting health 
risks must be quantified. Therefore, this paper investigates one initial approach to compare the 
health impact of the di!erent requirements.

2 METHODOLOGY

 2.1 LITERATURE

The literature review on noise, especially tra#c noise and cardiovascular health e!ects, was 
performed by conducting a systematic, keyword-based research in the database Web of Science 
(Keywords: transportation, tra#c noise, health e!ect) and adding a systematic snowball review of the 
mentioned literature. Furthermore, founded meta-analyses comparing tra#c noise in German cities 
and the impact of the cardiovascular health of the citizens were used to define the level of disease. 
Other noise exposures, like airplane or recreational noise, were sorted out because of the small group 
of a!ected people and the discontinuity of the exposure. In order to quantify the e!ects, they must 
be combined with statistical surveys. The required data for fire deaths, (International Classification 
of Disease ICD 10: X00-X09) myocardial infarction (ICD 10: I20-I25) and life expectations are based 
on statistical inquiry of the “Statistisches Bundesamt” and the local, annual statistics of the City of 
Berlin, Hamburg and Munich. 
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 2.2 TRANSFORMATION

To compare the data, they were transformed into the unit DALYs (disability-adjusted life years), 
defined by Murray and Lopez. (Murray & Lopez, 1990) DALYs consist of the summation of two terms 
YLLs (Years of Life Lost) and YLD (Years lived with disability). For this paper, only the YLLs were used 
because there is no data basis for YLDs caused by fire. YLLs are calculated by the age of death of a 
person and the statistical related life expectation by birth year of the person. The existing data only 
gives a range of years for the deaths by fire and myocardial infarction, (e.g. 30-45 Years, 320 deaths) 
so the lowest value of age, (in the example 30 years) leading to the most YLLs were used for the 
calculations. Furthermore, the odd ratio, the variance, the p-value and the CI were calculated for the 
statistical series from 2005 to 2016 to eliminate confounding e!ects.

This is just a small part of the ongoing PHD method shown in Figure 1. The highlighted sections 
represent the topics discussed in this paper. 

FIG. 1 Schematic methodology followed to solve optimisation
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3 RISK CALCULATION AND CURRENT REGULATIONS

 3.1 NOISE EXPOSURE RISK

To clarify the di! erences between fi re and noise exposure, only the ischemic heart diseases (IHD) 
leading to premature death were considered in this publication. It should be noted that there are 
other noise-induced premature deaths, such as the consequences of permanent sleep disorders, 
which are not considered in this study. The results of the environmental noise guidelines for the 
European region, published in 2018 by the WHO, are based on di! erent meta-studies that determined 
the exposure-response relationship between noise exposure to road tra#  c noise and IHD under 
consideration of confounders. (WHO, 2018) The relative risk of adverse health, which indicates the 
relation of a risk between a noise-exposed and a non-exposed control group, was found to be 1.08 
(CI: 95%: 1.01 – 1.15) per 10 dB increase. This pooled value is based on seven studies and a total of 
67,224 participants. (van Kempen, Casas, & Pershagen, 2018) This leads to the exposure-response 
function shown in Figure 2.

FIG. 2 Exposure-response curve between tra#  c noise and the relative risk for an incidence of ischemic heart disease, ( van 
Kempen 2018)

The approach of Prüss-Üstün et al. is used to calculate the population-attributable fraction (PAF), 
which specifi es the percentage of IHD that can be attributed to noise exposure in a country. (Prüss-
Üstün et al., 2003) As an example, the attributable fraction, the percentage of people who are a! ected 
by tra#  c noise, is derived from a report by the Bavarian Environment Agency (LfU) in 2019. (LfU, 
2019) According to this source, 12 % of the population in Munich is a! ected by a noise level Lden 
of 55-60 dB(A), 8.5 % by 60-65 dB(A), 8.5% by 65-70 dB(A) and more than 3% by noise levels over 70 
dB(A). In total, 32.2% of the Munich population is a! ected by tra#  c noise. Unlike the RR calculation, 
the impairment starts at 55 dB(A) instead of 50 dB(A). Therefore, the non-a! ected percentage 
determined by the LfU are attributed to a RR of 1.0. The impairment is thereby probably even higher 
than the calculation yields. The PAF is calculated to 5.0%. A similar calculation was undertaken by 
Babisch and Kim, estimating a PAF for the German population in 1991 of 2.9%, whereby the relative 
risk was lower and the hazard threshold started at a Lday level of 60 dB(A). (Babisch & Kim, 2006)
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LDAY (DB(A)) PERCENTAGE EXPOSED [%] RELATIVE RISK

< 50 67.8 1.00

50-55 1.08

55-60 12.0 1.12

60-65 8.5 1.16

65-70 8.5 1.20

70-75 2.9 1.24

>75 0.19 1.28

TABLE 1 Exposure of road tra#c noise in Munich 2019 and the relative risk (LfU, 2019) (van Kempen et al., 2018)

For example, if the PAF is set as an estimate for Munich, Germany and multiplied with the number of 
deaths by IHD in Munich for the year 2016 according to the age group, it leads to a total number of 44 
people who died by IHD due to the exposure to noise. That are three deaths per 100,000 inhabitants. 
To transform the results in DALYs only the fatal IHD are examined. The calculated number of deaths 
for IHD at the certain age group is multiplied by the life expectancy at each age. (Bundesamt für 
Statistik, 2020) Therefore, as mentioned in chapter 2, the lowest age, per age group was used for 
the determination of the YLLs, so the result indicates the worst condition. To reduce confounders, 
a five-year (2012 – 2016) average is used for the YLLs. Years lost due to disability (YLDs) are 
neglected to be comparable with the fire deaths. The results per age group are visualised in Figure 
3. It shows the number of noise attributable YLL of the respective year as well as the attributed 
deaths. The 5-year average is plotted with the data results. It can be summarised that the five-
year average of all age groups leads to a total of 531 YLLs due to 45 deaths caused by IHD per year 
assignable to tra#c noise. 

FIG. 3 Noise attributed YLLs and noise attributed death per age group 2012-2016

 3.2 CURRENT REGULATION ON NOISE PROTECTION

In Germany, tra#c noise is regulated by the “Bundesimmissionsschutzverordnung” (BImSchV). 
In housing areas and small settlements, a level of 59 dB(A) by day and 49 dB(A) by night is 
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mandatory. For central areas in cities and mixed zones (business and dwelling), the limit is 5 dB(A) 
higher. (BImSchV, 2020) These values are far above the advice given by the WHO (50 dB(A) by day 
and 40 dB(A) by night). (WHO, 2011) Furthermore, the technical building regulations demand graded 
acoustic insulation for exterior walls depending on the ambient noise. Starting with a minimum 
evaluated building acoustic insulation (Rw’) of 30 dB by an ambient noise level of maximum 
55 dB and reaching up to an Rw’ of 50 dB by 80 dB ambient noise. If there is a noise level over 
80 dB outside, individual measures must be adopted. (DIN, 2018) This regulation can, of course, 
only ensure the health of the resident if the windows are closed. As soon as the windows are open 
for ventilation, the acoustic insulation is ine!ective. Therefore, the noise limit on the outside façade 
surface is decisive for noise, respectively health protection. 

 3.3 FIRE EXPOSURE RISK

Similar to noise exposure risk, fire exposure risk depends on a variety of di!erent factors. The fire 
risk is a function of multiple variables; these can be summarised as social, technical, and natural 
factors. Further, these terms are caused by another variety of variables like alcohol and tobacco 
consumption, energy consumption level, frequency of thunderstorm and so on. (Nokolay et al., 2010) 
To quantify these factors and transform them into the unit DALY, long term statistics were used to 
calculate the risk. For the example in this paper, the data from Germany, respectively Munich, is used. 
In Germany, an average of 2.34 fires is counted on 100,000 inhabitants for the year 2000 and 1.92 for 
2005. Statically 0.31 people die in 100 fires, which leads to 0.59 fire deaths per 100,000 inhabitants 
for the year 2005. (Nokolay et al., 2010) To ensure the transferability to current surveys and to 
validate the data, it was compared with current statics. The arithmetic average over the past 13 years 
(2005-2017) is 0.5 deaths [D] per 100,000 inhabitants [I] per year [a] [D/(103·I·a)] in Munich. (Variance [v] 
= 0.07, standard deviation [SD] = 0.26). For a 15-year average (2005-2019), the same calculation leads 
to 0.86 (v= 0.02, SD= 0.13) [D/(103·I·a)] for Berlin and 0.75 (v = 0.04, SD = 0.19) [D/(103·I·a)] for Hamburg. 
The average, over the last 15 years, of the three biggest cities in Germany is 0.7 [D/(103·I·a)] and close to 
the total average of 0.59 for 2005, which shows that the data can be taken as valid.

2015 five people and 2016 seven people died due to fire in Munich. The associated number of 
inhabitants in Munich was 1,450 (2015) and 1,464 (2016) millions, which leads to a result of 0.34 
and 0.48 fire deaths per 100,000 inhabitants. (StAM, 2019) Taking a closer look at the fire victims of 
2015 and 2016 leads to the age-depending statistic of Table 2. By combining these values with the 
average life expectancy at the corresponding age, the YLLs can be obtained.

EXPOSURE YEAR TOTAL DEATHS OF WHICH AT THE AGE OF ... TO UNDER …

UNDER 
15

15-30 30-45 45-60 60-75 75-85 85 OR MORE

SMOKE, 
FIRE, 
FLAME

2016 7 1 2 1 1 2 0 0

2015 5 0 0 1 0 1 2 1

TABLE 2 Fire deaths per age (StAM, 2019)

YEAR AGE

0 15 30 45 60 75 85 90 100

AVERAGE LIFE 
EXPECTANCY

2016 80.875 66.2 51.5 37.0 23.5 12.1 6.0 4.0 1..

2015 80,77 66.1 51.4 36.9 23.5 12.0 5.9 4.0 2.0

TABLE 3 Average life expectancy Germany 2016 (Statista, 2020)
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To calculate the YLLs, the lower age limits are used, so the results represent the worst-case scenario, 
equal to the YLLs caused by noise-induced IHD. This results in a total number of 355.5 YLLs by 
smoke, fire and flame for the year 2016 and 104.8 YLLs for 2015 in Munich. To compare this data 
with the noise inducted deaths, it is also important to investigate the location of fire deaths, thus, 
for example, fire deaths caused by forest fires can be excluded. Wagner of the CTIF claims that 95% 
of fire deaths can be attributed to fires in buildings and tra#c. (Wagner et al., 2020) Based on press 
reports, 6 of 7 fire deaths in 2016 could be clearly assigned to residential fires. (Stadtmagazin-
München24, 2016 a-f) Furthermore, it could be proven that none of the fire fatalities of 2015 and 2016 
was caused by a flashover over the façade. For this reason, it can be assumed that the fire protection 
requirements for façades are su#cient. The total results are shown in Figure 4.

FIG. 4 YLLs and Deaths caused by Fire, Smoke and Flame 2012-2016

 3.4 CURRENT REGULATION ON FIRE PROTECTION 

The fire risk is a specific value for a country, respectively for a city, depending on local building 
legislation, fire brigade strength and so on. The comparison of the local building legislations for 
skyscrapers in New York City (USA) and Munich (Germany) shows that the requirements for fire 
protection in some cases are higher in NYC than in Munich. For example, the fire-resistance rating of 
bearing walls for a 50 m high building is 180 minutes (NYC-BC) compared to 90 minutes in Munich. 
(BayBO, 2020) (NYC-BC, 2014) For this reason, the fire risk must always be determined for the local 
conditions. The fire protection legislation in Germany is a state matter. Each state has its own 
regulations for constructions. 

Most of them adhere to the “Musterbauordnung”, a draft legislation, developed by the working 
group of the heads of the professional fire departments in the Federal Republic of Germany (AGBF). 
The requirements for exterior walls are principally defined as follows “External walls and parts of 
external walls such as parapets and aprons must be designed in such a way that the spread of fire 
on and in these components is limited for a su#ciently long time” (MBO, 2019, p. 22) It is generally 
possible to vary this requirement but only with a compensation, so the protection aim, to confine the 
fire in the fire-a!ected dwelling and the dwelling above, for up to 20 minutes is given. (Simon & 
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FIG. 5 Fire deaths per 100.000 inhabitants

Busse, 2020) The consequences of disregarding the protection aim of the façade could horrifyingly 
be seen at the fire of the Grenfell Tower in 2017, where 72 people lost their life to smoke and 
flames. (Davies, 2018) This illustrates, among other things, the indispensability of this protection 
aim. As seen in Figure 5, the linear regression of the average of deaths caused by fire, smoke and 
flames, in the Cities Berlin, Hamburg and Munich, decreased from about 0.8 to 0.6 deaths per 100.000 
inhabitants. The laws of fire protection have hardly changed in the last 15 years, which reflects the 
socially accepted risk of dying in case of fire. In other words, society considers the legislation to be 
su#ciently safe. Furthermore, it is assumed that a further tightening of the legislation would not 
have a positive influence on fire deaths. This consideration is currently being investigated by the 
Munich Fire Department. (Engel, 2020) 

4 COMPARISON

To compare the data, the calculations are combined in Figure 6. For the year 2016 in Munich, 44 
deaths by IHD caused by tra#c noise are compared to seven early deaths caused by fire, smoke 
and flames. In 2015 the ratio was 45 to five. For the period 2012-2016, the annual average ratio was 
45 to 7. Observing the YLLs leads to the conclusion that noise-induced deaths do not occur until old 
age but are increased there. In comparison, fire deaths are distributed evenly across the age groups. 
Especially the age group from 60 to 75 is strongly a!ected by noise. Although on average, only seven 
people (15%) in this age group die from the e!ects of noise-induced IHD, this leads to 175 (33%) of all 
YLLs in this category. 
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FIG. 6 Average YLL and death by IHD (noise a!ected) and fire 2012-2016

The chance to die between 45 and 60 years in a fire is 1 to 100,000. Whereas tra#c noise a!ected 
IHD claims 2 of 100.000 people’s lives. This means the probability of dying from a noise-induced 
IHD is twice as high as burning to death in a building. Overall, it can be seen that the noise-
induced YLLs (531) far exceed those of smoke, fire and flames (211). In the legislative field, it can 
be summarised that the fire protection requirements provide reliable protection for people and are 
su#ciently defined. In the area of noise protection, the regulations and their implementation are 
much less stringent.

5 CONCLUSION

In this paper, a method was presented to compare the health risk of fire to the risk of noise-induced 
IHD. The comparison of the collected respectively calculated data shows the vast impact of tra#c 
noise on the health of inhabitants of cities. It should also be mentioned that only the IHD caused by 
noise were considered, as mentioned in 3.1. Health impairments such as sleep disturbances etc. 
can also represent a mortality risk as a result of noise. The current regulations are not as su#cient 
as the fire protection regulations to counter the negative impact of noise. As an example, the 
permitted noise level of 64 dB(A) in central areas increases the relative risk of dying earlier than 
expected to 1.19. On the one hand, it directly shows the necessity to tighten regulations to the WHO 
suggested legal limits of 50 dB, this is hardly viable, especially in existing city structures. On the 
other hand, it shows the chance for architects and engineers to make a contribution to reduce tra#c 
noise by optimising the surface of façades. It could not be proven what direct influence the fire 
protection requirements have on the façade, but the low number of fatalities clearly shows that the 
protective measures are su#ciently e!ective. Noise protection requirements are set for the indoor 
environment, but the data shows that they are insu#cient to protect people from the negative e!ects 
of tra#c noise. Here, the façade surface can help to reduce indirect noise, for example by absorbing 
a part of the tra#c-induced noise. It is necessary to succeed in combining the protection goals 
of fire protection with an adequate level of noise protection. In addition, the health impairments 
caused by other health hazards such as smog or the sick building syndrome must be identified. 
The approach presented in this paper can as well be used to compare the health hazards and to 
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integrate them into the optimisation of the façade, as shown in Figure 1. Further considerations must 
be made, for example, whether the health hazards for the resident should be assessed and compared 
directly on the façade (micro view) or for a quarter (meso view). The comparison of quarters also 
allows other urban areas to be used to reduce health hazards. In this way, local accumulations of 
health hazards could be identified, necessary countermeasures prioritised, and the urban space 
as a whole optimised.

The term safety expresses the condition of being protected from any danger. So it is not allowed to 
focus the protection just on one specific aspect, it is necessary to evaluate the prevalent risks and 
find solutions to safe the a!ected inhabitants. 
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The research project ADAPTEX pursues the goal of developing adaptive, energy-e"cient textile sunshading systems using the smart 
material Shape Memory Alloy (SMA). Within this approach lies a high potential for novel sun-protection systems demanding little ener-
gy or even self-su"ciently adapting to external stimuli while reducing operation and maintenance costs and at the same time o#ering 
solutions to tackle growing demand for sun and glare protection. A Design Categories Matrix is presented bringing together various 
involved fields from textile design, façade construction to smart material development.

Based on this, two concepts have been further elaborated: ADAPTEX Wave and Mesh. Both incorporating SMA into textile structures but 
expressing di#erent design and performance potential by changing the geometry and openness factor of the surface area. For further 
evaluation various functional prototypes scaling up from 0.2 x 0.2 m to 1.35 x 2.80 m are developed and reviewed. Verifying the builda-
bility and functionality of SMA driven textile sun-shading systems incorporating requirements from the various involved fields. Parallel 
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Abstract
Responsive skins are often considered complex hi-tech systems. The results of previous researches led the authors to reflect on the 
actual implications of kinetic responsive skins having a high impact from the visual point of view but presenting higher issues of dura-
bility and maintenance. This new research investigates the latest trends on responsive skins to better understand their evolving role in 
the current global scenario. The aim of the research is to give an overview of the impact of contemporary materials and technologies on 
this special topic. A set of case studies have been investigated according to the adopted technologies and materials. The central role of 
environmental design seems to correspond to an increased simplicity of the systems, where the role of passive strategies and emerg-
ing technologies is essential. The results seem to show that generative design is transforming responsive skins, with an increasing 
importance of digital fabrication. Emerging materials are being tested to better understand their reliability, while parametric design 
seems to be more related to the generation of static surfaces working on the environmental response and communication.

Keywords
Responsive skins, responsive architecture, kinetic façade, media façade



 028 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Responsive Skins: Complexity vs Simplicity

1 INTRODUCTION: THE COMPLEXITY OF SYSTEMS

Façades design today requires a multidisciplinary approach because contemporary architectural 
surfaces are made by several components and technologies that usually come from mechanical, 
electrical or ICT engineering. Therefore, contemporary façades can be considered complex 
systems because they are made with complex technologies derived from sectors other than the 
traditional building and construction industry. In this sense the broader definition of AEC industry 
seems more appropriate. 

What is the meaning and what are the functions of complex systems in architecture? The concept 
of “complex system” is common in di!erent scientific and cultural fields. The concept of “system” 
in the building and construction industry and in particular relating to façades, include a series of 
relationships and links, even very complex, between elements and information of very di!erent 
origin, of material and technologies (Knaack & Klein, 2008). 

In this context it seems very useful to remember the Systems Theory - already applied in many 
fields of research - that studies the relationships between the actors of a whole (e.g. the façade’s 
components) and puts them in relationship with the construction (e.g. the building) and the 
environment. Generally, we can consider the meaning of “system” provided by Miller (1978) as a “a 
set of interactive units that are related to each other”. In technical terms, a system can be conceived 
as a “structured set of interdependent solid parts, acting as a whole [...]. Systems can be divided into 
elementary and complex” (Ciribini, 1979).

As a consequence, the balance of a simple or complex system is ensured by the continuous 
interaction between the parts (Miller, 1978). According to Kant (1871) a system can be considered as 
the unity of multiple knowledge under one idea which, in our field of research, should be ensured by 
the design of architectural elements. 

We can therefore argue that complexity in architectural façades can be identified in a network 
of physical relationships between their components, as the temporal mutations (rotation, 
inclination, connection, etc.) and in their actions along the 24 hours of a day (daylight, shading, 
communication, etc.). These relationships and the actions that derive from them define the façade 
functions and its changeability and adaptability to di!erent conditions (responsive façade). The term 
“responsive architecture” was introduced by Nicholas Negroponte in the late nineteen sixties. 
According to Negroponte (1975) a “responsive architecture is the natural product of the integration 
of computing power into built spaces and structures. He also extends this belief to include the 
concepts of recognition, intention, contextual variation, and meaning into computed responses and 
their successful and ubiquitous integration into architecture” (d’Estrée Sterk, 2003). Today, despite 
there is no consistent definition of façade responsiveness (Romano et al., 2018), we usually consider 
responsive skins as those that measure actual environmental conditions to be able to adapt their 
form, shape, colour or character responsively. Often, the term adaptive façade is used to refer to the 
same type of systems (Aelenei et al., 2015). 

Responsive façades can be made with several components and technologies (mechanical, electrical, 
ICT, etc.). These technologies have been experimented, studied and tested in their specific industrial 
sectors, but there are no studies about the reliability of these technologies in buildings. Thus, 
managing and carrying out maintenance on these skins is increasingly complicated and the 
solutions that are usually pursued in new designs involve the reduction of mechanical devices 
in favor of chemical technologies and digital technologies. In general, passive technologies 
are preferred over active ones, in order to reduce operational energy as well as maintenance 
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costs. These aspects and the incidence of innovative and emerging technologies have been 
investigated in this research.

2 RESPONSIVE SKINS: PROSPECTS OF RELIABILITY

Responsive surfaces are the result of a complex combination of technologies, components and 
materials. Thanks to advanced chemical and electronic technologies, it is possible to modify and 
stimulate the chemical and physical performances of materials and assemble them into complex 
components in order to obtain di!erent patterns of responsiveness. These innovations also involve 
traditional materials and their use – with new formulations – made by mechanical, electrical or 
lighting technologies. The aim of these new responsive surfaces is always to create a form of 
interaction between the building and the user, while providing new visions in the urban landscape 
(media responsiveness). Ironically, to build these façades, designers use electronic and mechanical 
components, which are tested and used in sectors other than the building and construction industry 
(technology transfer). These devices are often the outcome of studies with accurate data and results. 
Some examples are digital cards or LED components. 

However, how reliable are these results when these devices are applied on a di!erent scale, such 
as the façade of a building? A responsive façade must be designed as a system integrated with all 
the other architectural components, and - according to the Systems Theory - it can be considered a 
complex system. We know very well that the greater sophistication of the solutions means reduced 
life cycles and a greater need for control and service maintenance (Zennaro, 2000). At the building 
scale, this increased level of complexity has led some researchers to identify a number of issues in 
the operational and maintenance phase, with a final impact on the overall reliability of the building 
(Zomorodian and Tahsildoost, 2018); (Favoino et al., 2013). On the other hand, these interactions 
between process innovation and the use of components from other sectors may be interpreted as 
tools to develop an increased level of reliability and maintenance scheduling of the whole system. 

A previous research led by the authors investigated the problem of maintenance of responsive skins 
(Gasparini and Premier, 2019). In particular we tried to understand if it is possible (and acceptable) 
to keep these architectures e#cient with timely and accurate maintenance. This research was 
based on the available literature as well as on the experience of trained professionals. We proposed 
a vision in which the responsive surface is interpreted as a ‘machine’ and, in this way, it should 
be conceived as a device, which has been tested for working within a very precise time frame and 
conditions. Technological evolution means that the project team becomes complex in relation to the 
complexity of the construction itself. In the same way, the operations that must be programmed over 
time for scheduled maintenance (or for the replacement of parts of the system) are complex and 
articulated. These are, however, systems with a short and programmed lifespan – definitely shorter 
than the historical thresholds we are used to. Results showed that if a building is not designed to be 
durable and is a temporary investment, the problem of maintenance and durability does not exist. 
Otherwise, if a responsive façade is considered to be an historical example, it will be preserved over 
time. In addition, in this scenario the role of the designer is rapidly changing: professionals involved 
in the project team are increasingly trained in the fields of engineering and electronics, as well as 
in ICT and chemistry. 

Comparing the data of two researches conducted by the authors on media façades and responsive 
surfaces and on smart materials for solar shading, interesting results have been achieved. In the 
first research (Gasparini, 2009), on 100 case studies, combined technologies (i.e. complex systems) 
(Fig.1) were used over 40%, while the impact of information technology on these category was at 
least 80%. Emerging materials were applied only in a few cases. Similarly, the research on smart 



 030 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Responsive Skins: Complexity vs Simplicity

materials (Premier, 2019) demonstrated that, among 51 case studies, only colour-changing materials 
and photovoltaic technologies were implemented in products available on the market, while all the 
solutions dealing with shape memory materials were still experimental or at the prototype stage 
(Fig. 2). These two researches have been cited to demonstrate the evolution of technologies in a 
10-year time frame. Thus, in order to better understand the current evolution of technologies related 
to responsive architecture, we decided to analyse buildings and projects (case studies) developed 
in the last 15 years.

FIG. 1 Technologies for media architecture (K. Gasparini) 

FIG. 2 Smart materials for solar shading (A. Premier)

3 METHODOLOGY

In order to achieve the predefined objectives, the research process has been developed as follows: 

 – Introduction of the concepts of complex and simple responsive skins (3.1); 

 – Definition of the criteria for the analysis of case studies (3.2); 

 – Review of the objectives of responsiveness and design and fabrication tools (3.3);

 – Selection and analysis of case studies of responsive skins (3.4);

 – Comparison of the results of the analysis (4). 
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 3.1 COMPLEX AND SIMPLE RESPONSIVE SKINS 

According to the classification proposed by Matin & Eydgahi, responsive surfaces are characterized 
by active and passive technologies (Fig 3). Active technologies involve: mechanical technology 
(M); electro-mechanical technology (EM), information technology (IT). Passive technologies involve 
material-based technology (MB) and natural agent-based technology (NAB) (Matin & Eydgahi, 2019). 
In our research, complex systems are related to active technologies while simple systems are 
related to passive technologies. All complex façade systems feature a sensing phase, a control phase 
and an actuating phase (Matin & Eydgahi, 2019). In the mechanical systems the sensing phase is 
determined by the user’s requirements, the system is hand operated and the actuators are cables, 
gears and so on. In the electro-mechanical systems the sensing phase involves sensors, the control 
phase is run by a logic unit and the actuators can be pneumatic, hydraulic, electrical, motor-based. 
In the information technology system a network of sensors and micro-controllers control the whole 
apparatus, while the actuators can be electro-mechanical or material based. Simple façade systems 
can be material-based, composed by smart materials (emerging materials) which combine the three 
phases (sensing, control and actuation) in a single device or component (Ritter, 2006). Another option 
is based on autonomous structures with no sensors or controlling technology, acting according to 
natural phenomena like moisture, wind or sunlight (natural agent systems).

 3.2 OTHER ANALYSIS CRITERIA

Apart from the distinction between complex and simple systems, the criteria (Fig. 4) applied for the 
analysis of the case studies were:

 – State of the case study: project or built. Built examples involves also prototypes and 
temporary constructions. 

 – Year of construction or design. The selected time frame included projects and buildings designed 
and/or built between the years 2008 and 2020.

 – Type of responsiveness: active or passive according to Matin & Eydgahi classification (2019).

 – Objective of responsiveness: environmental or media (communication). See section 3.3. 

 – Design and fabrication tools: traditional or generative. See section 3.3. 

FIG. 3 Collage with examples of active and passive responsive skins (K. Gasparini)
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FIG. 4 Research criteria

 3.3 OBJECTIVES AND DESIGN PROCESSES

There seems to be two main approaches towards responsive architecture: the so-called climate-
responsive architecture which is focused more on the environmental approach and media 
architecture which is focused more on communication and/or human interaction. According to 
Lehmann (2011) “Climate-responsive’ means that the building’s façade and systems can respond 
to di!erent climatic conditions, to weather-related changes and to shifting day/night conditions. 
One of the fundamental principles is to design buildings ‘low tech’, where passive strategies are 
employed before active ones”. Media responsiveness is based on the media value of the building 
and the interactivity with its surrounding space and users: a visual as well as physical and cultural 
interactivity, often combined with artistic or socially valuable contents. In other words, the building 
project’s main aim is to communicate, through urban screens, lighting surfaces, changeable 
shapes, etc. All the other functional and spatial requirements become less important compared to 
this (Gasparini, 2012, 2013). Both objectives can be achieved through a traditional design process or 
a generative design process. Traditional design process involves the use of computer aided design 
following a design process based on conceptual proposals and iterations developed through the use 
of 2D and 3D drawings and modelling. Generative design processes involve also parametricism and 
design iterations generated by algorithms. The traditional process is based mainly on computer 
aided design (CAD) and technical drawings for the design stage and on the 20th century industrial 
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production processes for the fabrication, thus involving innovative technologies. The generative 
process usually involves digital fabrication, including the use of AI, 3D printing and robotics. 
The generative design process use algorithms to explore the variants of a design beyond what is 
currently possible using the traditional design process. Mimicking nature evolutionary approach, 
generative design uses parameters and goals to rapidly explore thousands of design variants to 
find the best solution (McKnight, 2016). The generative process usually involves digital fabrication, 
including the use of AI, 3D printing and robotics, that in this research are considered as Emerging 
Technologies (industry 4.0). Technology is defined as Emerging (ET) when it causes a radical 
change to business, industry, or society. Technology is considered as Emerging in a particular 
context (domain, place, or application) but it can be identified elsewhere. Emerging Technology has 
no limited or predetermined lifespan (Halaweh, 2013). In the building and construction industry, 
digital fabrication and its tools can be considered an Emerging Technology.

 3.4 SELECTION OF THE CASE STUDIES

The applied methodology involved a selection of 32 case studies of responsive building skins (Table 
1). The identified case studies are located mainly in Europe (13), Asia (10) and USA (8). Only one is 
located in Oceania (Australia). This confirms the results of other research related to responsive and 
adaptive façades (Premier, 2019) and indicates that major investments in research within this topic 
are made in those countries. Case studies have been selected through a review of literature carried 
out on architecture magazines (digital and printed), books, journal articles and research reports. 
The following keywords have been used: responsive architecture, responsive skins, kinetic façades, 
adaptive façades. Design or construction date was an essential criteria for the selection in order 
to achieve a set of case studies built in the last 15 years (the actual timeframe is the last 12 years) 
and, at the same time, to reduce the number of buildings and prototypes already studied in previous 
research by the authors. Responsiveness was the other essential criteria and each project should 
have responded to at least one of the two identified types of responsiveness: environmental or media.

CASTE STUDY STATUS DESIGNER PLACE YEAR

NEVSEHIR MUSEUM OF MODERN ART Project Burak Celik Turkey 2017

DYNAMIC ETFE FAÇADE Built John Ronan Architects Chicago 2017

INVERT AUTO-SHADING WINDOWS Built Do|Su Studio Los Angeles 2017

SNAPPING FAÇADE Project Jin Young Song Bu!alo 2017

FLUID MORPHOLOGY Project Research Lab of TUM Münich 2017

V ON SHENTON Built UNStudio Singapore 2018

HEERIM KINETIC Façade HRKF Built Heerim Architects Seoul 2018

ADAPTIVE SOLAR Façade ASF Built Arno Schlueter Zürich 2018

THE SHED Built Diller Scofidio + Renfro New York 2019

SCOTT SPORTS HEADQUARTERS Built IttenBrechbühl Givisiez, CH 2019

RESPONSIVE FAÇADE Project Boutros Bou-Nahra 
Architect

Miami, Florida 2020

TABLE 1 Case studies of the research

4 RESULTS AND DISCUSSION

According to the survey carried out on the selected case studies, environmental responsiveness 
seems to prevail over media responsiveness. Over the years, media responsiveness has lost 
importance. The environmental approach is fundamentally linked to traditional design and 
industrialized manufacturing (innovative technologies) (Fig. 5). This is more evident if we consider 
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the projects characterized by “Active responsiveness” and built with “Complex systems”, where the 
environmental objective is 42%. 

Almost half of the projects (14 out of 32) seem to be generated through parametric design. Amongst 
those, at least 2/3 refer to complex and active systems. Generative design is strictly linked to digital 
fabrication and emerging technologies (Davis et al, 2011). There seems to be a direct proportion 
between these two categories. 

Summarizing these results, 1/3 of the projects seem to be made with emerging technologies (3D 
printing and robotics) and almost all of them seem to be designed through parametricism (75%). 
Emerging technologies seem to be applied to both simple and complex systems, indi!erently to 
active and passive responsive skins.

FIG. 5 Design type and related technologies

An example of passive responsiveness and simple system is represented by the “HygroSkin-
Meteorosensitive” case study, a climate-responsive pavilion with kinetic apertures. It is an example of 
climate-responsive architecture whose modular wooden skin detect weather changes. The response 
is a contraction or expansion of its apertures that are mad of thin wooden diaphragms. These 
diaphragms respond to the surrounding environment, adjusting to changes in relative humidity. 
The climatic changes enable the material-innate movement which creates continuous modifications 
of the natural illumination of the internal space (Azzarello, 2013).

Innovative technologies (based on 20th century industry standards) are applied on 2/3 of the case 
studies (20 out of 32). It seems particularly interesting to observe the di!erence between the adopted 
technology in comparison with the design type (Fig. 6): the traditional design approach seems to be 
linked to the use of innovative technology (83%), instead, generative design seems to be linked to 
emerging technology (57%). 

An interesting example of the application of innovative technologies is represented by the 
“Responsive façade” project, designed by Boutros Bou-Nahra Architect (2020). The project has 
been classified as an example of active responsiveness and it represents a complex skin system. 
The design type is originated by parametric design tools. The surface was conceived for a climate 
and daylight control, but it is interesting also for the changeable configuration of its skin. According 
to Boutros Bou-Nahra Architect, goal of the project was to maximize views (fenestration) but 
minimize solar heat gain. This goal is achieved by implementing a responsive façade that is closed 
by default but senses when there is movement in close proximity and opens up to reveal a view. Each 
panel of the façade is individually operated by a sensor and an actuator. Based on the distance of the 
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people passing by, the actuators open accordingly and allows for a trail like e!ect. The façade panels 
consist of a lightweight wood frame wrapped in cured fiberglass (Fig. 6).

FIG. 6 Type of responsiveness. Courtesy of Boutros Bou-Nahra Architect. https://boutrosbounahra.com

In the selected case studies, traditional design deals almost equally with simple and complex 
systems, but mostly with active systems (twice as much as passive ones). The case studies are 
almost equally divided between built and projects (17 vs 15). From the analysis, we argued that, 
in the built case studies, the adoption of complex or simple systems is equally distributed, while 
in the case studies still in the design or prototype phase, there is a great predisposition to the use 
of complex systems (80%). Therefore, simple systems with a passive type of responsiveness seem 
more feasible, reliable and accepted. However, we also found that the case studies that are still 
in the prototype stage are the more experimental ones, where 60% are designed with generative 
design tools and the technologies adopted are equally distributed between emerging and innovative. 
Instead, the 80% of the built case studies has been designed through traditional designing processes 
and built using innovative technologies.

5 CONCLUSIONS

The research involved the analysis of 32 case studies of responsive building skins. Case studies 
have been investigated according to a set of criteria including: the type of responsiveness (active 
or passive); the complexity of the system; the use of innovative or emerging technologies and their 
relationship with the design process (traditional or generative); the objective of the project (focus on 
environmental or media responsiveness). 

From the statistical analysis, we argued that emerging technologies are entering the AEC industry 
very slowly, a little too late compared to the use of parametric design tools. However, their application 
mainly allows for the construction of passive and simple responsive skins. This leads to the design 
of buildings with a high degree of sustainability and reliability. Parametric design in conjunction 
with emerging technologies can change the design paradigm already in the heuristic phase, linking 
it to an industrial-type approach, closer to product design and customized design, with a high 
degree of adaptability to the environmental conditions and based on a human-centred approach. 
The reproducibility of the components, and the reduction of their complexity, increase the overall 
reliability of the system and the possibility of maintenance and replacement over time.

In conclusion, we might a#rm that emerging technologies and parametric design need to be 
developed and used more in the design process because they are customized for each project and 
not derived from technology transfer. Therefore, they generate mainly simple and passive systems. 
These technologies are currently used on prototypes, small buildings or architectural elements and 
art installations (e.g. 3D printed mock-ups). This represents the future of design and fabrication 
where the focus is not on the durability of innovative technologies.
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Abstract
Ge3TEX's focus is on monomaterials for lightweight, architectural applications, based on spacer fabrics. The project explores three 
material combinations for new composite components, two of them mineral based and one polymer based. The spacer fabrics are used 
in three variations as lost formwork for foamed fillings as well as structural elements for tension forces: 

• basalt fibre-based spacer fabrics in combination with foamed concrete;

• glass fibre-based spacer fabrics in combination with foamed glass from recycling resources;

• spacer fabrics made from PET-fibres from recycling in combination with PET-based particle foams, also from recycling material.

The project is supported by the Federal Ministry of the Interior, Building and Community and is coordinated by Frankfurt University 
of Applied Sciences. The academic partners are the DITF Denkendorf for woven spacer fabrics, Technical University Darmstadt for 
foamed concrete, and industrial partners such as Poraver Service GmbH & Co. KG (foamed glass) and others. The industrial partners 
involved cover the full range of textile and building expertise required. The project aims are: 

• to establish and improve fibre and foam materials in order to improve the bond between the foamed and textile materials;

• to investigate appropriate textile technologies and geometries, depending on di#erent applications in the building skin, e.g. wall and 
roof elements;

• to design and build demonstrators from each of the three envisioned monomaterials in a 1:1 scale.

The initial tests show promising results. Foamed glass has been combined with a special glass-based matrix, and first mock-ups 
combining E glass and AR glass have been produced. A demonstrator, made initially from PE fibres, was able to be bent after filling, 
thereby becoming a lightweight and form-active building element. Form-active elements are under development also using foamed 
concrete and spacer-fabrics from basalt fibre. Here the DITF developed not only conventional plane-parallel spacer fabrics but also for 
the first time double-curved fabric structures from basalt rovings. Basalt rovings have been developed that can be woven and which 
have equally su"cient alkali resistance. As for polymer, ongoing research has proven that possibilities exist for in-situ foaming from 
PET-particle foams in PET-spacer fabrics, in combination with folding strategies to achieve form-active roof and wall elements.

The aim: lightweight, form-active building elements, made in-situ with additional textile-based functions such as low-tech absorption 
and release of thermal energy and passive lighting. 

Keywords
Lightweight design, textile building, multifunctional monomaterial, lost formwork
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1 INTRODUCTION

FIG. 1 Left: filling test, woven spacer fabric filled with foam concrete for form-active building elements
FIG. 2 Top right: filling test, woven spacer fabric filled with glass foam
FIG. 3 Bottom: filling test, fabric from PET fibres filled, foamed and formed with PET particle foam

Lightweight construction is a fundamental cross-sectional technology not only in the automotive 
sector. Less material, multifunctionality, the highest possible prefabrication of highly functional 
(semi-)finished parts and the manufacture of robust, recyclable components are also future 
challenges for the construction industry. 

In the “Ge³TEX" project, new lightweight components for the building envelope are being developed 
based on the "3dTEX – lightweight wall element" preliminary project. Specifically, the focus here is 
on two mineral-based and one polymer-based variant: basalt fibres and foam concrete, glass fibres 
and expanded glass as well as recycled PET fibres and PET foam. The aim is to develop structure-
di!erentiated monomaterials with gradient potential for foamed lightweight construction elements 
made of three-dimensional textiles (spacer textiles). Very good recycling options and synergies are 
expected in terms of load transfer, insulation, weather protection and fire protection. To this end, the 
mechanical and structural functionalities of each material group are first of all optimized in Ge³TEX. 
On the one hand, the adhesion between the respective foam and the associated fibre material is 
important, as is the interaction between the fibres and foam to form a supporting and insulating 
gradient material. On the other, the focus is on the textile geometries of the 3D textiles, including 
for the first time also 3D basalt textiles. The textile as lost formwork has a decisive shaping e!ect. 
It also serves as weather protection and functionally for the load transfer of tensile forces and the 
optimisation of shear force transfer. The ultimate objective are demonstrators for the wall and roof 
area, which convince with form-giving and functional textile geometries and the integration of 
defined functions. In direct connection with the production process and with the highest possible 
degree of prefabrication, textile-based (self-)unfolding or self-curvature mechanisms for form-active 
supporting structures for stabilisation are also being investigated; structural joining points are 
being developed and the implementation of PCM materials, heat-conducting and light-conducting 
fibres is being evaluated.
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 1.1 METHODOLOGY

In an iterative and experimental research strategy, the three groups of materials mentioned 
above are initially investigated separately. Here the focus is on individual requirements for the fi bres 
(fi nishing/coating etc.) as well as on the optimisation of the foam formulations and their interaction 
with the textile in terms of adhesion and fi lling processes. Finally, the material, manufacturing 
process, functionality and sustainability of the realised demonstrators are compared in a cross-
comparison. Figures 4 and 5 show the methodological structure.

FIG. 4 Development of structure-di! erentiated monomaterials made of fi bres and foam of the same material groups (mineral- 
and polymer-based variants)
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FIG. 5 Development of form-active lightweight components from structure-di! erentiated monomaterials depending on the 
material and process
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2 EXPERIMENTAL RESEARCH, EXPERIMENTS

 2.1 SPACER FABRICS

The manufacture of mineral-based spacer textiles, which are intended to serve as lost formwork and 
to absorb tensile forces, poses the following challenges:

The mineral rovings consist of a large number of fibres that must not fray or break during 
processing. Despite their brittleness, they must be su#ciently bendable, so that in particular the pile 
threads from the cover layers can be woven or knitted into the opposite side (Fig. 6). In addition, the 
glass or basalt rovings must be protected with coatings against the alkaline environment to which 
they are exposed. The thicker the coatings, the more alkali-resistant they are, which further limits 
their processability. In Ge3Tex, 14 commercially-available basalt rovings and eight E glass rovings 
were first of all tested for their alkali resistance and processability. In addition, two AR glass rovings 
(640tex, 1,200tex) were also tested for their processability and evaluated.

FIG. 6 Spacer weaving machine with lancet technology and tangential withdrawal of the spacer threads from the creel

In contrast to mineral-based textiles, the production of spacer textiles from PET monofilaments or 
PET tapes does not pose a problem per se. Here the challenge is a di!erent one. The melting points 
of the PET textile and the ideal expansion temperature of the PET beads, which lie in a very narrow 
temperature range, must be reconciled with each other. The PET textile must not melt under heat 
when the used particle foam is foamed and must also build up su#cient counterpressure so that 
the foamed foam particles fuse together. The particle foam in turn needs su#cient heat to fuse. 
A standard PET textile was tested and a PET tape developed specifically for the project was woven 
into single-layer test fabrics for further trials. 

 2.2 BASALT FIBRES AND CONCRETE FOAM

Together with the involved industrial partner, the basalt rovings were individually poured into 
the cementitious foam matrix and tested for alkali resistance in accordance with DIN EN ISO 
2062 and DIN EN 14649 (SIC test) for damage. The manufacturer's cementitious foam has a density 
of 180 kg/cbm. The adhesion of the individual rovings was checked in pull-out tests (Fig. 7 left). 
These rovings were also poured in according to the subsequent position of the pile threads between 
the cover layers and in the cementitious foam. In addition, the rovings were woven into single-layer 
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textile fabrics. Their adhesion was investigated in peel-o! tests according to the subsequent position 
of the cover layers on or next to the cement foam (Fig. 7 right). Filling tests were only carried out with 
woven fabrics due to the rather fluid structure of the cement foam. Knitted fabrics are too porous and 
too elastic to be used as lost formwork.

FIG. 7 Single rovings in form-work for pull-out tests FIG. 8 Single-layer basalt fabric,  
test setup – peel-o! test

 2.3 GLASS FIBRES AND FOAMED GLASS

Expanded glass made of recycled material can be bonded either by sintering (energy-intensive, 
in-situ unsuitable) or by using a suitable matrix to form a pore-based filler for filling spacer fabrics. 
Water glass was chosen as the matrix for the development of a solid monomaterial.

In contrast to the existing formulation for the cementitious foam, see 3.2, existing standard 
formulations for the production of waterproof expanded glass and water glass mixtures must be 
tested and adapted for Ge3TEX (Fig. 8). The aim of the tests was to develop a processable, as light as 
possible, but equally pressure-stable expanded glass/water glass mixture - or to provide a number of 
formulations that are partially available for filling depending on the textile geometry and load case or 
insulation requirements. The test series had the following parameters: density of the expanded glass 
granules, mixing ratio of the water glass and mineral hardener, drying temperature, drying time, and 
waiting time until the mechanical and structural parameters are measured. 

As with the basalt rovings, the eight E glass rovings were subjected to SIC tests to check for fibre 
damage. Together with the two AR glass rovings, pull-out tests, peel-o! tests and adhesive pull tests 
were also carried out. In addition, the strength of the formulation was tested again after prolonged 
exposure to water. In contrast to the rather liquid, cementitious foam, the expanded/water glass 
matrix has a mortar-like structure. Filling tests were accordingly carried out with woven fabrics from 
the side and knitted fabrics over the cover layers.
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FIG. 9 Preparation of a water-proof expanded glass/water glass mixture; standard formulation: slurry consisting of two parts by 
weight water glass (potassium silicate) and one part powdery, mineral hardener; ratio of slurry/expanded glass approx. 80/20, 
drying at approx. 150°C.

 2.4 PET FIBRES AND PET FOAM

Corporate partners were acquired for the project that use raw material from the recycling for the PET 
tape material used for the production of spacer fabrics and for the PET particle foam. Both products 
can also be returned to the recycling chain. Together with both corporate partners, both the PET 
tapes and the selected PET particle foam were developed further. 

The two PET tape or strapping materials mentioned under 3.1 (Standard Material A, new material 
B with better adhesion options) were tested as textile A and textile B with standard particle foam A 
and a likewise newly-developed particle foam B with greater expansion capacity A (Fig. 9). For the 
test, PET pouches were alternatively filled with unfoamed and prefoamed beads and the expansion 
behaviour and the fusion of the expanded beads with each other was examined in di!erent processes 
(oven, microwave, infrared, radio wave). In addition, two di!erent adhesives were used to help the 
particles adhere to each other – a hybrid powder and an adhesive powder more appropriate for the 
planned mono-material.
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FIG. 10 Left: shrinking behaviour of PET under heat; right upper row – standard PET beads (A), lower row – new PET beads (B), 
foaming behaviour under 150°C

3 RESULTS

 3.1 COMPONENT MANUFACTURE FROM SPACER TEXTILES MADE 
OF BASALT ROVINGS AND CEMENTITIOUS FOAM – RESULTS

 – For Ge3TEX, special, alkali-resistant and processable rovings have been developed; standard alkali-
resistant basalt rovings are not processable. 

 – The new rovings were used to produce 2-layer woven spacer fabrics for the first time at the DITF. 
Due to their elasticity and porosity, warp-knitted spacer fabrics are unsuitable as lost formwork for 
the aqueous cement foam. 

 – Adhesion of the new rovings with the cement foam could not be proven, nor could adhesion of the 
single-layer textile surfaces made from them (Fig. 10 left). 

 – The woven spacer fabrics could be modified in such a way that loops formed on the inside lead to 
su#cient mechanical adhesion (Fig. 10 right). 

 – Due to the low density of the cement foam, it can only be used for insulation purposes. 
For lightweight, pressure- and tension-stable insulated components, geometries have been 
developed for initially single- and subsequently double-curved cushion structures made of basalt 
fabric. The cementitious foam cushion structure (Fig. 11) serves as lost formwork for a ultra high 
performance top concrete layer. This results in a concrete-ribbed structure which is also supported 
horizontally underneath by the layer of filled basalt textile in the area of the crossing points, see Fig. 
5 bottom left and Fig. 11. The basalt fibres underneath absorb the tensile forces.
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FIG. 11 Pull-out test to determine the 
adhesion of basalt roving / cementitious 
foam

FIG. 12 First-time production of a double-curved spacer fabric made of basalt 
rovings

FIG. 13 First demonstrator made of single-curved basalt spacer fabric

 3.2 COMPONENT MANUFACTURE FROM SPACER TEXTILES 
MADE OF GLASS ROVINGS AND A WATER-RESISTANT 
EXPANDED AND WATER GLASS MATRIX – RESULTS

 – Unlike the basalt rovings, all commercially available E glass rovings can be processed. Only two 
showed strong filamentation and are not suitable for the warp or for use as pile threads 

 – The first SIC tests show the longer the duration of the drying process, the less damage is done to the 
E glass rovings by the expanded glass/water glass mixture. Here it must be evaluated how the ratio 
of cost savings when using E glass compares to the longer times for component production.

 – The adhesion of single-layer fabrics made of E glass such as AR glass could only be achieved 
satisfactorily by pre-treatment and impregnation of the fabric.

 – Structurally dense mixtures as well as single-grain mixtures of expanded glass of di!erent grain 
sizes were tested – the former on the assumption that they require less binder, because the spaces 
between them are filled by the smaller grains themselves rather than by the binder. The result 
shows that the optimised, dense mixture shows no added value in terms of strength and water glass 
content compared to a single-corn mixture of the same density.

 – The mortar-like structure of the expanded water glass mixture enables warp-knitted spacer fabrics 
to be filled by applying the mixture with a squeegee over the cover surfaces (Fig. 12). The filling of an 
initial PE warp-knitted spacer fabric and subsequent drying over a mould shows very good results. 
Research is still underway into the production of warp-knitted spacer fabrics made of glass rovings. 
For reasons of processability, it will probably not be possible to produce a stable pile yarn structure 
with the resilience needed for the squeegeeing process from glass rovings – a disadvantage as 
regards the desired monomateriality. 



 046 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Ge3TEX – Multifunctional Monomaterials Made from Foamed Glass-, Basalt- or PET-based 3D Textiles 

 – For the first time, woven spacer fabrics made of AR glass were manufactured for the 
production of final demonstrators. Initial tests for the vertical filling of PE spacer fabrics were 
successfully carried out.

1  2  

3  4  

FIG. 14 Production of a form-active, single-curved component comprising an expanded glass/water glass matrix and a warp-
knitted spacer fabric made of PE material: apply the material with a squeegee on one side of the cover surface, turn over, repeat 
the procedure on the other side; subsequent drying over a moulded part (alternatively, drying in a hanging position possible)

 3.3 COMPONENT MANUFACTURING FROM SPACER TEXTILES 
MADE OF PET TAPES AND PET PARTICLE FOAM – RESULTS

 – The shrinking behaviour of the PET textile has a positive e!ect compared to the expanding particle 
foam. In various test series, the optimal filling volume in relation to the shrinking textile volume 
could be determined. All combinations of Textiles A and B with Beads A and B were tested. The new 
Beads B are optimal, and the adhesion to the textile itself works best when using Textile B.

 – In further test series with and without prefoaming, robust fusion of the foamed beads with 
each other was not achieved. Only by using adhesive powder, which is added to the unfoamed 
beads, is it possible to produce a cut-resistant foam material from the foamed beads in a one-
step process (Fig. 13).
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FIG. 15 PET spacer fabric as lost formwork for PET particle foam: left column – two-stage oven process, pre-foaming and fusion 
of Beads A and Textile B; middle column – one-stage oven process, Textile A and Beads B with Adhesive Powder A; right column – 
radio-frequency process – Textile A and Beads A

4 CONCLUSIONS

The aim of Ge3Tex is the production of light, self-supporting and insulating building components for 
the building envelope, that have the lowest-possible transport volume, dispense with formwork, can 
be easily assembled on site as highly functional semi-finished parts from one material group, and 
are part of recycling cycles. The results so far are very promising. Fig.14 shows the advantages and 
disadvantages in each case. For the individual material groups, depending on the parameters the 
results are as follows:

 – Monomaterial / recyclability: The combination of basalt textile and cementitious foam can be 
shredded like all concrete materials and used in downcycling (e.g. road construction). There is no 
need for the separation of individual materials as with reinforced concrete. The combination of glass 
textile and foam glass can be melted down and recycled, and the expanded glass is obtained from 
recycled material. For the PET material group, both the textile and the foam can be obtained from 
recycled material and reprocessed into recyclate.

 – Manufacturing process: Fig. 14 shows a comparative presentation of the material groups. 
The process steps are compared, e.g. seven steps in the production of a basalt fibre/cement foam 
element: Weave textile, sew up on three sides incl. mounting loops, hang up, fill, cut to size, make 
four-sided formwork, apply top concrete layer. For the glass fibre/blown glass element there are six 
steps: weave textile, sew up on three sides including mounting loops, hang up, fill, cut to size, apply 
insulation. With the PET Element there are four steps: weave textile, sew up on four sides including 
filling opening, fill, one-stage foaming process under heat.
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– Strengths: For the basalt textile/cementitious foam combination, an additional, denser concrete must 
be used for the load transfer of compressive forces. In Ge3TEX, a two-layer spacer textile made of 
basalt was produced for the fi rst time. In the future, pressure-active zones could be fi lled in a three-
layer textile without any additional formwork costs. For the glass textile/foamed glass combination 
it is the other way round, due to the higher densities of the expanded/water glass formulation. Here, 
either expanded-glass zones of di! erent densities are required depending on the mechanical and 
structural requirements, or with a three-layer textile an outer textile layer takes over in this case the 
insulation. For the PET textile/PET foam combination, strength and insulating capacity can be used 
in several layers according to the controllable density of the foams, e.g. with a three-layer textile. 
Alternatively, di! erent foam densities can be used side by side in a single layer textile.

– Fire protection: Both mineral variants are generally classifi ed in building material group A. The PET 
textile can reach B1 quality when treated with additives. A B1 quality is currently being developed for 
the PET particle foam.

Initial applications for the building envelope are currently being developed.. First half-shell-shaped 
demonstrators for roof or façade applications (Fig. 14 middle left, Fig 15) made of glass-based 
monomaterial were already shown at Bautec 2020. Fig. 16 shows the production of large-format 
cement foamed 3D basalt fabric from 3.80 m height, according to the concept shown in Fig. 14 on the 
left. A startup from FRA-UAS uses the research results from the PET area for self-supporting, 
insulated temporary buildings, see > zelthaus.com. The design is based on the folding mechanism 
shown in the lower left corner of Fig. 14 and Fig 17. Functional supplements are currently being 
investigated for all variants. This includes the integration of light- and heat-conducting fi bres (Fig. 
18) and the use of PCM material. The TU Darmstadt has already produced initial results for the 
cement-based foam in combination with PCM.

FIG. 16 Comparative presentation of textile-based, foamed components made of monomaterial materials; grey basalt fi bres and 
cementitious foam, blue glass fi bres and expanded glass, yellow PET fi bres and PET particle foam
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FIG. 17 bautec 2020, half-shell-shaped façade elements made 
from foamed glass and 3D textile, hight 2m

FIG. 18 In the background, large-format basalt fabric, foamed 
with cement foam, hight 3.80 m, section of the element in front

FIG. 19 Student seminar "Light Light", 
additional functionalisation of spacer 
fabrics, Luminale Frankfurt 2020

FIG. 20 zelthaus.com, research results from the PET area are used for self-
supporting, insulated temporary buildings
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Abstract
Building envelopes incorporate a multitude of functions, such as structure, room enclosure, insulation, and aesthetic appeal, typically 
resulting in multi-material layered constructions. With the technology of additive manufacturing, geometrical freedom can instead be 
utilised to integrate functional requirements into mono-material building components. In this research, the additive manufacturing 
method of lightweight concrete extrusion and its potential for thermal performance via geometric customisation is explored. It inves-
tigates whether the insulating performance of wall components can be increased through the creation of closed cellular structures, 
and further, whether these performance features can be functionally graded by locally adapting the geometric properties. A design tool 
for closed-cell wall geometries is created, which integrates lightweight concrete extrusion related fabrication constraints and takes 
into account thermal and structural performance considerations. Through the simulation of heat transfer, generated wall geometries 
are analysed for their thermal performance. By calculating the layer cycle times and determining the overhang during extrusion, the 
structural capacity during printing is validated. Finally, experimental manufacturing of 1:1 scale architectural prototypes is executed to 
test the feasibility of the concept.
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Abstract
Central point of the dissertation is the cavity wall with air gap (acc. to Eurocode 6) combining bricks with high bulk densities such as 
clinker and bricks with low bulk densities (light perforated bricks). In contrary to insulated cavity walls, in this cavity wall the trans-
mission of sun energy occurs from exterior to interior, so that the transmission heat losses during the heating period in winter can be 
partially compensated. So far, the transmission heat gains through sun energy in winter has not been examined. This research follows 
two goals: First, the factors influencing the transmission heat gains are examined. The focus is set on properties that have a big impact 
on architecture: clinker colour, orientation/height of the building and the thickness of the masonry wall. Secondly, dynamic U-values 
are determined with di#erent combinations of those influencing factors.

It will be shown that the combination of two types of clay brick without additional insulation layer (mineral etc.) achieves extremely 
good performance with very low dynamic U-values. 

Keywords
Brick masonry, dynamic U-Value, transmission heat gain
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1 INTRODUCTION

Central point of the dissertation (Kuehnast, S., 2016) is the cavity wall with air gap (acc.. to Eurocode 
6) combining bricks with high bulk densities such as clinker and bricks with low bulk densities (light 
perforated bricks). In contrary to insulated cavity walls, in this cavity wall the transmission of sun 
energy occurs from exterior to interior, so that transmission heat losses during the heating period in 
winter can be partially compensated.

In reality, complex energy and material transports take place on an outer wall that separates the 
inside of the building from the outside. Fig. 1 shows these transport processes schematically. These 
processes are subject to daily and seasonal fluctuations and changes of direction and are therefore 
referred to as transient or dynamic (Sedlbauer,K.P., Künzel, H.M., 2015). For example solar energy in 
the form of heat is absorbed by the wall during the day and this heat is released again at night. 
The transport of substances such as moisture is also subject to the daily and seasonal rhythm. With 
the dynamic hygro-thermal approach, the real moisture and heat transports are mapped.

FIG. 1 Energy and mass transport on external walls

The potential transmission heat gains through sun energy in winter are examined as follows with 
two goals: First, the factors influencing the transmission heat gains are examined. The focus is set 
on properties that have a big impact on architecture: clinker colour, orientation/height of the building 
and the thickness of the masonry wall. Secondly, dynamic U-values are detected with di!erent 
combinations of those influencing factors. It will be shown that the combination of two types of 
brick without additional insulation layer (mineral, etc.) achieves extremely good performance = very 
low dynamic U-values. 

The aim of the research is to examine the possible variations of clay products – be they of an 
aesthetic nature (brick colour or technical nature (physical properties) – for an important question in 
the building industry: that of the energetic behaviour as an individual component, as a construction 
type and as a building. For this purpose, using thermal and hygric material parameters, five di!erent 
types of facing brick constructions in two types of structure are checked under complex realistic 
conditions with regard to the following questions:
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 – Does the colour design and the alignment of the construction lead to di!erent energetic 
behaviour? (see 4.1)

 – Are the two typical types of construction (with insulating brick or with insulating mineral wool) 
better characterized in terms of their energetic behaviour by dynamic U-values than with 
stationary U-values? (see 4.2)

 – Architecture: How does the extensive and consistent application of dynamic U-values a!ect 
technology and the quality of expression for a free-standing building with a uniform U-value. (see 4.3)

The development from full masonry to double-shell exposed brickwork took place in the period from 
1860 to 1950. Characteristic for the developments was the successive separation into a front wall and 
a back wall. This began as early as the 19th century to introduce an insulating layer (the air layer) in 
rain-rich areas. (Fleischinger, A. F; Becker, W. A., 1859) Initially, the two layers were interlocked with 
an embedding brick and formed a bond. (Breymann, G. A., 1860). In the 20th century, the functional 
separation into two shells was accomplished with thin wire anchors. This resulted in a clear 
separation of functions from a building physics and structural planning point of view. 

The two typical double-shell designs are described in German Industrial Standards DIN. While the 
two-layer masonry with insulation is a widespread construction, in the course of the dissertation only 
two buildings could be found in the German-speaking area that corresponded to the masonry with 
a layer of air: The rectory in Landshut by Neumeister Parringer Architects, however, had a mortar-
mortared shell joint. Numrich Klump Architects' Atelier B. had an air layer between the two bricks 
and thus complies with DIN. The building 2226 by be architects was erected with two layers of light 
hollow bricks. As it had no outer shell made from coloured facing bricks, it was not included in the 
summary of buildings.

2 METHODOLOGY 

A simulation program that can simulate the processes in multilayer, porous structures is used 
for the realistic dynamic calculation of the coupled one-dimensional heat and moisture transport 
within fair-faced brickwork. WUFI© Pro was developed at the University of Stuttgart (Kuenzel, H. M., 
1994) and is now available in the sixth version (early 2016). When calculating the heat transport, the 
following transport mechanisms are taken into account:

 – Heat conduction,

 – Enthalpy flows through vapour di!usion with phase change,

 – Short-wave solar radiation,

 – Long-wave nocturnal radiation.

When calculating the steam transport, WUFI© Pro 5 takes the following transport 
mechanisms into account:

 – Vapour di!usion,

 – Solution di!usion,

 – To calculate the liquid transport: capillary conduction and surface di!usion. 

The simulation process is carried out as a finite volume process, which means that the laws of mass 
and energy conservation are better mapped than in the finite element process. It is the standard 
procedure in the field of building physics. The simple geometries of the building physics are 
adequately mapped and the advantage of the finite element method - to approximate complicated 
geometries more precisely - is not necessary.
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The program WUFI® Pro (Fraunhofer Institute for Building Physics) uses a multitude of material 
properties, the orientation of buildings and the weather data from Hanover/Germany for the 
simulation of the dynamic U-Value. The average dynamic U-Value is created by using the 
results of the heating period October to April. Steady U-Values are calculated as usual using the 
thermal conductivity and the thickness of the layers of construction. The dynamic and the steady 
U-Value are compared to evaluate the di!erence between the results. The dynamic U-value is 
chosen as a benchmark to compare the results on the level of the construction to continue later 
with whole buildings. 

3 SIMULATION

 3.1 EXAMINED BRICKS

The bricks considered in this work have gross densities of 850 kg/m3 for the inner, load-bearing 
and insulating brick layer and 1,800 kg/m3 for the outer facing bricks. Bricks can be distinguished 
according to a variety of properties (Backe, H.; Hiese, W., Möhring, R., 2009). The following table 
shows that the division of the two-shell masonry - inside and outside - creates both optimal and less 
optimal properties. The low susceptibility of the outer tile to weather has an advantageous e!ect in 
this layered division. This is due to the low water absorption capacity and the low water absorption 
capacity, which are the result of the low porosity. In the case of clinker bricks, it is particularly 
low because they are sintered on the surface due to a higher firing temperature. The outer layer 
is therefore optimized with high density bricks, while the inner layer is subject to the paradox of 
good insulation properties as well as a good load bearing capacity. These two properties are directly 
dependent on one another: the better the brick insulates, the lower its gross density and the lower its 
load-bearing capacity.

MATERIAL PROPERTY INNER BRICK ρ [850 KG/M3] Facing Brick ρ [850 kg/m3]

Compressive strength low high

Bulk density low high

Heat storage capacity low high

Thermal conductivity low high

Thermal expansion low high

Water absorbency high low

Porosity very high low

Frost resistance low high

Load capacity medium high

TABLE 1 Material properties from bricks depending from the bulk density ρ [850 kg/m3]

Today bricks are being developed as load-bearing bricks, particularly with regard to their low 
thermal conductivity. In particular, since the international oil crisis in 1973, five measures have been 
successively introduced to reduce thermal conductivity (Fig. 2):
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1  bar geometry
2  toothing of the butt joint
3  porosity of the clay
4  large block format of the brick
5  flat surface and a thin mortar joint of 2 mm

FIG. 2 Five measures to reduce thermal conductivity

Grouting can be dispensed with when interlocking the butt joint. Mortar has a higher thermal 
conductivity than the body. When a web geometry is formed, cavities are o!set so that the heat 
conduction path is lengthened. At the same time, the cavities are made as small as possible. As a 
consequence, the number of webs increases and thus, in turn, the heat conduction path. The webs 
are also minimized in width. In particularly small cavities, thermal radiation makes an ever greater 
contribution to the transport of heat, but the advantages of the small cavities outweigh this. The total 
cross-section of the holes is around 50% today. The examined brick has a λ-value of 0.11 W/mK and 
can be used for buildings up to six storeys.

At the end of the observation period in 2013, the end of the technical possibility of further reducing 
the thermal conductivity of bricks: the lowest λ-value at 0.075 W/mK for two-storey houses.

 3.2 TWO-SHELL CONSTRUCTION TYPES MADE OF BRICKS

If you look at the production methods for bricks and then fan out the commercially available brick 
products, the following possible combinations result that can be built into masonry:

FIG. 3 Combination of commercially available brick products

From the large number of possible variations, two types of construction are selected as research 
objects, which are mapped in German industrial standards:
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NO TOTAL THICKNESS [mm] LAYERS [mm]

1 540 115 clinker     40 air    365 LHB    15 rendering

3 600 115 clinker     40 air    425 LHB    15 rendering

5 660 115 clinker     40 air    490 LHB    15 rendering

TABLE 2 Type A: Wall with insulating light hollow bricks [LHB]

NO TOTAL THICKNESS [mm] LAYERS [mm]

1 520 115 clinker     20 air    140 MI    240 CB   15 rendering

3 560 115 clinker     20 air    180 MI    240 CB    15 rendering

TABLE 3 Type B: Wall with mineral insulation [MI]and clay block work [CB]

The type of heat and moisture transmission in the space between the bowls will reveal the decisive 
di!erence in the hygro-thermal behaviour. At this point, heat and moisture can pass into the back 
wall, which is mainly responsible for the heat-insulating function. The buildings examined were 
constructed with walls made of two di!erent bricks. The bricks used were a facing brick and a 
lighter back brick, which had an insulating e!ect due to its low bulk density. Nevertheless, the 
division of tasks of these bricks or the shells cannot be clearly identified for the disciplines of 
building physics and the structure. 

The structure of the masonry to be examined was determined with simulations in advance. The aim 
was to keep the water content in the masonry low, as this would lead to an increase in the U-value. 
Therefore, clinker and not brick is used: clinker is burned at higher temperatures up to the sintering 
limit and therefore has a lower water absorption coe#cient than brick.

There is an air layer of 4 cm between the facing wall and the supporting shell. This ensures that any 
water that may enter is not transferred into the insulating supporting brick. Earlier constructions 
with shell joints mortared out meant that more water was transferred into the interior.

 3.3 DATA FOR THE SIMULATION

In the following the modelling method and procedure are explained, according to which the 
simulations of the constructions for the determination of the dynamic values UD are carried out 
under complex realistic conditions. These can be categorized as follows:

 – Architecture: absorption coe#cient (clay colour of the outer facing bricks), orientation, 
height of the building

 – Construction: layers of building materials

 – Material properties: bulk density, porosity, heat capacity dry. Thermal conductivity dry, 10°C, water 
vapour di!usion resistance, reference moisture content, free water saturation, water absorption 
coe#cient, thermal conductivity surcharge, moisture, thermal conductivity surcharge, temp. 
moisture storage function 

 – German Weather Data for Hanover (hourly data for a complete year): Outside temperature, solar 
radiation (absorption of solar energy as heat), wind (dissipation of heat from the outside surfaces), 
precipitation (moisture penetration of the construction)
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4 RESULTS

 4.1 INVESTIGATION TO DETERMINE THE GENERAL DEPENDENCIES

The architectural properties are first examined, and the following statements can be made:

 – Cardinal directions: The dynamic U-values depends on cardinal directions. While the values in 
the north and east are almost identical, they are lowest in the south and highest in the west. 
The west is also referred to as the weather side, since in Central Europe the wind mainly comes 
from the west and with it the main precipitation takes place, which has an e!ect on an increase in 
the dynamic U-value.

 – Height of the building: also reflects the influence of the weather: the higher the area investigated, the 
higher the dynamic U-value, as both wind and rain increase with the height.

 – Colour of the clinker: The colour of the clinker has the following e!ects: The higher the absorption 
coe#cient, the lower the dynamic U-value.

 4.2 COMPARISON OF THE INSULATED MASONRY WITH THE 
MASONRY CONTAINING ONLY CLAY PRODUCTS

The following question is in the foreground in this investigation: Due to this influence, the 
constructions 1, 3 and 5 are more likely to be mapped with U-value ranges than with specific 
values. In principle, the dynamic U-values are below the stationary ones, namely up to 0.07 W/m2K. 
The constructions with α = 0.36 are an exception: Here the mean value of the range corresponds to 
the stationary U-value.

FIG. 4 Comparison: Dynamic U-values in W/m2K of walls 1, 3, 5, 7 and 8 with stationary U-values (heights of 10-20m)

Furthermore, it was investigated to what extent masonry with insulation between the load-bearing 
brick and the facing wall can be reproduced with dynamic U-values. It was shown that with a wall 
with insulation materials almost independent of the boundary conditions orientation, weather, and 
colour of clinker. This is because the absorbed solar energy is not conducted into the interior, as it is 
interrupted by the insulation, just like the reverse path from the inside to the outside. Therefore, the 
dynamic U-values of the insulated masonry correspond approximately to the stationary U-values.
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FIG. 5 Comparison: Dynamic U-values in W/m2K of walls 1, 3, and 5, with stationary U-values (heights of 0-24m)

Constructions 1, 3 and 5 are not precisely mapped by the stationary U-value. Both the development 
of a range of dynamic U-values and the deviation from the stationary U-value are very large. 
The brightest stone with the stationary U-value is most likely to be shown. It is therefore advisable to 
use dynamic U-values for these constructions.

 4.3 ILLUSTRATION OF THE U-VALUES ON A PROTOTYPE BUILDING

In the case of wall structures with insulating bricks, it is shown that they do not have a uniform 
U-value, but rather U-value ranges that depend on the brick colour, the direction of the compass, the 
building height and, of course, the wall thickness of the insulating brick.

The following shows how these areas can be made visible by reversing the question. With the help of 
a visualization of prototypical buildings with the dimensions 24m x 24m x 24m, the visual e!ects of 
the investigation are shown. The following assumptions are made:

 – Three height ranges are used (as specified by WUFI© Pro): 0-10m, 10-20m, 20-24m

 – Every building should have a U-value between 0.18–0.19 W/m2K.

 – The thinnest construction 3 is not used in the two lower height ranges 0–10 m and 10–20 m, unless 
construction 3 or 1 is available in the areas above. (Principle of tectonics)

In order to determine the variations in the façade developments for the low U-value range of 0.18-
0.19 W/m2K, the following steps are required to create colour and construction variants:

First creation of combinations for the respective height ranges 0–10m, 10–20 m and> 20 m, second 
creation of combinations of floor-by-floor combination of the first combinations.

By combining four façade developments in the low storey area (0-10 m) with four others in 
the middle storey area (10-20m) and two in the upper storey area (> 20m), 32 di!erent façade 
developments could be created. Each of the 32 combinations for the U-value range 0.18–0.19 W/m2K 
consists of twelve façade surfaces, so that there are 384 individual façade surfaces. The qualitative 
evaluation shows that areas with the absorption coe#cient α = 0.91 have a share of 55.2% and the 
areas with the absorption coe#cient α = 0.68 a share of 37.5%. Those with the absorption coe#cient 
α = 0.36, however, only have a share of 7.3%. Construction 3 can only be used on the south sides and 
only in the absorption coe#cient α = 0.91 and 0.68.

The 32 di!erent façade developments are each placed as a building cubature with an edge length of 
24m in an urban planning scheme. The experiment is checked using a south-east perspective and a 
north-west perspective.
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Figures 6 and 7 show the consistent application of dynamic U-values. The south-east perspective 
spreads out the spectrum of eight di!erent façade combinations, while the north-west perspective 
o!ers only four variations and only in the colours red and black.

FIG. 6 Buildings seen from south-east, U=0.18-0.19 W/m2K

FIG. 7 Buildings seen from north-west, U=0.18-0.19 W/m2K

5 CONCLUSIONS

For exterior walls with slightly high-perforated bricks: Dynamic U-Values are up to 30% lower than 
the stationary U-Values. The lowest dynamic U-Value is 0.16 instead of the steady U-Value of 0.22 W/
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m2K for the lightest brick. For black bricks the di!erence is even higher: U-Value is 0.2 instead of the 
steady U-Value of 0.29 W/m2K. 

These more realistic values are important for today's buildings but also for the existing buildings: 

1 New Buildings can be better rated energetically and are equivalent to the highly insulated houses. 
However, this depends on the urban situation and the shading. Basically, it is a robust design that is 
very durable on the one hand and is much simpler in terms of details than the double-shell masonry 
with insulation on the other.

2 For existing buildings, low dynamic U-Values may help to prevent from external layers of insulation. 
The renewal of windows and building technology will be su#cient to meet the energy requirements. 
Here, solar radiation is particularly advantageous in the looser development of the 20th century. 
The building culture value of a dynamic assessment of clinker buildings should not be 
underestimated, especially for secular buildings.

This research demonstrates the huge advantage of robust constructions. Their simplicity makes 
advantage of heat transfers which was not seen since the development of functional layers 
for an exterior wall. 
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Abstract
Building façades are key to the building systems integration necessary to realize critical health, carbon, resilience and sustainability 
goals in buildings and urban habitat. In addition, façade system design and delivery may be the most rapidly developing building 
technology, with novel materials, assemblies and techniques introduced in the marketplace frequently. Yet these developments are 
occurring in the long-running absence of an appropriate framework for façade system performance evaluation. There has been no 
general convergence on the assessment criteria or, for the most part, metrics to accompany those criteria. The convergence of myriad 
and often competing variables that characterize the building façade mark the development of a comprehensive integrative assessment 
framework as a wicked problem. But the lack of such a framework inhibits meaningful development and adoption of innovative façade 
technology, leaving aesthetic considerations to drive application and compromising the evolution of performative system behaviour. 
It prohibits a meaningful comparison between façade systems, or of new techniques with prior applications. Adoption of new façade 
technology is constrained as designers, building owners and, most importantly, authorities with jurisdiction at the level of city govern-
ment, are unable to accurately value its performative contribution to occupants, to a building project or to the urban environment.

Very early e#orts and thinking in the development of a comprehensive Integrative Façade Assessment Framework by the Façade Met-
rics Working Group of the Façade Tectonics Institute are documented here. A preliminary review of existing façade system metrics and 
assessment strategies reveals they are fragmented, too narrowly focused and lack the comprehensive integration to provide an accu-
rate evaluation. With a strong focus on energy performance in new buildings, deep and vital considerations like retrofit and renovation 
strategies, passive survivability, durability and service life, and resilience are often neglected entirely. We outline some new directions 
that begin to address these gaps and suggest a data-rich, visual framework and knowledge-sharing platform to advance progress with 
enhanced metrics and façade systems evaluation and comparison. 
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Abstract 
3D printing o#ers new architectural potentials in fabrication and prototyping. Small series in the small scale are already competitive 
and the digital chain (from digital design to final product) is closed by using less resources.

The majority of buildings are prototypes, which means their building envelope di#ers in size, function, orientation and climate-zone. 
However, how can the advantages of additive manufacturing be adapted to the macro scale, to architecture? What is the architectural 
outcome? ‘Circular Economy’, new façade materials, material savings, process optimization and energy savings are urgent topics in the 
building industry.

The focus of this research project is the development of a 3D-printed, translucent and functional-integrated building envelope. The 
objective is to evaluate the do ability of printing prototypes, which meet the quality standards and architectural design requirements. 
Experimental testing explores the outcome in regard of the design decisions and assumptions made in the research process. 

Exerted method for the development of the first façade prototype is research by design additionally informed by façade functions, 
3D-printing process restrictions of FDM process, material properties and constructive dependency. The production is an essential part 
of the research project to identify production problems on machine-, material- and ambient atmosphere level and to gain significant 
experience in the material behaviour and process technology. The experimental testing is divided into three di#erent categories: Mate-
rial testing (tension and compression), component testing (bending, U- and g-value and fire) and comparable testing (day-light-factor, 
self-shading and illumination) with an existing façade product to verify the overall performance and to re-feed the results in the next 
evolution and simulation programs.

The results of this research project led to an application of a first project at the Deutsches Museum in Munich, where the next evolution 
of the 3D-Printed Future Façade was designed, which passed the technical building requirements for ZiE (Zustimmung im Einzel-
fall). The new challenge besides performance and durability and closed material cycle is ‘up-scaling’ in regard of façade volume and 
production process and installation.

Keywords 
Functional geometry, additive manufacturing, 3D printed architecture, digital fabrication, integrated façade technology, building enve-
lope, functional integration, circular economy
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PRELIMINARY REMARKS

Part 3 of the dissertation 'Development, prototyping and experimental investigation of a 3D printed, 
translucent and functionally integrated building envelope' by Dr.-Ing. Moritz Mungenast presents the 
results of part 2, the development of a functionally integrated façade element (Tomorrow-Element). 
Part 3 contains the following topics for the creation of the digital 3D model basis for the production 
and the experimental investigations: 

1 Prototype creation: knowledge gained during the production of the façade prototype using the FDM 
printing process of the Tomorrow element to generate a basic knowledge of the production process 
for future investigations. Up to now, no component of this size and complexity has been realized with 
this process and material.

2 Component relevant tests: Various investigations of the static, building physics and fire engineering 
properties of the geometry development of the single element 'Tomorrow' (compression and tension 
and bending, U-value, g-value and fire behaviour).

3 Experimental comparative measurements: comparative measurements of the two elements 
'Today' and 'Tomorrow' on the solar station (self-shading, luminance daylight quotient and façade 
surface temperature). 

4 Long-term test: Observation of the weather influences on the surface quality. 

The aim of the large number of tests in part 3 is to get first estimates of the di!erent requirements 
in order to generate new knowledge for further developments. A 3D-printer from the Chair of Design 
and Building Envelopes at TUM is used to produce the 'Tomorrow-Element'.

The test facilities for these investigations are the façade test stand at the TUM solar station for long-
term tests of the e!ects of weathering and for comparative measurements of the façade elements 
'Today' and 'Tomorrow', the TUM wood research laboratory for compression, tensile and bending 
tests, the Holzforstalt Holzforschung TUM for fire tests to determine the building material class and 
the IFT Rosenheim for the U-value / g-value determination. The investigations at the solar station 
of the TUM are to be understood as potential estimations. This is related to the limited measuring 
equipment available and leads to an exemplary assessment within the scope of this doctoral 
thesis. The results shall serve to identify areas for further scientific investigations. The results 
and evaluations of part 3 will either confirm the hypothesis of this dissertation or point out further 
research foci to be investigated.

Deviations in the preparation of the test elements
After the results of part 2 showed that it is not possible to print transparent areas, the integration of 
the window was abandoned when creating the Today element. The ventilation openings in the Today 
element were also not implemented, since the test facility for comparative measurements at the 
solar station does not have any facilities for air exchange testing.

Research questions of part 3: 

 – Is it possible to produce the 3D-printed façade element on a scale of 1:1? 

 – What is the deviation from the 3D CAD model?

 – What are the material properties of a 3D-printed component? 

 – Does the inherent shading function work as determined by the simulation? 

In order to carry out a 1:1 scale examination of a façade element (tomorrows element) that is very 
complex in its geometry, it is important to select a reference façade (today element) in order to be 
able to produce comparative measurements.
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1 PROTOTYPE CREATION

 1.1 MANUFACTURING OF THE COMMERCIALLY 
AVAILABLE TODAY-ELEMENTS, 1:1

The Today element with the dimensions 2.80 m height and 1.60 m width was manufactured 
according to the Rodeca system assembly instructions. The aluminium profiles were mitred and 
screwed together with aluminium angles. The sealing lip was clamped at the back and the Rodeca 
light construction elements PC-2560, d = 60mm, transparent, were shortened to the length of 2.70 
m. The three light construction elements were plugged together at the vertical joints, sealed at the 
top and bottom with steam pressure permeable adhesive tape and placed in the frame. Aluminium 
clamping profiles were inserted and the sealing lip was attached. The element was fastened to the 
test equipment by means of aluminium brackets. 

Element data: Weight without frame: 33 kg > approx. 7.5 kg/m2 Total weight: 39 kg

 1.2 MANUFACTURING OF THE FUNCTIONALLY INTEGRATED 
FAÇADE ELEMENT (TOMORROW ELEMENTS), 1:1

The production of the element was realized with commercially available material (filament) and 
3D printer. In order to print the 280 x 160 cm façade element, it is necessary to segment the format 
according to the installation space of the 3D printer used. The maximum width of the installation 
space for an element with a depth of about 20 cm is about 80 cm for the Delta Tower, which also 
reduces the height to about 90 cm. To keep the number of joints as small as possible, a maximum 
size of the individual element of 74 cm width and 90 cm height was chosen. This results in six single 
elements for the production. The segments were connected to each other by a tongue-and-groove 
connection and the connecting tail was integrated into the 3D model. The individual segments were 
plugged in and glued and sealed with silicone. The complete façade element was then inserted 
into an aluminium frame identical in construction to the Rodeca element, fastened with the same 
clamping strips and sealed with the same sealing lips.

FDM Printer
The Delta Tower 900 was used with a cylindrical single extruder, a diameter of 90 cm and a 
maximum height of 100 cm. 

Material
PETG was used as a transparent material, as the production of the previous cut-out models had 
shown that this material is easier to process than polycarbonate, but has approximately the same 
properties. 10 kg filament rolls were used to print one element with only one change.

Print files of the 3D models
The stl-files exported from Rhino (3D CAD program) were sliced by the Simplify slicing program into 
a G-code, a readable file form, for controlling the 3D printer. 

 1.3 PRINTING RESULTS

The print results are very heterogeneous. All six sub-elements have larger or smaller deviations. 
Listed in detail below is the comparison of the final element-weight with the production data by 
Simplify and specification of the deformations during production.
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Single element 1 (bottom left) is listed here as an example:

 – Size: 90cm / 65cm  d = ca. 4-6cm

 – Printing time: 10 days 11 hours (251 hours) as estimated

 – Weight: 10.1 kg (Simplify target: 11.2 kg)

 – Deformation: Very small, 3-4 mm in Z-axis at bottom left corner and bottom right

 – Nozzle diameter: 1 mm, Layer height: 0.35 mm, Printing Temperature: 245 °C

FIG. 1 Left: 3D-printed façade element M 1:1, centre: straight element, right: heavily deformed element

Conclusion
Surfaces - The quality of the surface with regard to the unity (connection) of the individual layers and 
the degree of reflection is very good.

Deformation - The main problem is deformation of the plastic when the printed layers cool down. 
In this case, these deformations are greater when more material is printed and the shape of the 
element has higher di!erences (projections). In terms of process technology, this is also due to 
the lack of containment and the uncontrolled ambient temperature. Small changes in the ambient 
temperature and air movements have a high influence on the deformation. Elements that show a 
low deformation could be assembled directly. In the case of more severe deformations, reworking by 
means of a hand milling machine was necessary.

Colour - Material di!erences in the colour of di!erent batches have led to an uneven appearance 
of the individual elements. This is a major problem from an aesthetic point of view, as the colour 
spectrum is a very important issue in a translucent façade and must be controlled.

 1.4 ASSEMBLY OF THE TOMORROW ELEMENT

The individual parts of the Tomorrow element were assembled in two assembly steps. The tongue 
and groove connection makes this necessary. 
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Element properties: Weight of all individual elements (without aluminium frame): 72 kg; corresponds 
to an average of 16 kg/m2. Total weight: 78 kg

FIG. 2 Assembled façade elements M 1:1, left: Tomorrow element, right: Today element

2 COMPONENT RELEVANT TESTS 

 2.1 MATERIAL TESTS: TENSILE AND COMPRESSION TEST

Tensile and compression tests were carried out to investigate the material behaviour of 3D-printed 
PETG plastic in order to obtain an indication of its strength. The following questions had to be 
answered: What influence does the layer-by-layer application of the additive manufacturing 
method have on the tensile strength parallel or orthogonal to the tensile direction? Which 
compressive forces can be absorbed? Are the breaking points oriented to the layers of the additive 
manufacturing method? 

 2.1.1 Tensile Test

Test body tensile test (DIN 527): Dimensions: 20-10 mm x 6 mm x 150 mm (w x h x l), 

Cross section: 10 x 6 mm = 60 mm2, Weight: 15 g, (Fig. 3 + 4)

Test result tensile strength

 – Orthogonal to the direction of tension: Maximum force Fmax: 1950 N (195 kg)

 – Cross section: 60 mm2 Tensile strength R: 32,67 N/mm2

 – Parallel to the pulling direction: Maximum force Fmax: 2650 N (265 kg) 
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 – Cross section: 60 mm2

 – Tensile strength R: 44.17 N/mm2 = 36 % additional load
 
[Attachment 01] Test report of the tensile test 

Conclusion tensile strength
An important result was that the alignment of the layers had less influence on the strength than 
expected. The connection of the individual layers is very good due to the melt layer process, 
especially considering the advantage of material purity for recycling. The layers running orthogonal 
to the direction of tension can only take 36% less load. 

Layer-by-layer structure: The alignment of the layers has an influence on the type of failure. With 
orthogonal alignment to the tensile direction, there was a fracture failure (test bodies 1 + 2) and with 
parallel alignment there was a strain failure (test bodies 3).

 2.1.2 Pressure test

Test body compression test (Fig. 3 + 4): Dimensions: 60 mm x 60 mm x 100 mm (w x l x h), 
Weight: 161 g.

The compression test is the reversal of the tensile test when viewed from the direction of force. 
The force test is used to test building materials. In this test, the rectangular specimens (cross-
sectional area 60 x 60 mm) are loaded with a continuously increasing force between two parallel 
compression plates. The load is increased until brittle materials break. The force applied is 
determined and from this the compressive strength in N/mm2 is determined. The stress-strain 
diagram is the result of the compression test. The technical material parameters such as the 
compressive strength N/mm2 can be read o! this diagram. In order to be able to represent the 
compressive strength of the 3D printed façade structure, the volume of the test bodies was printed 
with the inner cell structure of the Tomorrow element.

FIG. 3 3D printed test specimen tensile test FIG. 4 3D printed test specimen compression test

[Attachment 02] Test report of the compression test

Test result Compressive strength
The test specimens withstood an average force (Fmax) of 45,500 N (4,550 kg) before breaking. 
The deviation is 1.8 %.



 071 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  3D Printed Future Façade – Experimental Testing of a 3D-Printed Building Envelope

Conclusion Compressive strength
Despite the internal cell structure, which reduces the test body to a weight of only 
161 g, it is very resilient.

Layer-by-layer structure: The fracture pattern on failure shows individual fragments that come loose. 
Their geometry is independent of the layer pattern of the additive manufacturing method of the test 
body, which suggests anisotropic material properties.

The following conclusion can be drawn from these two results of the tensile and compression tests: 
Despite the isotropic arrangement of the layers, anisotropic material properties can be detected. 
This would be an advantage of the FDM process compared to other deposition processes such as 
paste extrusion and binding processes such as powder-binder processes, since isotropic material 
properties are obtained here.

 2.2 COMPONENT INVESTIGATIONS

Various component tests are carried out, since the complex geometry of the façade elements makes 
calculations too complicated or impossible with current methods. Real tests also have the advantage 
that the process can be observed and new insights can be gained.

 2.2.1 Bending test

The bending test is a method of destructive material testing. There are di!erent types of bending 
test, the procedure is similar and they di!er in the way the specimen is stored and the number 
of load introductions. From the recorded bending force and deflection values, di!erent material 
characteristics and the stress-strain curve of the bending stress can be determined. Here the 3-point 
bending test is applied. The test sample is positioned on two supports and loaded in the middle with 
a test stamp. In the bending test, the component is examined for compression, tensile and shear 
forces. This arrangement of the test sample is intended to simulate the wind load or impact load on 
the façade. Five test specimens are tested in order to obtain a loadable average value.

Test result bending test
The test specimens withstood an average force (Fmax) of 6180 N (618 kg) before breaking. 
The deviation is 3.2 %. After four tests, the test was terminated, as all four test bodies behaved 
approximately the same.

Conclusion bending test
Due to the internal cell structure, the component is very resilient at a weight of only 2340g. 

Layer-by-layer structure: The fracture pattern on failure shows individual fragments that come 
loose. Their geometry is independent of the layer pattern of the test body, which suggests anisotropic 
material properties.
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FIG. 5 Design of the experimental unit with test specimen, distributor plate and support forms

[Attachment 03] Test report of the bending test

 2.2.2 Heat transfer coe#cient (U-value) and total 
energy transmittance (g-value)

By computational methods, it was not possible to determine the U-value and g-value in advance 
because the irregularity of the geometry and the size of the test element of 90 x 74cm (HxW) could 
not be mapped by digital methods. In order to nevertheless obtain an estimation of the insulation 
behaviour and the energy transmission of the heterogeneous geometry of the 'Tomorrow' element, a 
U-value and g-value determination was commissioned from IFT-Rosenheim. 

The test element for determining the U-value and the g-value is element (top right) with the outer 
dimensions of 74 cm width and 90 cm height. This element has di!erent cell sizes of the inner 
insulation structure, which is exemplary for the determination of an average value as result for the 
U-value. Furthermore, this element has a pronounced wave geometry for self-shading, from which 
di!erent values for the g-value can be determined.

Heat transfer coe#cient (U-value)
Definition: The U-value (heat transfer coe#cient) indicates the heat transfer of exterior wall 
constructions in W/m2K. The U-value is a specific characteristic value of a building component. 
It is mainly determined by the thermal conductivity and thickness of the materials used, but also by 
thermal radiation and convection at the surfaces. The heat transfer coe#cient depends on the heat 
transfer coe#cients between the solid body and the fluids as well as the thermal conductivity and 
geometry of the solid body. [1] (Wikipedia, heat transfer coe#cient)
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Test result
The test element achieved a U-value of: 1.6 W/(m2K) (for testing, see the IFT 
Rosenheim verification annex)

Classification of the result: U-values of transparent components

 – Acrylic glass (plexiglass) d=5 mm: 5.3 W/m2K

 – Single window d=4 mm: 5,9 W/m2K

 – Insulating glazing d=2.4 cm: 2.8-3.0 W/m2K

 – Heat insulation glazing d=2.4 cm: approx. 1.3 W/m2K

 – Triple thermal insulation glazing: 1.1 W/m2K

 – Lighting component polycarbonate clear d=6 cm: approx. 0.83 W/m2K

 – Windows in passive house standard: 0,5-0,8 W/m2K
[1] (Wikipedia, heat transfer coe#cient) 

[Attachment 04] Cover sheet of the IFT Rosenheim heat transfer coe#cient certificate 

Total energy transmittance g-value
Definition: The g-value (energy transmittance) is a measure of the energy transmittance of 
transparent components. It indicates the percentage of energy that can reach the inside of 
the building, e.g. through solar radiation, where it contributes to heating. The g-value as total 
energy transmittance is the sum of the direct transmission of solar radiation and the secondary 
heat dissipation to the inside by radiation and convection. Loss is caused by reflection or absorption 
from or on the transparent component. The g-value takes values between 0 and 1. A g-value of 0.7 
indicates that 70% of the incident energy is transmitted. [2] (Wikipedia, energy transmittance)Test 
result: The test element achieved a g-value of: irradiation angle 0° = 0.29; irradiation angle 60°= 0.26 
(for testing see annexes proof IFT Rosenheim)

Classification of the result: g-values of glazings

 – Usual single glazing: g = 0.75 - 0.87

 – 3-pane composite window or 2-pane insulating glass with coating: g = 0.60

 – Glass blocks or wired glass: g = 0.60

 – 3-pane insulating glazing with coating: g = 0.5-0.55

 – Special sun protection glass: g = 0.3-0.5

 – Lighting component polycarbonate clear: g = 0.42
[2] (Wikipedia, energy transmittance)

[Attachment 05)] Cover sheet of the IFT Rosenheim total energy transmittance certificate

Result
At 1.6 W/m2K, the result of the examination of the heat transfer coe#cient (U-value) just misses 
the requirements of the EnEV 2014/2016, which requires averaged U-values of 1.5 W/m2K for 
transparent exterior components and curtain walls for non-residential buildings from 2016. 
The result of the total energy transmittance (g-value) of 0.29 at an irradiation angle of 0° and 
0.26 at an irradiation angle of 60° shows the dependence of the g-value on the position of the sun 
and the geometry used.

Conclusion
These results show the first important basic values, which were determined on the basis of the 
investigation on a prototype on a scale of 1:1 and thus form the basis for further developments of the 
geometry with regard to necessary insulation and sun protection requirements.
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 2.2.3 Fire testing

After the first tests on fire behaviour, a verification of the fire behaviour according to DIN 4102-
1:1998 of the building material class B1 was carried out at the test and certification area Fire of the 
Wood Research Institute of the TUM. In this test, besides the material, the geometry is an important 
parameter for the test. For this purpose, specimens of PETG and the underlying internal structure of 
the 'Tomorrow' façade element were produced. The aim of this test is to find out which influence the 
inner geometry has on the fire behaviour and thus also on the building material class. In the course 
of the fire shaft test, four test specimens with the dimensions 100cm x 19cm x 6cm are directly 
exposed to a fire source for 10 minutes. After the fire test, the remaining length of the samples is 
measured, the dripping behaviour (burning/non-burning), the resulting smoke density and smoke 
gas temperature are analysed. 

Test result fire shaft test
The test samples have a residual length of 100%, no burning dripping took place, the smoke density 
was with 12% very low as well as the smoke gas temperature with maximum 111°C.

Conclusion fire test
The tested elements meet the requirements of DIN 4102-1, building material class B1. The high 
residual length, the low smoke density and the smoke gas temperature were positive in this test. An-
other disadvantage is the dripping of the molten plastic, although it does not drip in a burning state. 
However, constructive precautions must be taken when using this material so that no persons can be 
injured in the event of fire. 

FIG. 6 Specimens lined up after the test for determining the residual length
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3 COMPARISON TEST TODAY AND TOMORROW 
ELEMENT ON THE SOLAR STATION

In order to carry out measurements, both façade elements, "Today" and "Tomorrow", were mounted 
as planned on the solar station of the TU Munich. The interior is highly insulated, and separate rooms 
are arranged behind each façade element to carry out independent comparative measurements. 
The Today element served as a reference object for the measurements on the Tomorrow element.

These measurements are intended to serve as an indicator for estimating the potential of further 
developments and have model character. 

 3.1 SELF-SHADING

Thermal Comfort - Shading of the façade is an important component of functional integration to 
ensure protection against overheating of translucent façades in the summer months and is thus a 
partial aspect of thermal comfort. The inherent shading in the summer should show the advantage 
of the geometry compared to the reference façade. The aim is to verify the simulated results of the 
self-shading for the creation of functional geometry under real conditions.

Proofs will be provided by two investigations:

1 a thermal imaging camera is used to compare the heat input from the inside. Thermal 
imaging camera: SEEK 

2 a photographic documentation of the sun-path on a summer day shows the self-shadowing 
in an exemplary way. 

Investigation 1
Comparison of the solar radiation in the interior of the two façade elements (Today- and Tomorrow-
Element)by means of a thermal imaging camera. This investigation serves as an exemplary 
examination of the di!erent geometries with regard to the reduction of solar radiation in the interior. 
The temperature curve on the inside of the façade elements will be investigated on a sunny summer 
day (June 11, 2018). The 'Tomorrow' façade element has a heterogeneous inner cell structure and the 
self-shading geometry is also di!erently shaped in some areas, which reveals di!erent qualities of 
the di!erent geometry combinations.

These can be divided into four groups: G1 (Small cell structures with self-shading), G2 (Small cell 
structures without self-shading), G3 (Large cell structures with inherent shading) and G4 (Large cell 
structures without self-shading). The 'Today' façade element is homogeneous in its geometry.

Result
Due to the projections and the resulting shading, the surface temperature in these areas is lower. 
The thermal images show a di!erence of 2 to 3°C. 

Conclusion
Although the same solar radiation hits the same area of the façade made of transparent material, 
the geometry developed shows that the absorbed heat is not transferred in equal parts to the 
inner surface. The larger number of cells in the solar control area insulate better towards the 
interior. The more translucent areas where more solar radiation can penetrate have a lower cell 
count to allow more daylight in. However, these cells are shaded by the sun protection geometry 
in summer. The chosen approach shows the desired results as well as the potential to further 
develop this strategy. 
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FIG. 7 Tomorrow-Element heterogeneous façade geometry 
Left: Image interior view of di!erent areas of interior structure 
G1-G4  
Right: Image of surface temperature inside

FIG. 8 Close-up of self-shading  
Thermal images of the surface in the inner area of the shading 
geometry  
Left: Shading range surface temp. 31°C ;  
Right: Exposure range surface temp. 36°C

Result
The images of the thermal imaging camera show the maximum heat input in the area G4 (large 
cell structures without self-shading) followed by G2 (small cell structures without self-shading). 
G1 and G3 (large and small cell structures with self-shadowing) have the lowest heat input. Shading 
is achieved by the protrusions of the wave geometry, and the higher number of cells in the inner 
structure allows better absorption of solar radiation due to the increased mass. Therefore the surface 
temperature in these areas is lower than in the other areas. The thermal images show a temperature 
di!erence of 2 to 5°C between shaded and unshaded areas. 

Conclusion
Although the same solar radiation hits the same area of the façade made of transparent material, 
the geometry developed shows that the absorbed heat is not transferred in equal parts to the inner 
surface. The larger number of cells in the solar control area insulate better towards the interior. 
The more translucent areas, where more solar radiation can penetrate, have a lower cell count to 
allow more daylight in. However, these cells are shaded by their own shading geometry in summer. 
The chosen approach shows the desired results and the potential for further development of this 
strategy. However, the wave geometry could still be used in larger areas to achieve more e!ective 
shading. The choice to use a radial (curved) wave geometry also proves to be advantageous because 
a larger period of self-shading is covered than with a linear geometry. Nevertheless, the self-shading 
geometry would also have to be applied in the sub-areas whose geometry is flattened in order to 
achieve the maximum shading. This would have to be considered individually and adapted to the 
requirements of the respective use.

 3.2 FAÇADE SURFACE TEMPERATURE ON THE INSIDE

Thermal Comfort - The surface temperature of the façade in the interior is part of the thermal 
comfort. Surfaces that have a high di!erence to the room temperature are perceived as disturbing, 
especially in summer they contribute to increased heat sensation, similar to a radiator. In winter, cold 
surfaces create a drop in air and thus drafts. This study shows the surface temperature di!erences 
of the two elements.

Measurement setup
The surface temperature is measured 20 cm from the vertical centre axis of the façade from bottom 
to top at intervals of 50 cm. The average temperature of the surface is calculated from the individual 
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results. This is especially necessary because the 'Tomorrow' element has a heterogeneous structure 
and therefore temperature di!erences occur. The outside surface temperature was also recorded 
simultaneously with the same method. 
Records were recorded on several sunny and cloudy days and then the average values were 
calculated to obtain representative results. This study is to be understood as a model, since only a 
relatively short period of time was available for the measurements. Measurements to determine the 
operative temperature and collect it over a long period of time would be the next step.

Recording period: 16.04. - 04.05.2018, Measuring device for surface temperatures: Voltcraft Dual 
Laser IR-SCAN-350RH/2The

Examination 1: 'sunny'
The temperature di!erence in favour of the façade surface on the inside is on sunny days: 
09:00 h = 2.3 °C; 13:00 h = 5.1 °C; 17:00 h = 2.8 °C 
The interior temperature di!erence is: 09:00 h = 1.4 °C; 13:00 h = 1.3 °C; 17:00 h = 2.5 °C 

Examination 2: 'cloudy'
The temperature di!erence of the façade surface on the inside is on cloudy days: 
09:00 h = 0.8 °C; 13:00 h = 1.8 °C; 17:00 h = 1.8 ° 
The interior temperature di!erence is: 09:00 h = 0.4 °C; 13:00 h = 1.0 °C; 17:00 h = 0.8 °C 

FIG. 9 Examination 1, surface temperature comparison test 
Tomorrow and Today element; average temperature value of 
the inner surface of the façade in sunshine

FIG. 10 Examination 2, surface temperature comparison test 
of Tomorrow and Today element; average temperature value of 
the inner surface of the façade under cloudy conditions

Result
The temperature of the Tomorrow element is on average 2.8 °C lower than the Today element. 
On sunny days the temperature di!erence of 5.1°C was measured on the façade surface. There 
is a significant e!ect on the room temperature of 2.5°C di!erence at 17:00. On cloudy days this 
temperature di!erence is lower and is 1.8°C at noon and afternoon.

Conclusion
This temperature di!erence shows that the Tomorrow element emits less solar radiation to 
the interior. However, one should not forget that the mass of the Tomorrow element is twice as 
high as that of the Today element. The inherent shading of the Tomorrow element during the 
radiation-intensive period from 12 to 15 o'clock also suggests a positive e!ect, as shown by the 
thermal imaging camera. 
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 3.3 ILLUMINANCE 

Visual Comfort - The aim is to achieve visual comfort by evenly illuminating the interior. The 
'Tomorrow' element is translucent despite the use of a transparent material. This means that light 
can enter but cannot be seen out as with transparent glazing - it is characteristically a "frosted glass 
pane". Characteristic values for visual comfort are, for example, 300 lux illuminance as a minimum 
for computer workstations, 500 lux for workstations with normal o#ce activity. The upper limit of 
illuminance is approx. 4000 lux, then we speak of glare, which must be prevented. Visual comfort 
depends on many parameters and is also subject to the subjective perception of the individual user.

The 'Today' element, although also made of the transparent material polycarbonate, is also 
not transparent. According to the manufacturer, it has a light transmission of 41%. Due to the 
homogeneity of the Rodeca façade, the light transmission is evenly distributed over the entire 
element. This does not apply to the Tomorrow element, as its diameter and internal structure are 
heterogeneous. Simulations for such a geometry are currently still too complex. In order to obtain 
realistic results, measurements of the façade element are necessary. The illuminance is measured 
at di!erent measuring points, which are positioned on the floor in steps of 50 cm orthogonal to 
the façade (Fig. below). The results of this investigation have model character and shall show the 
potential for further investigations.

Measurement setup of the investigation of the illuminance in the interior 

 – Recording period: 16.04. - 04.05.2018 

 – Measuring interval: morning 9:00 h; noon 13:00 h; evening 17:00 h

 – Interior measurement: The measuring points for recording the illuminance are placed orthogonally 
on the floor at 0.5 m intervals in the centre of the façade. 

 – Exterior measurement: Horizontal 1 m distance to the façade at a height of 1 m 

 – Measuring instrument: Hand-held illuminance meter Voltcraft MS-200LE

FIG. 11 Illuminance comparison test Tomorrow and Today 
element 09:00 a.m. under cloud cover

FIG. 12 Illuminance comparison test Tomorrow and Today 
element 13:00 a.m. in sunshine

Result
The tests show that the Tomorrow element allows less daylight to enter the interior compared 
to the Today element. This is also clearly visible when comparing the daylight quotient (see 
following paragraph). 

Conclusion
The Tomorrow element bu!ers extreme light input compared to the Today element. You can see from 
the diagrams that the 'Tomorrow' element illuminates the room more evenly and prevents high solar 
gain in the interior. In measurement results 4 and 6, the 'Today' element far exceeds the unpleasant 
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illumination levels that occur in sunshine when the sun is shining, which occur from about 
4000 lux upwards. The values for the Tomorrow element, on the other hand, are in the permissible or 
comfort range. The disadvantage of the 'Tomorrow' element is that it falls below 500 lx in the range 
from 2 m distance under cloudy skies and in the morning (see measurements 1, 2 and 3).

The daylight quotient is given in percent without unit and generates values that make di!erent 
systems comparable by referring to the external illuminance. DIN 5034 requires a minimum daylight 
quotient TQ of 0.75% to 1% in living and working spaces, DIN 5034. Definition: The daylight quotient 
(TQ) sets the level of internal illuminance in relation to the external horizontal illuminance in 
an unshaded position.

The Tomorrow element has a two-thirds lower daylight quotient compared to the Today element. 
The result is above the minimum requirements of [3] DIN 5034. 

 – Calculation: TQ = (Ep / Ea) * 100 (%)

 – Ea Outdoor illuminance on 05/04/2018: Ea = 20696 lx 

 – Ep Illuminance inside:

 – Tomorrow element: Ep = 370 lx > TQ = 1.8

 – Today element: Ep = 1277 lx > TQ = 6.2

Conclusion
Additive manufacturing enables the production of translucent façade elements with a su#cient 
daylight quotient. The exact adaptation to the di!erent requirements can be adjusted via the 
geometry, the inner structure and the diameter of the façade element.

4 LONG-TERM TESTS ON THE SOLAR STATION

 4.1 WEATHER AND UV RESISTANCE PETG TEST PIECE

In order to obtain a reliable assessment of the UV resistance (yellowing) and soiling of the surface, a 
test body was exposed to the open weather for nine months at the solar station. For comparison, two 
test bodies were produced in one production process. The second test specimen was not exposed to 
UV radiation during these nine months.

Test setup - Location: Solar station TU Munich, south facing, fully weathered; Duration: 
2017-09-14 - 2018-06-12

Result
Test body 1 showed a strong yellowing due to UV radiation. Contamination of any kind, such as algae 
or lichen formation or residues of dust cannot be detected. The surface is still highly reflective.

Conclusion
In order to achieve a satisfactory long-term e!ect of the 3D printed surface of PETG, UV protection 
must be integrated. An examination of embrittlement, which can lead to static impairments, was not 
covered by this test.
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 4.2 CONDENSATION AND CONTAMINATION TOMORROW ELEMENT

Measurement setup: Location: Solar station TU Munich, SSW-alignment, fully weathered; Duration: 
21.03.2018 - 04.04.2019

Condensation was observed in the early morning hours of both test elements (today and tomorrow 
element) (Fig. 13 + 14). Polycarbonate and PETG are both di!usion-open plastics. In the 'Today' 
element, the condensate can drain o! downwards through the arrangement of the vertical tubes 
of the inner structure. The cell structure of the 'Tomorrow' element does not allow condensation to 
drain o!. It can be seen that the condensate is only produced in the cells which have direct contact to 
the outer surface. No condensate can be seen in the inner cells. 

Due to the constant moisture development in the outer cells, soiling or algae formation can be seen 
in some areas of individual elements. It is unclear, however, why in some cells no algae formation 
or contamination occurs despite the loss of condensation water as in single element E3, E4 and 
E6. A possible answer can easily be found in the production quality and processing environment. 
Trapped dust particles or pollen etc. could contribute to algae formation and contamination when 
exposed to moisture. These di!erent contamination states V1 – V3 (Fig. 15) can be seen in the 
figures on the left. However, the formation of condensation has not led to visible impairments of the 
3D-printed surface. No cracks or chipping caused by freezing condensation water occurred.

FIG. 13 Today-Element condensation FIG. 14 Tomorrow-Element condensation in the cells with 
direct contact to the outer surface

FIG. 15 Left, middle, right: Tomorrow-Element contamination / Algae formation through condensation in the cells

Conclusion
This problem of condensation formation can lead to problems especially in the winter months when 
the condensate freezes. In general, the internal contamination due to algae formation is to be seen 
very critically, since cleaning is not possible.
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5 EVALUATION MATRIX OF THE EXEMPLARILY 
TESTED PROPERTIES FROM PART 3

In order to be able to carry out an overview of the various investigations and an evaluation, this 
matrix shows the various test and investigation results. 

Legend (evaluation parameters of the results): + = good o = satisfactory - = unsatisfactory

* Test specimens of the Rodeca light building element were placed in the same test facility, the test 
specimens proved to be too flexible to withstand the loads introduced.

INVESTIGATIONS TOMORROW ELEMENT TODAY ELEMENT

Material testing

Tension + xxxx

Compression + (-)*

Transparency - (o)*

Building component testing

Bending + (-)*

U-Value - +

g-Value + -

Fire resistance + ++

Comparative measurements

Self -Shading + -

Surface temperature + -

Illuminance o o

Daylight quotient o o

Long-term testing

UV-resistance - +

Condensation - +

TABLE 4 Evaluation matrix of the test and investigation results

6 RESULT

Mechanical testing - The 'Tomorrow' element shows good static properties in the compression test 
compared to the 'Today' element. The disadvantages of the layer-by-layer structure through additive 
manufacturing are minor, because the fracture patterns are not based on the layers.

Building components testing - In the bending test, the 'Tomorrow' element shows surprisingly 
good values, which can be explained by the internal cell structure and the double-curved surfaces. 
The determined Up-value (U-value only for the panel) of the 'Tomorrow' element is 1.6 W / m2K and is 
thus significantly worse than the 'Today' element with a value of 0, 71 - 0.77 W / m2K (manufacturer 
information). On the part of the 'Tomorrow' element, this is related to the sometimes relatively large 
cells of the internal structure.

The g-value (energy transmittance) is significantly lower for the 'Tomorrow' element, although both 
versions are made from a transparent base material. This is the result of the various production 
methods, with the 'Tomorrow' element the light is refracted several times due to the layered 
structure. Here, depending on the angle of incidence from 45 to 60 °, the value is approx. 20% and for 
the “Today” element approx. 42%.
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The fire behaviour of both materials is similar, the PETG used for the 'Tomorrow' element is more 
easily flammable and drips, but nevertheless achieved building material class B1 in the fire test 
according to DIN 4102.3. 

Comparative-measurements - The self-shading of the 'morning' element leads to a di!erent façade 
surface temperature inside and to a di!erent illuminance. This is also reflected in the daylight 
quotient. The results of the investigation of the illuminance in the interior have shown advantages 
and disadvantages for both elements. The 'Tomorrow' element leads to an equal illumination of the 
interior, but shows lower values (be-low 500 lx) according to ASR in the interior in the event of low 
sun exposure. Opposite behaviour is investigated to the values of the ‘Today’ element, since there is 
glare on sunny days, but the correct values of the ASR are reached at low sun exposure.

Long-Term testing - UV resistance / condensation: the 'Today' element does not have any problems 
in terms of UV resistance and condensation drainage, the weak points of the 'Tomorrow' element 
belong to these topics.

7 CONCLUSION AND OUTLOOK

The central question of this work "Can a functionally integrated building envelope be developed by 
using additive manufacturing?" can be answered as follows:

The integration of di!erent façade functions such as solar shading, insulation, wind and dead 
load transfer, ventilation, day-lighting and acoustic dispersion was possible and could even be 
implemented using a transparent material. The results in the implementation of the individual 
functions can be evaluated di!erently. Positively can be noted, that the strengths of the additively 
manufactured components were better than expected due to the FDM printing process, especially 
in the bending-test. Self-shading was found to be feasible and e!ective. The reduction of room 
temperature and façade surface temperature inside in summer when the sun is shining can 
be attributed to it. Satisfactory are the insulation properties and illumination have con-firmed 
assumptions, but still show room for improvement. Negatively has to be stated the production of 
transparent surfaces for visual connection between the interior and exterior is not possible with 
this method at this stage, even with post-processing. Another negative outcome, the formation 
of condensation cannot be avoided with this type of façade and, in the cellular variant, leads 
to soiling and algae formation over longer periods. E!ective solutions must be found for this. 
The functional areas of acoustic scattering and natural ventilation could be integrated but not yet 
investigated in this study.

In general, the results of the investigation show that the achievement of the four comfort parameters 
for an e#cient façade - thermal comfort, acoustic comfort, visual comfort and the supply of fresh air 
- can be achieved by an additively manufactured building envelope.

Process reliability - When it comes to manufacturing the façade elements, in terms of execution 
quality and manufacturing time, the problem of non-uniform material properties and low process 
reliability is still a risk factor for process reliability that should not be underestimated. The use of 
the FDM-Delta system was su#cient for the production of a prototype, but is not target-oriented for 
further development in this design.

Material - The change from polycarbonate to PETG has proved to be a sensible move, as it has 
simplified processing during manufacture. UV resistance, fire behaviour and vapour di!usion 
openness are problem areas that still need to be solved.
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Architectural design -The freedom that additive manufacturing brings to the development of new 
architectural design possibilities was exemplified here. Despite some limitations, the design potential 
cannot be dismissed out of hand. 

The methodology ‘Research by Design’ used has proven to be purposeful and has led to satisfactory 
results that can be used as a basis for further developments.

The previously established hypothesis of this dissertation thesis "Additively manufactured and 
functionally integrated building envelopes make, with the same performance, the technical façade 
equipment superfluous" cannot yet be confirmed for all functions after this investigation. However, 
the results of the investigation suggest that it is possible to reduce the use of technical façade 
components. It has been proven that additive manufacturing can be used to produce complex 
functional geometries for façade applications. These can be implemented in one manufacturing step 
and with one material. This confirms the predicted potential for the building envelope.

The exemplary investigations show the potential and the function which still need to be improved of 
the 'To-morrow' element. In the field of mechanical properties, reaction to fire, one can be confident 
to generate the required properties. The building physics properties can be improved though the 
adaptation of the geometry as required. The negative results in the field the long-term tests of this 
first prototypes can be found in regard of UV resistance and the problem of condensation, already 
found solutions of the 'Today' element classify these problems as solvable.

Future challenges - In order to contribute to the implementation of Agenda 2030, further 
development is strongly dependent on material and process development. Manufacturing time and 
material properties, such as durability and fire behaviour are essential factors in the development of 
a marketable building product.

Design tools also need to be further developed. The simulation of complex functional geometries and 
their integration into function-integrated façades will initially only be possible by means of studies 
on real models in order to generate basic data that will in turn allow the future simulation of the 
desired functions. This is necessary to make full and e!ective use of this type of façade planning and 
execution of 'design to product'.

The development for new certification tools for 3D Printed Building-Components on national and 
international standards not only to certify a single design and function but to certify a certain range 
of a building product where the freedom of design and functionality can be fully exploited without 
having to pass each time a new certification process. 

The search for new architectural expressions in ornamental and functional applications will be 
a future journey yet to be heavily explored and closely linked to the new developments of AM-
processes, materials and environmental influences.

Prospect – Research-project in industrial scale. The results of this research project led to an 
application of a first-project at the Deutsches Museum in Munich, where the next evolution of the 
3D-Printed Future Façade was designed (design by 3F Studio), which passed the technical building 
requirements for ZiE (Zustimmung im Einzelfall). The new challenge besides performance and 
durability and closed material cycle is ‘up-scaling’ in regard of façade volume and production 
process and installation.
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FIG. 16 Final Prototype of 3D Printed Future Façade FIG. 17 Research project – Façade of the Future Deutsches 
Museum (Façade-design by 3F Studio) 
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APPENDIX A TEST REPORT OF THE TENSILE TEST 
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APPENDIX F 2.1.1 MATERIAL TEST: MATERIAL, DIMENSIONS 
AND PRODUCTION OF THE TEST SPECIMEN

Material data

 – Filament: COLORFABB_XT CLAER 

 – Material: ColorFabb_XT, PETG

 – Diameter tolerance: ±0.05 mm

 – Density: 1.27 g/cm3

 – Glass transition temperature: 75°C

Printer settings

 – 3D Printer:Ultimaker2

 – Layer height: 0.3 mm

 – Shell thickness: 2 mm (2 layers with 1 mm nozzle) 

 – Top thickness: 1,8 mm 

 – Bottom thickness: 1.2 mm

 – Nozzle: 1 mm

 – Dual extrusion overlap: 0.15 mm

 – Initial layer width: 125%.

 – Fan: 100 %

 – Combing: on

 – Print temp.: 250 °C

 – Print-Bed temp.: 70 °C

APPENDIX G 2.2.1 BENDING TEST: MATERIAL, DIMENSIONS 
AND PRODUCTION OF THE TEST SPECIMEN

The same pressure settings were used to produce the test specimens as for the production of 
the façade elements.

 – Filament: extruded, completely transparent

 – Material: PETG 

 – Diameter tolerance: ±0.05 mm

 – Density: 1.27 g/cm3

 – Glass transition temperature: 75 °C

 – Test body bending test:

 – Dimensions: 180 mm x 60-80 mm x 700 mm (h x w x l), weight: 2340 g 

Printer settings:

 – 3-D printer: Delta Tower 900

 – Layer height: 0.35 mm

 – Shell thickness: 2 mm (2 layers with 1 mm nozzle), top thickness :1.8 mm, bottom thickness: 1.2 mm

 – Nozzle: 1 mm

 – Dual extrusion overlap: 0.15 mm

 – Initial layer width: 125%.

 – Fan: 100 %

 – Combing: on

 – Print temp.: 245 °C

 – Bed temp.: 77 °C
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Abstract 
This paper describes the development of an innovative, material and energy e"cient façade concept: a pneumatically actuated Origami 
sun shading system - abbreviated “PAOSS” - which combines the aesthetic and material-immanent qualities of textile materials with 
the functional aspects of a controlled and targeted light transmission regulation by means of integrated active pneumatic components 
(FIG. 1). Due to the possibility of reducing a given surface to a minimal form, textile-based folding structures are highly suitable for 
selective sun and glare protection systems, in order to optimise energy consumption and increase user comfort. For astrophysical 
purposes, the American space agency (NASA) developed an Origami folding geometry called “Starshade”, which is characterised by a 
particularly high di#erence between its closed and open state. Inspired by NASA’s “Starshade”, an adaptive, pneumatically actuated sun 
and glare protection system was designed and developed to be embedded in the cavity of pneumatically supported multi-layer ETFE 
cushion façades. By implementing active components, one can obtain a targeted, partial or full-surface regulation of light and radiation 
transmission as well as the back-reflection properties of the façade. Within the scope of the research project “Adaptive Membrane 
Façades” funded by the research initiative Zukunft Bau, the PAOSS will be prototypically built in a scale of 1:1 and implemented at one 
storey of the demonstration high-rise building of the Collaborative Research Centre 1244 entitled “Adaptive Skins and Structures for 
the Built Environment of Tomorrow”. The goal is the system validation and the monitoring of the reliability and e"ciency, especially in 
terms of building physics and daylight performance under real weather conditions. 
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Abstract
In order to implement the goals of the energy transition in the intended period, energy-e"cient solutions must be developed both 
for new buildings, and especially for the energy-e"cient renovation of existing buildings. The vision of the VG_WALL project is the 
development of a transparent and translucent glass wall in a façade system that is e"cient and adaptable to the needs of the user 
and at the same time proposes e"cient and sophisticated architectural concepts, considering the latest production techniques and 
material developments. VG_WALL is a research project that aims to design and develop a multifunctional building module for the 
building envelope, consisting primarily of vacuum glass (thermal insulation, sound insulation) that can be modelled with selected 
translucent and transparent building materials depending on the requirements. The vacuum glass is to be regarded as functional, 
transparent insulation and sound insulation. From the knowledge gained in previous projects it follows that the constructive covering 
of the glass edge bond from the vacuum glass can solve the thermal bridge problem in this area. In the context of this research project, 
translucent and transparent glass elements are being developed as hybrid structures for façades. The adaptation of conceived glass 
hybrid structures to conventional façade systems such as: mullion-transom constructions, direct bonding of point-fixed façade con-
structions in new and existing buildings (retrofits) are also goals of this research project. Innovative façade concepts for element and 
all-glass façades are also examined. The conceived façade concepts are: glass wall module (Concept 01) and glass bricks and channel 
glass module (Concept 02). They are developed and tested with respective demonstrators, which should convince through design and 
function-related properties in the building envelope. The structure of the new glass module (Concept 01 glass wall module) creates e.g. 
two parallel, continuous levels of vacuum glass, Ug value of 0.4 W / m²K or less, and superimpose one another in the area of the edge 
seal in order to avoid thermal bridges. In the second system concept (Concept 02) with new glass bricks and channel glass elements, 
the construction is designed in such a way that an energy-e"cient exterior wall can be built using the quick construction method with 
as few components as possible. The VG_WALL research project is funded by the Zukunft Bau research initiative, Federal Institute for 
Building, Urban and Spatial Research (BBSR). 

Keywords
Vacuum glass, energy e"ciency, adaptive 1: climate, adaptive 2: lifespan & life cycles, material in material
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1 INTRODUCTION

All translucent and transparent components and systems available in the building sector can 
only be installed to a limited extent or not at all in accordance with the EnEV (Energy Saving 
Ordinance) - glass construction walls are currently only used in industrial and commercial buildings. 
The research project "VG-WALL" there-fore aims to develop two novel highly insulated transparent 
or translucent exterior wall concepts/systems that can also be used for residential construction. 
The aim is to achieve a previously unattainable thermal insulation for transparent and translucent 
components. This will enable aesthetically pleasing new construction and renovation projects to be 
realized by taking up design elements such as "glass brick", "glass wall" and "channel glass", which 
are very popular with architects but are outdated in terms of energy. 

The heat-insulating functional level in both cases is vacuum glass (VG), which is supplemented by 
float and special glass to form a wall system. This is an additive, highly flexible building system 
made of glass, which should be very dynamically adaptable to user behaviour and building context. 
From the building physics knowledge gained in previous projects it follows that the constructive 
covering of the glass edge seal of vacuum glass can solve the thermal bridge problem in this area. 

The construction of the new glass module, (concept 01) multilayer glass module, creates 
e.g. two parallel, continuous levels in the building envelope once, the vacuum glass level, which alone 
has a Ug-value of 0.58 W/m²K or less, and a second level of transparent or translucent materials. 
In the structural design concept, the VG layer of the glass modules is enclosed on the outside by 
functional layers (special glasses, foils) and on the room side by load-bearing layers (float glass, 
TVG, ESG or VSG). In this way, a layered structure is created in which component properties can be 
adjusted simply by installing the appropriate layers. 

In the second system concept (Concept 02) with new solid glass bricks or channel glass elements, 
the construction is designed in such a way that an exterior wall can be completed with as few 
components as possible in quick construction. The glass clinkers are laminated by direct bonding to 
the VG layer. The channel glass elements are mounted to the VG panes or held together by thermally 
separated aluminium or GRP profiles at the edges of the modules thus created. Air-filled spaces and 
GRP hollow profiles provide the thermally necessary edge cover of the vacuum glazing and can be 
used as media channels as required.

As could be pointed out in the previous projects "Ultraslim", "Ultralight" and "VG-Façade", the very 
low Ug-values of vacuum glazing in the middle of the pane (0.3 - 0.7 W/m²K) are opposed to a glass 
edge compound of glass solder, which forms a thermal weak point of the system. Investigations in 
the above-mentioned re-search projects showed that a few centimetres of overlap are su#cient to 
eliminate thermal bridges and thus the accumulation of condensate. In addition, the new VG wall 
constructions must meet all static and building physics requirements that are placed on opaque 
exterior walls. Cost-e#cient building systems can be created thanks to the high system flexibility 
with a minimum number of components. These new systems should be particularly applicable in 
existing situations and make it possible to carry out energy-e#cient building renovations quickly 
and while retaining the visual appearance. 

Vacuum glass, state of the art
Vacuum glass technology is still young, but is developing rapidly in the Asian region. Due to the 
tightening of energy laws in Asia, the demand for VG there has grown enormously. In Europe 
and Germany, changes are traditionally extremely slow in the construction industry. Despite the 
interesting results of various research projects and on the basis of buildings realized in Europe and 
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Germany, vacuum glass is considered a marginal phenomenon or niche product. At the beginning 
of the millennium, for a few years it looked as if vacuum insulation glass (VIG) could become the 
product of the future. After intensive e!orts by machine manufacturers, together with research 
institutes from 2005 to 2014, the topic was rather marginalized in Europe. This was due to the 
European market with its individual design of very di!erent window sizes and types as well as the 
lack of test certificates with reliable statements on durability. 

At present, the trade press (Huber, Lieb 2019) has repeatedly reported on vacuum glass and its 
advantages and potential. However, attention is also drawn to the aspects of VG glazing in terms of 
building law. The well-known European regulations for assessing the durability of multiple-glazed 
insulating glass (MIG) in the EN 1279 series of standards explicitly exclude the product vacuum 
insulation glass in its new versions. This seems to make sense, the marginal loads in MIG are mainly 
determined by the enclosed gas volume. VG is exposed to the same e!ects for use in windows and 
façades and should have a usability over the service life of the component (durability). Therefore, 
VG is still an unregulated and not a harmonized construction product in Europe. CE marking is not 
possible, proof of the usability of construction products is necessary (early approval in individual 
cases, ZiE). The building law situation of the VG still has to be regulated, that will come. In this 
research project, this situation is viewed with confidence, as the latest developments in the field 
of vacuum glasses show heat transfer coe#cients which are equal to or better than the Ug-
values of today's standard triple-glazed insulating glasses. As already mentioned, VG has already 
been installed in selected building projects in Europe. A practical implementation has therefore 
already been tested and implemented. The experience gained with VG in these building projects 
and in research projects will have a decisive influence on the further positive development of VG 
(Hohenstein 2019). Since there is also a production in Belgium since April 2019, the building law 
situation as well as the delivery situation should also improve in the future. 

Research project, status
This is an ongoing research project. The project is not yet completed and thermal insulation 
studies and simulations are still being carried out. Direct bonding and linear bonding are still to 
be investigated. The construction of the demonstrators is planned for spring 2021. Thus, the first 
results of the investigations on the prototypes will be available in spring summer 2021. In order to 
determine the type of construction of the demonstrators and their compositions, FEM simulations 
of various design proposals were carried out. First results of the FEM-simulations on the topic of 
thermal insulation (moisture-technical and heat-technical) were evaluated.

2 METHODOLOGY

Building construction and building physics approach. 

The aim is the conception and development of a multifunctional building module for the building 
envelope consisting primarily of vacuum glass (thermal insulation, sound insulation), which can be 
modelled according to requirements with selected translucent and transparent building materials. 
Fields of application: residential and commercial construction. 

In the research project two concepts are investigated: Concept 01 is mainly composed of VG and 
transparent and translucent materials. Concept 02 is composed of a) VG and solid glass bricks and b) 
VG and channel glass. The glass structures are adapted to existing façade systems or adapted to the 
structural design. The thermal performance of the glass structures on the façade system is evaluated 
by means of FEM simulations. The lamination of the glass parts is examined in two di!erent 
processes: direct bonding over the entire surface and line bonding at the edges of the glazing 
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with spacers. This is followed by the production of prototypes for load and climate tests.  Finally, 
demonstrators on a scale of 1:1 are built for exhibition purposes as wall and façade samples. Due to 
its high level of detail, the study is only carried out at the level of the fixed glazing of the façade.

Methodology of the study
1 Determination of the current requirements for transparent exterior walls. Updating the legal 

requirements for glass and load-bearing exterior walls and curtain walls. Research and sounding out 
the possible products with new material properties.

2 Selection of suitable materials (glazing, adaptive foils, control systems, adhesives/sealants, etc.) 
by preliminary tests for material and façade system determination, consideration of economic and 
sustainable factors in cooperation with the company partners. 

3 Conception of the modular layer structure for the glass module construction system (Concept 01). 
Development of a system for wall constructions from new VG glass modules, taking into account 
all system components 

4 Design of a solid glass bricks system and a channel glass system (concept 02) with a minimum 
number of components, taking into account all system components

5 Adaptation and structural adjustment of the developed glass structures to selected façade systems: 
type mullion and transom and structural glazing system  

6 Evaluation of solution approaches for new VG glass hybrid components on the basis of FEM 
simulations of the thermal component behaviour and optimisation of the systems.

7 Concept 01: Preliminary bonding tests for bonding translucent, transparent selected material sheets, 
functional foils and other elements to the vacuum glass. 

7.1 7.1 Load and climate tests on prototypes of the new glass module system (Concept 01), if 
necessary optimization and adaptation of the system. Construction of 1:1 functional prototypes 
based on the results of the preliminary tests and simulations. Load and di!erential climate 
tests on functional prototypes. Construction and testing of sample wall sections (assembly, air 
and water tightness, impact tests, decomposability) Tests to adjust the degree of transparency 
over films and pane layers.

8 Concept 02: Design and construction of prototypes of the new solid glass bricks and channel glass 
system, (1:1) Adhesive pretests on di!erent glazing packages. Trials to find a suitable material for 
the butt joints and in particular for the bedding joints of the solid glass bricks; the starting point are 
silicones with mineral additives to achieve a permanently high compressive strength. Tests on a 
sample wall cut-out (assembly, air and water tightness, impact tests, decomposability). 

9 8.1 Load and climate tests on prototypes of the new channel glass system, if necessary optimization 
and adaptation of the system. Material and know-how will be provided by the partner companies 
Dow and Raico and test series on adhesive and sealant finding will be carried out. 

3 EXPERIMENT / RESEARCH

 3.1 EDGE SEAL PROBLEM OF VACUUM GLAZING STUDY CASES 
AND THE SPECIAL PROPERTIES OF VACUUM GLAZING

If one compares vacuum glass and conventional - i.e. filled with inert gases - multiple thermal 
insulation glazing, there are two main di!erences with regard to the thermal component behaviour

 – Ug in the middle of the pane is much lower with VG (also compared to krypton - triple)

 – Edge seal 0.1-0.2 mm glass solder or metal with comparatively high thermal conductivity



 097 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Use of Vacuum Glass (VG) in the Implementation of Transparent and Translucent Exterior Wall Systems with Very High Thermal Insulation

Modern multiple thermal insulation glazing has a thermal edge structure in the area of the glass 
edge seal, which ensures thermal separation (Fig. 1).

FIG. 1 Section through a gas-filled triple glazing 4/12/4/12/4 
from Pilkington

FIG. 2 Spacers enlarged 20 times

The desiccant, which is always necessary for gas-filled glazing, is here present in a hollow profile 
made of plastic, which has a low thermal conductivity. Thin metal foils are applied on the outside to 
create a gas-tight seal. Sealing is achieved in the upper area by butyl elastomers, in the lower area 
by polysulfide or silicone. In contrast to this, the construction of the glass edge seal is much easier in 
vacuum glazing ("edge seal"), as no desiccant is required here. The two panes are directly connected 
to each other by glass solder in order to ensure a permanent high vacuum in the space between 
the panes (Fig. 3, 4).

FIG. 3 Section through a gas-filled triple glazing 4/12/4/12/4 
from Pilkington

FIG. 4 Spacers enlarged 20 times

As can be seen in a simple FEM simulation of the heat flow, vacuum glazing behaves similarly to 
single glazing in the area of the edge seal, since the connection from outside to inside is completely 
connected via the glass (Fig. 4).



 098 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Use of Vacuum Glass (VG) in the Implementation of Transparent and Translucent Exterior Wall Systems with Very High Thermal Insulation

FIG. 5 Simulated temperature profile (THERM) at -5° C outside and 20° C inside for triple thermal insulation glazing 4/12/4/12/4 
with Ug = 0.70 W / m2K (left) and vacuum glazing 4 / 0.15 / 4 with Ug = 0.42 W / m2K (right)

The edge seal is the weak point of the glass laminate with vacuum glass and is treated di!erently 
depending on the façade system. In façade systems in which the edge seal is concealed (mullion and 
transom façade) or framed, the statics, thermal bridge problems and drainage or sealing are di!erent 
from those of all-glass façade systems (structural glazing). Without appropriate constructional 
measures, the room-side surface temperatures in the area of the edge seal would be so low that in 
winter, a strong accumulation of condensation water would have to be expected. A challenge in terms 
of building physics in the VG_WALL research project was to compensate for this thermal weakness in 
such a way that the excellent Ug-values of the glazing are not impaired.

 3.2 CONCEPTION OF THE GLASS COMPOSITION, MATERIAL SELECTION 

When designing the glass structures, materials with translucent or transparent properties were 
primarily selected. Translucent building products could be used in façades by planners and 
designers, but due to their poor thermal insulation, they are not suitable for façades or exterior walls. 
The following materials were selected: cast glass, structured glass, switchable and laminated glass, 
light concrete, glass ceramics, metal mesh, solid glass bricks. Nine glass structures as composite 
material were developed and six representative structures were selected for the investigations. 
The six abutments di!er in function, structure, degree of translucency and transparency, 
density and thickness: 

1) cast glass/structured glass, 2) laminated glass with switchable coating, 3) light concrete, 4) glass 
ceramic, 5) channel glass and 6) solid glass bricks.  
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Each structure should fulfil certain properties and functions when used on the façade 
system, see Fig. 06.

FIG. 6 VG Compositions, structure and features, selection

 3.3 MATERIAL PROPERTIES

Characteristics of the VG-glazing to be used in the research project VG_WALL (standard): The data 
of the material properties of the vacuum glass are given by the South Korean manufacturer EAGON 
Windows & Doors, EAGON Industrial Co. Seoul / South Korea see Fig. 5  

FIG. 7 Vacuum glass properties

Each material used in the research project is considered according to the relevant literature 
with regard to "common" values from practice (see Fig.8). This should not distort the results of 
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the comparison with standard façades. The adaptation of the material properties and thus the 
improvement of the façade performance are topics for further investigations.

FIG. 8 Material properties

 3.4 GENERAL CONDITIONS

The developed glass structures as well as the suitable façade systems are first examined in FEM 
simulations under the following criteria and parameters

For all façade systems:

 – In residential construction: a θsi room-side surface temperature [°C] lower than 13° C, at an 
outside temperature of -10° C and +20° C in the interior at a relative humidity > 50% should be 
avoided (DIN 4108-2) 

 – In commercial buildings: a θsi room-side surface temperature [°C] lower than 10.5° C, at an outside 
temperature of -10° C and +20° C in the interior at a relative humidity of 40% should be avoided.

 – Play o! façade concepts: For façade openings: box-type windows, box-type window façade, all-glass 
façade, double-skin façade, pivot elements

 – Parametrization of the façade design according to the location or cardinal point of the façade in order 
to vary and test finishing such as screen printing, foliation.

The following constructional measures are taken during the simulation models, see Tab. 01
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FOR CURTAIN WALLS:  
MULLION/TRANSOM SYSTEM

FOR DIRECT BONDING:  
STRUCTURE GLAZING, POINT HOLDER

- Change installation position or:

- Variation of the depth of the glass recess

- Position of glazing with additional insulation of the frame 
from the outside 

- External insertion of seals made of heat-insulating materials

- Room-side installation of collectors and seals made of 
heat-conducting materials 

- Attachment of a thin ESG with spacer "warm edge"

- Insulating layers of di!erent thickness and  
thermal conductivity

- Reduction of the width of the VG edge seal, VG with  
5mm edge seal (ideal).

- Increase of the frame depth (window systems)

- Variation or increase of the system width, more scope for the 
depth of the glass recess and accommodation of necessary 

technology e.g. with adaptive glazing (mullion-transom)

- Variation of the depth of the glass recess

- Simplify and rationalize glass fixing 

- Filigree sealing or narrower joints due to external heat-insu-
lating seal

- Room-side installation of collectors and seals made of 
heat-conducting materials 

- Point support should be checked depending on the position 
of the VG (statics)

- Optimization of the auxiliary frame (substructure), use of 
alternative materials with lower thermal conductivity  

e.g. GFK, CFK. 

TABLE 1 - Constructional measures, criteria and parameters of the depth of the glass recess

 3.5 THERMAL PERFORMANCE

As it could be pointed out in the previous projects "Ultraslim", "Ultralight" or "VG-Façade", a special 
consideration of the edge seal between glazing and the façade construction is necessary to achieve 
an optimal thermal performance of the vacuum glass. The dependence of this connection point 
is essentially determined by the length of the edge seal and the glass recess. In order to show the 
thermal performance of the glazing with the associated façade construction, numerical thermal 
bridge simulation was used, as in the VG-Façade research project. For the studies, simplified 
calculation models of the design proposals with vacuum glass were carried out using the software 
FLIXO 8.0, THERM, WINDOW 7.5 and Grasshopper.

Thermal simulation using FEM software, thermal bridge simulation. 

In order to be able to evaluate the performance of the conceived constructions, the experiences of the 
research project VG-Façade regarding FEM-simulations were used. In detail the software FLIXO 8.0 
and the software WINDOWS 7.5 was used for this purpose. Detail connections (horizontal and vertical 
sections) of the di!erent compositions and the connections to the façade systems were made in 2D 
and 3D models in CAD drawings and imported into the simulation program. Configured with the 
material parameters, the corresponding simulations were then carried out.

Among the most important performance indicators that can be determined in this way are

 – Temperatures and heat flows in the constructions and on the surfaces of the constructions. These 
can be expressed as thermal coupling coe#cients, but can also be described with simple indicators 
such as the fRsi value. 
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 – Even if the PSI-value has only a low significance regarding the thermal quality of building 
components, these values can be used quite well to compare constructions without vacuum glass (i.e. 
with conventional glass or insulating glass) and those with vacuum glass.

 – Water vapour di!usion in the building components as well as possible corrosion, condensation and 
mould growth can be described by means of the simulation. 

 3.6 FAÇADE SYSTEMS, ADAPTATION AND CUSTOMIZATION

The proposed glass structures were adapted and simulated on an existing façade system of 
the project partner: 

RAICO GmbH. The selected Raico system program is the THERM+ A-I system. In order to be able 
to better guide the isotherms, great importance was attached to using a profile with the largest 
possible screw channel. For this reason, a profile from the RAICO THERM+ A-I series (aluminium 
"I-Façade") was selected as the supporting profile. These profiles have a larger screw channel (18.5 
instead of 13 mm) compared to the V-version. A further advantage of the "I-façade" is that the height 
of the inner gasket is 13.5 mm instead of 9.5 mm for the V-variant, which means that the surface 
temperatures in the critical areas in particular will be lower, see Fig. 9.

FIG. 9 Façade system Raico Therm+ A_I mullion-transom (left) and structural glazing (right) Building construction measures for 
investigation, comparison with triple glazing

 3.7 SEALS AND DIRECT BONDING

New types of silicones are used in the current research project: Heat-insulating silicone on the 
seal of the outside of the construction and heat-conducting silicone on the seal of the inside of the 
construction. Our calculations show that further improvements of the thermal component behaviour 
are possible if the thermal conductivities of the outer and room-side covering of the glass edge seal 
(gaskets) are optimised.

 In the research project "VG-WALL" the following assumption was investigated: If, in the most 
advantageous configuration, heat is conducted on the room side to the critical glazing frame junction 
point and material with the lowest possible thermal conductivity is applied on the outside to cover 
it. In this way, the aluminium profile can be used e!ectively as a collector and the edge seal of 
the vacuum glazing can be heated in a targeted manner to prevent the formation of condensation 
without losing a lot of energy to the outside. In this way, the aluminium profile can be used e!ectively 
as a collector and the edge seal of the vacuum glazing can be tempered to prevent the formation of 
condensation. In this way, especially in combination with the vacuum glazing with reduced glass 
edge seal examined in the research project, the thermal insulation of mullion-transom and all-glass 
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façades with vacuum glazing can be significantly improved once again. On the room side, more heat-
conducting materials are used and on the outside, more heat-insulating materials are used. 

The new compositions developed are basically designed as laminated glass. The intermediate layer 
is laminated either with foil or cast resin, depending on the material properties. The use of foils is 
more suitable for mirror-smooth materials such as glass ceramic, float glass and light concrete. 
For irregular surfaces such as cast glass and solid glass bricks, a liquid compound is more suitable.

The Concept 01 part A of the research project VG_WALL provides for direct bonding. As a production 
process, direct bonding is relatively uncomplicated and the result is e!ective and e#cient. This type 
of bonding proves to be disadvantageous if it is to be dismantled. The separation or dismantling of 
the components of the glass composite is complex. The components are separated mechanically for 
the first time and the residues resulting from the separation are washed out or dissolved. After this 
process, components and waste material are sorted again and prepared for recycling.

In view of this problem, a variant in concept 01 has been proposed to simplify the dismantling of 
the glass structures. 

The Concept 01 part B of the research project VG_WALL provides for a line bonding and is less 
invasive than a direct bonding to deconstruct the glass composite more easily and environmentally 
friendly. As with the insulating glass, a linear bonding of the edges of the glazing components 
(various glass structures VG + translucent materials) was considered. This concept also favours an 
improvement of the thermal insulation in the edge area. The translucent materials of the developed 
glass structures (translucent concrete, glass ceramic and solid glass bricks) have a thickness 
of 25 mm to 50 mm. The resulting glass compositions with vacuum glass are almost as thick 
as bullet-proof or fire protection glass. The bonding of the vacuum glass slides and the selected 
translucent materials should be fixed by means of a spacer. This creates a space between the panes. 
The resulting cavity or SZR should protect against dirt and water ingress and be permanently sealed. 

In Concept 02, the solid glass bricks and the VG are laminated by direct bonding, the channel 
glass construction elements are mechanically fixed to the profiles of the façades without direct 
bonding, only the joint between the channel glass construction elements is sealed with silicone to 
withstand the weather.

 3.8 SIMULATIONS ON FAÇADE SYSTEM, CONCEPT 01 AND CONCEPT 02

As described in point 3.5, detail connections of the glass structures on mullion-transom façades 
and all-glass façades Structural Glazing of concept 01 were simulated. In this context, the di!erent 
compositions were examined with the design measures and parameters (see Tab. 01). The type 
of bonding in combination with the façade construction mullion-transom or structural glazing 
influences the thermal behaviour of the compositions and, as a consequence, the edge seal.

In the case of Concept 01, VG glazing in combination, two sub-concepts are di!erentiated: Part A, 
compositions in direct bonding of the composite layers on mullion-transom façades and Part B, 
linear bonding of the composite layers at the edges with SZR (spacer). Here, all components of the 
glazing are brought together on only one level. In the resulting module, the laminated glass panes 
and functional layers permanently insulate the interior climate from the exterior climate. With the 
concept 01 - part A, the dismantling of all glass structures is possible by mechanical separation 
of the glass and foil layers, but is costly. A re-installation of the newly developed glass modules 
after dismantling makes more sense thanks to its long service life. In Concept 01 - Part B, line 
bonding with inter-pane space and valves for pressure equalization ensures that the glass modules 
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are bonded together and at the same time promotes dismantling or recycling by separating the 
individual components. 

FIG. 10 Therm+ A-I and SG façade system with selected VG – compositions, overview

In Concept 02, the glass construction 09 full glass clinker with VG in direct bonding is only simulated 
on structural glazing façades, because in the mullion-transom façade system Raico Therm+ A-I the 
construction depth of the construction exceeds the depth of the fastening, construction depth only 
up to 64 mm. The M04 structure - channel glass with a flange height of 40 mm fits into the Raico 
Therm+ A-I mullion-transom system. In structural glazing systems the structure 04 - channel glass 
is not adapted. An overview of the compositions and the subdivision of the concepts according to 
façade type is shown in Fig. 10.
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The building physical properties of the developed compositions were checked with FEM simulations. 
The thermal insulation is guaranteed by the vacuum glass. With the exception of the combination 
with light concrete, the position of the vacuum glazing is generally on the inside of the glass 
compositions. Depending on the formulation, concrete is an excellent heat accumulator. At the same 
time, this glass structure acts like a Trombe wall and provides thermal comfort indoors, especially in 
the cold seasons. Partial results of the simulations are explained in Chapter 4 Results.

After completion of the investigated simulations, the prototypes of the demonstrators will be built. 
Each demonstrator will be built on a 1:1 scale. The demonstrators consist of a glass composite and 
a frame construction as a post and beam or as a structural glazing system depending on the nature 
of the composite, see also Fig.06. The demonstrators have dimensions of: 1500 mm x 500 mm. This 
dimension is determined by the size of the translucent concrete panels, which have a maximum 
size of 620 mm x 1600 mm during production. The demonstrator of the channel glass is a wider 
version and has a dimension of 1500 mm x 750 mm. The demonstrators are examined and tested in 
a di!erential climate chamber. 

4 RESULTS

In order to prevent condensation and to ensure optimum guidance of the isotherms in the 
construction, the installation position, glass recess, outer and inner seal of the glazing must be 
examined more closely. To prevent condensation, no part of the surface of window profiles or glass 
surfaces should be exposed to temperatures below 10 °C. To also avoid the problem of mould growth, 
it is also advantageous if no temperatures < 13 °C occur on the interior surfaces. The critical range 
for the lowest surface temperature on profiles is usually in the case of the inner glass seal in the 
transition to the glass in the frame corner area. 

For this reason, some isothermal calculations were performed with the Flixo software, experimenting 
with di!erent installation positions of the glazing. The risk of condensation and mould growth is 
determined by the surface temperature humidity that is generated. As a result of these calculations, 
correlations are to be derived in order to determine the optimal installation position. The findings 
from these calculations will optimize and improve the design proposals.

First findings from the investigations: 
The first results (01), see Fig. 11, of the examined constructions show a relatively bad performance 
of the suggested seals. The problem of the edge seal is not satisfactorily solved with the proposed 
measures. The heat and moisture protection values are achieved with the SZR (pane gap) or 
spacer construction.

The position of the heat-conducting silicone is decisive for the explanation of the deficits of the inner 
surface temperatures. The silicone layer is placed parallel to the VG, where the temperatures are 
low, resulting in a thermal bridge or a disturbance of the isothermal curve. Conceptual corrections 
have been made to the designs, the gaskets with heat-conducting or heat-protecting qualities have 
been combined with conventional EPDM gaskets. The silicone gaskets are applied as a coating 
perpendicular to the EPDM gaskets.
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FIG. 11 Results 01 FEM-Simulation Construction Glass Compositions

The other results (02) are much better, see Fig. 12. The new design of the seals and the use also on 
the spacers show optimal results. The compositions with only VG or VG in combination with cast 
glass are to be further optimized. In this context, a widening of the glass inlet is certainly a suitable 
measure to increase θsi (interior surface temperature) and to bring the temperature factor fRsi to the 
minimum values of DIN 4108-2 (thermal insulation and energy saving in buildings; Supplement 2: 
Thermal bridges) or better.
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FIG. 12 Results 02 FEM-Simulation Construction Glass Composites

5 CONCLUSIONS

The use of vacuum glass as heat protection or "transparent thermal insulation" is an e#cient, 
intelligent and at the same time aesthetic measure to optimize the energy e#ciency of transparent 
and translucent materials on façades. Transparent and translucent materials, which due to their 
good thermal conductivity do not meet today's energy saving standards, are improved in this way 
in order to make e#cient use on building envelopes. The construction models with vacuum glass 
that have been investigated in the research project to date lead to a promising future for vacuum 
glass. Demonstrators will be used to test and investigate the limits of the models and systems. 
A topic that is also considered in the research project is the dismantling of the used components 
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and building materials from the construction models with VG. The requirements for the dismantling 
and recyclability of glass in composites are composed of logistical, technical and economic factors 
as well as quality requirements. A concrete statement on deconstruction is currently only possible 
to a limited extent and is usually decided on a case-by-case basis. In the research project, a suitable 
answer to this topic is sought.  
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Abstract
Recent studies on residential buildings show a significant gap between the actual energy consumption and the calculated energy de-
mand. It can be suspected that user behaviour in interaction with the building and the technical systems account for the gap between 
theory and practice. On the other hand, there are buildings today that require little to no additional energy for heating by utilizing 
internal gains coupled with reduced ventilation, e#ective thermal mass and reduced heat loss through the façade. Understanding the 
interaction between user, building and ventilation technology is crucial for a robust reduction of the overall energy consumption by 
residential buildings (hypothesis).

The authors compared every possible combination of input conditions on a room design level – such as geometry, construction mate-
rial and ventilation – using thermal-dynamic building simulation. The variations can be considered as extreme scenarios, chosen to 
span the maximum range each parameter can have. Conducting the method resulted in 448 di#erent investigation scenarios, evaluated 
according to energy demand and thermal comfort.

The results show that the energy demand for heating ranges from almost zero up to 90 kWh/m²a. The summery discomfort caused by 
overheat hours spans from around 100 up to over 3400 Kh/a. The dataset of results the authors used to examine the interaction of the 
di#erent input conditions and their strengthening or balancing e#ect. 

Conclusion 1: The energy demand of the simulated variants is strongly driven by the e#ect of the user’s ventilation behaviour. This ex-
plains a significant share of the gap between the actual energy consumption and the calculated energy demand since past calculations 
usually assume the user behaviour to be fixed. It is a strong argument to focus on user behaviour in the energy demand calculation 
of residential buildings. However, results show that e.g. the insulating e#ect of the building envelope recedes far into the background 
compared to the user behaviour.

Conclusion 2: As known, high internal gains and minimal air exchange rate reduce the energy demand significantly. In combination, it 
is possible to keep a room temperature within the comfortable range in winter, without using a heating system. This suggest changing 
our perception of the heating system towards a temporary backup system since it is obsolete during most time of the year.

Conclusion 3: Appropriate window sizes with triple glazing combined with high thermal mass content of the room structure ensure a 
high level of room comfort in summer, balancing out even high internal gains and eliminating the need for movable sun shading or 
active cooling systems. 

“Simply Build” constructions respecting these conclusions as a design guideline result in buildings that require little heating energy 
and do not overheat in summer.

Keywords
Robust optimization, user behaviour, ventilation behaviour, room design, simply built
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1 INTRODUCTION

For decades, e!orts to reduce the energy consumption of our buildings have been intensified. 
Particularly with regard to the insulating properties of the building envelope - i.e. façade and roof 
- the German legislation sets strict regulations. Building owners must prove to the authorities that 
the specifications have been met (§79 GEG). Experts with the help of defined calculation models 
provide the proof. These models use standardized boundary parameters, concerning e.g. outdoor 
climate, user behaviour or technical installations. This method guarantees fair and comparable 
energy certificates. However, it is not suitable for accurately predicting the energy consumption of 
buildings in practice. 

This discrepancy between theory and practice has been investigated in detail. The German Institute 
for Housing and the Environment, “Institut für Wohnen und Umwelt” (IWU), which conducted the 
study on behalf of the federal government, selected 2856 data sets from a large number of data sets 
and compared the calculated energy demand with the measured energy consumption. The proposed 
model illustrates the relationship between energy consumption and energy demand according 
to DIN V 4108-6 / 4701-10. In Fig. 1, the dashed line shows the estimated value of consumption, 
the grey area shows the uncertainty of the estimate for an individual building. The area reference 
is the heated living space, service systems run on combined operation for heating and hot water 
without using additional heat generators. The system energy sources are natural gas and district 
heating. (IWU, 2019)

FIG. 1 Relationship between energy consumption and energy 
demand according to DIN V 4108-6 / 4701-10 (IWU, 2019) 

In the described scientific study, the authors provide a formula for converting the theoretically 
calculated energy demand to the actual consumption to be expected. However, the point cloud in the 
graph on which the formula is based on depicts the buildings under consideration and clearly shows 
that the formula can only give an estimate.

While this meta-study from IWU looks at a wide variety of buildings, the Munich housing association 
GEWOFAG takes a di!erent approach: For six new buildings of the same size and orientation, the 
energy consumption was measured over a period of three years. All buildings were occupied, while 
certain components were varied in each case (Fig. 2, building description 1 to 6). (GEWOFAG, 2020).
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FIG. 2 Di!erent equipment features of the six GEWOFAG research houses (GEWOFAG, 2020) 

Building 1 was constructed by GEWOFAG according to the usual standard, representing the reference 
building. The other five buildings di!er in one detail each. Building 2, for example, has a better 
insulation standard and Building 6 has a ventilation system. Fig. 3 describes the di!erences between 
the six otherwise identically constructed research houses. The results are surprising. With the 
exception of Building 3, no other measure can achieve real savings in energy consumption. This 
suggests that no further optimization is possible in building and technology, unless the occupants 
are influenced to more economical behaviour at the same time.

FIG. 3 Measured primary energy consumption. Electricity indicates the consumption for the operation of the heating and 
ventilation systems (GEWOFAG, 2020)

On this matter, Project 2226 in Lustenau is encouraging. The o#ce building has neither HVAC 
nor heating system. Instead, waste heat from people and equipment is used to the maximum. 
The building mass functions as thermal storage. Motors open the windows depending on air 
temperature and CO2 level in the room. In winter, the exchange with outside air is reduced to the 
necessary amount, minimizing the heat loss of the building. In summer, the windows are set to open 
for night-time cooling. As a result, indoor air temperatures remain pleasant during a warm summer 
day (Eberle et al., 2016). In residential construction, the gains from waste heat are naturally lower 
than in an o#ce building, where o#ce equipment is used intensively. Nevertheless, this concept has 
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now also been applied to residential construction; the residential studio house in Erlenmatt Ost in 
Basel by the architect Heinrich Degelo. 

The examples above show: It is di#cult but possible to construct buildings that require little heating 
energy and do not overheat in summer. To understand how these buildings should look like in 
concrete terms, we have to look at material, construction, technical systems, user behaviour and 
outdoor conditions – all at once.

Which influence have room design, material, ventilation and user behaviour? Do they interact with 
each other and thus have a strengthening or balancing e!ect? This study aims to answer these 
questions in a fundamental and comprehensible manner.

2 METHODOLOGY

The authors compared input conditions combinations on a room design level, using parametric 
thermal-dynamic building simulation, and evaluated them according to energy demand and thermal 
comfort. The variations can be considered as extreme scenarios, chosen to span the maximum range 
of the e!ect each parameter can have. Conducting the method resulted in 448 di!erent investigation 
scenarios; the variant combinations are based on the choice of construction material and technical 
service system, orientation, room geometry including window size and type of glass, as well as 
climate conditions and user behaviour (Fig. 4).

3 SIMULATION SETTINGS

The simulation was conducted on a room model level, using the Rhinoceros/Grasshopper® 
environment with the plug-in TRNLizard and the calculation kernel of the software TRNSYS 18. 
The room model has a room floor area of 18 m². The room is located between two building floors and 
surrounded by identical student rooms and a corridor. One external wall with window connects the 
room to outside climate conditions. The parameters of the base case’s room model can be seen in 
Fig. 4, as well as the parameters for construction material, technical service system, and orientation. 
The room is occupied by one person, describing the standard situation of a student dorm room. 
Following paragraphs describe the additional parameters concerning the climate conditions and 
user ventilation behaviour. 

Outdoor climate
To assess the impact of the climate conditions, the study compares two extreme weather data sets of 
the present (2010x) and its meteorological prognosis for 2035 (2035x) in Munich, using the data sets 
for “typical reference year” (TRY) of the German Weather Service (DWD, 2020). 

Sun shading
The e!ect of an external, movable sun shading (factor 0.8) is simulated for the construction types 
“timber EB”, “standard EnEV” and “low energy building”. For those variants, the extreme situation 
of a defective sun shading (no shading) throughout the year was modelled in order to examine the 
maximum impact this parameter has as a worst-case scenario.
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FIG. 4 Parameters of each scenario with a total variant amount of combinations of 448Caption

Raised internal gains
In addition to the heat gains from solar radiation and the human body (75 W), the internal gains for 
equipment and artificial lighting are summed up to 10 W/m² room floor area for the base case. This 
value is doubled to 20 W/m² for the scenario “raised internal gains”. In the simulation, the internal 
gains for equipment are linked to the occupancy schedule of the user.
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Ideal user ventilation
In all ventilation scenarios, the fresh air infiltration rate is set to provide humidity protection and is 
established by a window rebate slot in combination with an exhaust fan in the bathroom. The ideal 
ventilation scenario assumes that the user provides hygienic minimum air exchange of 1.25 m³/
(h*m²) at all times of occupancy. Additionally, the user ideally ventilates to avoid overheating from 
24 to 22 degrees room air temperature. The fresh air rate is calculated depending on the window 
height and opening area, as well as the delta in air temperature indoors and outdoors. The maximum 
air change rate, including the hygienic minimum rate, is limited to 3/h at day and 4/h at night.

Minimal user ventilation
This scenario assumes that the user never opens the window, except to avoid intense overheat 
situations. The user ventilates from 26 to 24 degrees room air temperature during day and night. 
This leads to a constant minimal air exchange in form of the infiltration rate, increased by the 
additional window ventilation with maximum air change rates (no hygienic minimum rate!) limited 
to 3/h at day and 4/h at night.

Excessive user ventilation
For the opposite worst case of user ventilation, the window is constantly tilted by the user, even in 
winter. This leads to unnaturally high energy demands. However, the study method at this point is 
to span the maximum range of the impact of each so-called unpredictable boundary condition. Built 
examples confirm excessive heating energy demands that are attributed to the user’s ventilation 
behaviour (Schneider, 2015). This user profile assumes a constant increased fresh air change 
rate of 2.25 m³/(h*m²) with overheat ventilation from 24 to 22 degrees room air temperature. 
The total maximum air change rate, including the permanent ventilation, is limited to 3/h at 
day and 4/h at night.
For the standard EnEV scenario, the same ventilation profiles are used. However, the low 
energy building contains a mechanical ventilation system of constant air exchange with heat 
recovery according to DIN EN 13053, meeting the requirements for minimum hygienic ventilation. 
The three user ventilation profiles are applied to the running system.

Evaluation criteria
The authors choose two criteria to cover both the building’s performance in winter and in summer. 
The heating energy demand is used as performance criterion for winter, whereas overheating in 
form of accumulated Kelvin hours above the adaptive comfort range according to DIN 15251 is the 
performance criterion for summer period.

4 RESULTS AND DISCUSSION

The results show the e!ects on overheat hours and energy demand depending on the choice of 
variation from the base case. The following point cloud gives an overview of all runs simulated in 
order to show the overall span concerning energy demand and summery overheat hours, ranging 
from almost zero up to 90 kWh/m²a and from approximately 100 up to over 3400 Kh/a (Fig. 5).

The overview clearly depicts sub-groups within the point cloud, which can be linked to the e!ect 
of the parameters examined in the present study. In order to find the parameters behind the sub-
clouds, the authors designed graphs that highlight the base case and its five variants in di!erent 
colours: “ideal user ventilation” (base case), “excessive user ventilation”, “minimal user ventilation”, 
“raised internal gains”, “weather 2035x”, and “sun shading open” (Fig. 6).
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FIG. 5 Point cloud of all simulation runs accordingly to the 
criteria energy demand and summery overheat hours per year

FIG. 6 Point cloud of all simulation runs coloured accordingly 
to six scenarios

The results show the expected significance of user behaviour concerning ventilation. The e!ect of 
future climate conditions shows a reduced energy demand – due to milder outside air temperature 
in winter – and a greater overheating – due to more frequent sequences of hot days and nights in 
summer. The climate not being the overall key aspect in the discussion is due to the small chosen 
future time span of the year 2035 and the fact that the DWD data prognosis does not show extreme 
future climate conditions.

However, the results show that raised internal gains have the highest impact on overheating 
in summer, whereas the ventilation behaviour of the user is the overall key parameter 
concerning the energy demand.

In the further discussion, conclusions are drawn on the observed results. Before looking at the 
building construction types, the study starts with the geometric properties of the room (Fig. 7). In this 
way, the authors discuss each of the characteristics examined individually.

Constellation by geometry

FIG. 7 Constellation of the geometrical variants related to 
overheating in summer and heating energy demand. 
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Thinner wall
The smallest deviation from the "base case" can be found in the variant with reduced outer wall 
thickness. Thereby, several e!ects overlap each other; The reduced wall thickness also reduces 
the insulation value of the outer wall, which in turn increases the heat transmission through the 
outer wall, provided there is a temperature di!erence between room temperature and outside 
air temperature. At the same time, the reduced thickness of the wall increases the intake of light 
through the window. This means that a slightly smaller window is also su#cient, providing the same 
amount of daylight, which reduces heat loss through the windows in winter. In the overall balance, 
the superposition of these e!ects on the outside wall and window mildly reduces in almost all 
variants the overheat in summer and the energy demand in winter.

Square floor plan
A stronger deviation from the "base case" can be observed in the variant with squared footprint. 
Due to the changed spatial form “width x depth” of 4.25 m x 4.25 m instead of 3 m x 6 m, the 
proportion of the outer wall in particular increases, which increases the heat transmission. The inner 
wall surface decreases accordingly. This changes the thermal storage mass depending on the 
material. Due to a smaller room depth, the window can be slightly smaller, providing the same 
amount of daylight. In the overall balance, the energy demand increases in winter. The overheating 
in summer is reduced compared to the "base case". 

High Ceilings
The strongest improvement regarding overheating in summer is achieved by this variant with a 
greater room height of 3.4 m instead of the 2.9 m of the base case. The height of the room increases 
the area of the outer and inner walls accordingly. This, in turn, increases the thermal storage mass 
depending on the material. For the room models, the dimensions of the window were initially 
specified to remain constant, with a parapet height of 0.9 m and a lintel height of 0.2 m. The height 
of the window therefore changes accordingly with the room height. Due to the increased height of 
the window, a greater exchange of air is also assumed for natural night ventilation on cool summer 
nights (Fitzner, 2012). The width of the window is approximately the same in order to maintain the 
assumed daylight supply. All in all, the window area is slightly larger. Compared to the base case, 
an increase in the energy demand can usually be observed. It can be assumed that in addition to the 
slightly larger windows, the storage masses in combination with the night setback of the heating 
system also lead to this result (Tersluisen et al., 2017).

Double glazing
In this variant, the three-pane glazing of the base case window was replaced by a double-glazing. 
This increases both the daylight and the solar gains through transmission. In all scenarios, a 
stronger overheating in summer can be observed. The total energy demand remains almost the 
same, respectively is slightly increased or reduced.

Double sized window
The window area with this variant is twice as large as in the base-case. This increases both the 
daylight and solar gains through transmission. In the overall balance, the energy demand remains 
almost the same, respectively is slightly increased or reduced. In comparison to the base case, this 
variant causes the strongest over-heating in summer.
In the following, the authors lead through the variants that result from the di!erent materials and 
ventilation behaviour individually.

Masonry EB (Simply Build)
Both investigated orientations show similar results (Fig 8). The room facing northeast has a slightly 
higher energy demand in winter and a lower overheating in summer. Surprisingly, even in the 
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northeast orientation several variants are above the comfort limit for overheating in summer of 
1200 Kelvin hours per year. Especially concerning the variants with increased internal gains – 
representing e.g. a “home o#ce room”. In general, for the “simply build” method of the massive 
construction "masonry EB" the following applies: with large windows and high internal gains, 
overheating in summer can be assumed, regardless of the other factors.  
On the other hand, higher internal gains lead to a strong reduction of energy demand. The e!ect 
on energy demand is only exceeded by the natural ventilation behaviour of the user. If the user 
ventilates minimally, this strongly reduces the energy demand. If the user keeps the window tilted, 
the energy demand rises significantly. Already at this point, it is possible to give an answer to the 
research questions asked:

FIG. 8 Performance of the "masonry EB" construction method in relation to overheating and heating energy demand

1 The gap between the actual energy consumption and the calculated energy demand is strongly 
driven by the e!ect of the user’s ventilation behaviour. 

2 High internal gains and minimal ventilation reduce the energy demand significantly. In combination, 
it is very likely to keep a room in the comfortable range in winter, without using a heating system. 
It is to note that restrictions in air quality (CO2 level) are to be tolerated.

Concrete EB (Simply Build)
The results of the “concrete EB” construction method are very similar to those of “masonry EB” (Fig. 
9). Overall, the summery overheating is lower, which can be linked to the high thermal storage mass 
of this construction method. The variant with increased room height has an especially high thermal 
storage mass and more e!ective night cooling through natural ventilation. This variant is always 
in the comfortable range, independent of user behaviour or climate conditions, and is therefore 
particularly robust with regard to over-heating in summer.
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FIG. 9 Performance of the "concrete EB" construction method in relation to overheating and heating energy demand

Timber EB (Simply Build)
The massive construction method "timber EB" is, in contrast to the previous versions, equipped 
with a movable, external sun shading. Previous investigations by the authors observed that this 
base case variant is robustly protected against overheating in summer (Nagler et al., 2019). Even 
less overheating compared to "masonry EB" and "concrete EB" proves that this measure is e!ective. 
However, this does not apply to the timber variants with increased internal gains. Endres et al. 
already identified the thermal storage mass as a positive e!ect on room comfort, provided the use 
of the room causes high internal heat gains (Endres et al., 2018). Without su#cient thermal storage 
mass, overheating can only be avoided with active technical measures.
In the present study, the authors simulated the case without external movable sun shading. 
Particularly in connection with the double-sized window, overheating in summer is evident. Only the 
variant with increased room height and correspondingly larger thermal mass and more e!ective 
night cooling lies within in the comfortable range, regardless of the building’s orientation (Fig. 10).

FIG. 10 Performance of the "timber EB" construction method in relation to overheating and heating energy demand
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Timber hybrid EB (Simply Build)
The "timber hybrid EB" variant consists of solid wood walls and a reinforced concrete slab. This set of 
variants is investigated to test whether this material combination can be su#ciently robust against 
overheating in summer, even without an external movable sun shading. The test turned out to be 
successful for many parameter combinations (Fig 11). The test was not successful for all variants 
with doubled window size and increased internal heat gains. For the orientation southwest, all 
variants with double-glazing, minimal ventilation rate and extremely hot climate conditions result 
in summery overheating. The variant with increased room height is always within the comfortable 
range regardless of climate, orientation and ventilation behaviour of the user, excluding the case of 
raised internal gains.

FIG. 11 Performance of the "timber hybrid EB" construction method in relation to overheating and heating energy demand

Standard EnEV
In this room variant, the outer wall consists of reinforced concrete and external insulation. The floor 
slabs are also made of reinforced concrete. The inner walls are designed as metal stud walls with 
lightweight panels. The window is equipped with an external, movable sun shading. The results are 
almost identical to the results of “timber EB” (Fig. 12). Overall, the overheating is minimally reduced. 
Within this batch simulation, the squared-floor-plan-variant performs well concerning thermal 
comfort in summer. This shows that the reinforced concrete of the outer wall contributes strongly to 
the thermal inertia of the system. Overall, the conclusions equal those of the "timber EB" variant.
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FIG. 12 Performance of the "standard EnEV" construction method in relation to overheating and heating energy demand

Low energy building
This variant is similar to the "standard EnEV" variant in terms of its design but has a thicker 
insulation layer on the outer wall as well as a mechanical room ventilation with heat recovery. 
The room air is constantly exchanged by the ventilation system in order to meet the requirements 
for air temperature and hygienic air conditions. Therefore, the user should keep the windows closed, 
to ensure that the heat recovery system performs at its highest e#ciency. In winter, it reduces heat 
losses, which would occur through the exchange of room air with the fresh air. The results reflect 
this e!ect (Fig. 13): The energy demand is approximately half compared to the “standard EnEV” 
variant. The increased demand for operating energy for ventilation is already included. The model 
also scores well in the simulation for thermal comfort in summer. Only the variants with double 
sized windows or doubled glazing in combination with malfunctioning sun shading or increased 
internal heat gains exceed the comfort limit for overheating in summer. The energy demand 
increases rapidly in winter, when the user tilts the window in addition to the mechanical ventilation. 
This is in line with the results of the GEWOFAG study, where only 7% savings in operation were 
achieved instead of the theoretically determined 30% savings (GEWOFAG, 2020). A similar study by 
the Baugenossenschaft Hagenbrünneli in Zurich even measured a mere 2 % savings in heat demand 
compared to a reference building without mechanical room ventilation. The authors of this study 
state: “[…] it was clearly shown for a specific residential property that a central ventilation system 
with heat recovery is neither ecologically nor financially worthwhile compared to uncontrolled 
window ventilation with exhaust air.” (Knecht Sigrist, 2019).
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FIG. 13 Performance of the "low energy building" construction method in relation to overheating and heating energy demand

 The observations of this variant reinforce that the gap between the actual energy consumption and 
the theoretically calculated energy demand is strongly influenced by the ventilation behaviour of the 
user. Deviations of the ventilation system’s theoretical performance – e.g. due to poor maintenance – 
are not yet included here.

5 CONCLUSIONS

Construction methods with high thermal storage mass content in combination with appropriate 
window sizes and triple glazing ensure a high level of room comfort in summer. In winter, an 
optimized utilization of internal heat gains combined with an energy-e#cient ventilation behaviour 
of the user results in only little to no energy for heating. On a long-term perspective, monolithic 
façades rank on a par with standard EnEV and low-energy building façades. 

The "Simply Build" strategy reduces the complexity of building construction, creating buildings 
through material- and climate-friendly design that require little heating energy and do not overheat 
in summer. In this way, the necessary building technology can be reduced to a few robust systems. 
Wherever possible, single-layer components made of natural and renewable raw materials protect 
the environment over the entire life cycle of the building. To give an outlook on the study matter, 
research is being carried out at the Technical University of Munich in an interdisciplinary research 
group called “Einfach Bauen” (Nagler et al., 2019). Residential buildings on which the "Simply Build" 
strategy is being tested in practice are already under construction (Fig. 14), others are being planned. 
Further information on the research buildings can be found at www.einfach-bauen.net.
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FIG. 14 The “Simply Build” research buildings in infra-light concrete, massive timber and masonry construction; Bad Aibling, 
Germany; @sebastianschels
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Abstract 
According to the UNHCR, in 2019 there were 70,8 million refugees worldwide. Due to war, catastrophes and emergency situations a 
great demand for temporary accommodation occurred within the last couple of years. The main requirements for these shelters are 
protection for the inhabitants, easy transportability and quick construction. In addition, in terms of resource e"ciency, the recyclabil-
ity of the construction materials is of great importance. Paper materials have a high potential for this, due to their strong structure, 
cost-e#ective production and optimized recycling processes.

The following paper presents a case study of a prototype for a temporary paper house that meets the static and technical requirements 
for a comfortable and hygienic living space by the combination of di#erent paper materials.

The overall objective of this research was the constructive development of building elements made of paper materials, that meet 
the requirements for a temporary residential use over a period of at least 3 years. The main advantages of using paper materials for 
this purpose are easy processing, cost-e#ective production and a high probability for its sustainable disposal after usage. The main 
challenges of the material are fire protection and moisture protection, which a#ect the recyclability as well as the gluing and joining 
techniques. An overview of possible solutions for these disadvantages and their applicability will be demonstrated and discussed.

The paper aims to emphasize that simplicity and performance do not need to be diametrically opposed. The envelope, which provides 
all the functions required of a modern building through its multi-layered structure, represents the performance of this project. Trans-
portation, construction and joining, on the other hand, were kept as simple as possible in order to make assembly possible even by 
unskilled workers and under very basic conditions. 

It is divided into four sections. At first the technical and regulatory requirements for temporary emergency shelters as well as the 
decisive characteristics of paper materials are described and analysed. Within the second part the architectural design and the 
construction typology are defined. The third part focusses on the elaboration and evaluation of building elements with regard to joining 
technologies, statics, building physics and production technologies. In the end the results of the prototype and their transferability are 
presented and discussed. 

Keywords
Paper, construction, building with paper, prototype, emergency shelter, full performance paper house

DOI 10.7480/jfde.2021.1.5533

AbstractOnly! Full Paper inJFDE 2021.1



 126 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  A Full Performance Paper House  



 127 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Multi-Criteria Design and Decision Support for Solar and Green Envelopes

Multi-Criteria Design and 
Decision Support for Solar 
and Green Envelopes

Elisabeth Fassbender1, Claudia Hemmerle2, Natalie Muhr3

1 Technical University of Munich, Chair of Building Technology and Climate Responsive Design, Arcisstraße 21, 80333 Munich, 
Germany, +49 89 289-23980, elisabeth.fassbender@tum.de

2 Technical University of Munich, Chair of Building Technology and Climate Responsive Design, Arcisstraße 21, 80333 Munich, 
Germany, +49 89 289-22964, claudia.hemmerle@tum.de

3 Technical University of Munich, Chair of Building Technology and Climate Responsive Design, Arcisstraße 21, 80333 Munich, 
Germany, +49 89 289-23980, natalie.muhr@tum.de

Abstract
Cities play a key role in facing the challenges of climate change and building envelopes serve as the representative face of the built 
environment while simultaneously o#ering opportunities to integrate climate and energy active technologies such as solar energy or 
building greenery. Thus, they are able to contribute to climate protection as well as to climate adaptation and liveability. To exploit these 
potentials, the district scale has proven to be e#ective and manageable, benefiting from synergies among buildings and infrastruc-
tures. However, district development and renovation needs to cope with limited urban surfaces and a variety of civil-society, political 
and economic stakeholders with partially conflicting objectives and claims. Thus, a balancing and prioritization of di#erent techno-
logical measures and design options for building envelopes is required, considering urban planning, architectural, energy, climate, 
biodiversity and other aspects beyond the envelope context. This research work develops a holistic, district-scale design and decision 
support in early design stages to promote high performance and resilient building envelope solutions. The methodology is based on a 
multi-criteria decision analysis (MCDA) approach in order to account for the complexity of design decisions. It provides a transparent 
and structured process to systematically evaluate and compare di#erent envelope designs in five categories. A modular structure 
allows the adaptation of the decision support system according to individual decision contexts and criteria as well as to the assessment 
scale from a single building up to a whole district. Based on a default decision context, a wide target system and associated criteria 
were derived and the evaluation and aggregation principles were developed. To o#er intuitive application, the theoretical concept was 
implemented into a user-friendly digital tool. In conclusion, the tool o#ers support to investors and developers, architects and urban 
planners as well as municipal and private business decision makers in objectively comparing and communicating di#erent design 
scenarios in a structured work flow to make robust implementation, investment or funding decisions. Used during early design stages, 
it can promote district concepts with high energy and climate performance and resilience and reduce reservations about the architec-
tural quality of solar and greening systems and their integration in sensitive urban environments. Perspectively, a more sophisticated 
MCDA method will be applied in order to use the full potential of MCDA to model and display various stakeholder perspectives as 
default option in the framework of a case study.
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Solar energy, greenery, decision support, district-scale performance, energy and climate resilience, architectural quality
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1 INTRODUCTION

Cities play a key role in facing the challenges of climate change. Increasing heat stress in cities 
enhances the demand for climate adaptation measures to increase climate resilience of the urban 
living environment. Climate protection measures to reduce carbon emissions and mitigate climate 
change are closely linked to energy saving and the promotion of renewable sources and therefore 
to buildings as major energy consuming sector. The carbon positive transformation of buildings 
should pay particular attention to building envelopes and their di!erent functions. They serve as the 
representative face of the built environment while simultaneously o!ering opportunities to integrate 
climate and energy active technologies such as solar energy or building greenery. Thus, they are able 
to contribute to climate protection as well as to climate adaptation and liveability.

Solar energy and greenery systems in building envelopes only will achieve broad acceptance if 
they are accompanied by an adequate aesthetic expression and, especially when applied to existing 
buildings, respect the built environment with its architectural and urban context and characteristics. 
Deficient design quality in favour of climate or energy activation may turn out counterproductive for 
further dissemination. In other words, the “quest for a sustainable architecture should never be an 
excuse for compromising quality of design.” (Foster, 2010). Yet, the integration of both technologies 
into building envelopes presents new a planning and design task resulting in a demand for design 
support in developing solutions with high architectural quality. 

To exploit the potentials of climate and energy activated envelopes, the district scale has proven 
to be e!ective and manageable, benefiting from synergies among buildings and infrastructures 
without having to take into account the complexity of a whole city. However, district development 
and renovation needs to cope with limited urban surfaces and a variety of civil-society, political 
and economic stakeholders involved. The fact that it is not always possible to resolve their 
sometimes conflicting objectives and claims often leads to dissatisfaction regarding the planning 
and implementation process (Brohmann et al., 2020). Therefore, a decision support is required to 
set soundly-based priorities. Within the research project TRASIQ, an interactive evaluation tool for 
planning sta! and residents, allowing a first quick assessment of di!erent planning alternatives in 
terms of sustainable living criteria, has proven to be an appropriate instrument (Brohmann et al., 
2020). In the case of competing technological measures for building envelopes, the balancing has to 
consider urban, architectural and energy concepts of the whole district.

Such complex decision tasks with multiple and conflicting objectives and dimensions can be 
addressed by means of a multi-criteria decision analysis (MCDA), integrating multiple perspectives 
and constraints, and considering multiple relevant, but sometimes unclear consequences (Cinelli et 
al., 2020; Geldermann & Lerche, 2014). MCDA is widely used to support decision making in domains 
like energy technologies and systems evaluations, urban regeneration planning, resilience and 
sustainability assessment, comparison of policy options (Cinelli et al., 2020; Wilkens, 2012) and 
helpful to compare and select investment projects from public services to technological solutions for 
buildings systems (Andes, 2019; Rosasco & Perini, 2019).

Few studies already applied MCDA to solve decision tasks concerning design and planning 
processes. Vullo et al. (2018) have identified a lack of criteria in tender procedures to evaluate 
the e!ects of diverse properties of façade components on the overall building performance and 
described a general need for easily usable methods and tools giving immediate feedback on the 
impact of various design variations to assist less-experienced decision makers. Therefore, they 
developed a new multi-criteria approach and performance evaluation tool for designers and 
contracting authorities in public procurement processes during early design phases with a focus 
on façade retrofitting. They have concluded that the tool sensitizes designers and initiators, o!ers 
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support in making informed and performance based design decisions by all stakeholders and 
drives awarding design variations with the best overall performance. Moghtadernejad et al. (2020) 
provide a systematic approach for designers to balance design objectives and select desirable, high 
performance façade alternatives based on multi criteria optimization and decision support tools, 
stating that the application of MCDA methods in façade design procedures is useful but not yet 
completely mature. These approaches, however, refer to the single building scale without taking into 
consideration interactions with the urban environment at district scale. 

In recent years, sustainability certification systems such as the German DGNB (Deutsche Gesellschaft 
für Nachhaltiges Bauen) and the US American LEED (Leadership in Energy and Environmental 
Design) systems enlarged their assessment scale from single buildings up to neighbourhoods 
and urban districts including criteria treating climate resilience aspects (Berardi, 2015; Deutsche 
Gesellschaft für Nachhaltiges Bauen e.V., 2020). Yet, these systems are too complex to provide 
specific decision support for the selection of building envelope solutions. Moreover, various 
aspects described above are not represented, especially the individual integration of diverging 
perspectives and preferences of the involved decision-makers and stakeholders or policy goals of 
the respective city. 

Thus, this research work aims to develop a concept to support design and decision processes of 
solar technology and greenery solutions as climate protection and climate adaptation measures 
in the building envelope, considering district scale interactions with the urban environment and 
allowing to include multiple players’ objectives and needs. By means of adapting existing evaluation 
systems and methodological approaches to the specific analysis objective and scale, the proposed 
concept evaluates functional qualities in terms of performance, resilience and feasibility as well as 
ecological, liveability and economic aspects and addresses relevant factors influencing the decision 
to implement greening and solar technologies in buildings. The theoretical concept is based on 
the framework of MCDA and is transferred into a digital, interactive tool to facilitate an intuitive 
application and to motivate architects, urban planners and project developers to use the tool as 
design and decision support in early design stages. It is meant to quickly visualize the e!ects of 
design decisions and raise awareness – in the first place why to apply solar and green systems and 
secondly to understand the complex issues and to create high quality integration and in the third 
place to communicate design proposals to owners and investors, to financing, tendering or approval 
bodies and to the civil society.

2 METHODOLOGY

The research procedure is literature based, comprising a review of the structural elements and the 
potential of MCDA to integrate sustainability and resilience assessment methods as well as multiple 
perspectives and constraints. The development of the concept for design and decision support 
condenses and adapts the findings of a broad literature review including 1) approaches, criteria and 
aspects to define, enhance and evaluate design and integration quality for the design support part 
and 2) sustainability rating systems and indicators for the evaluation and decision support part.

 2.1 MCDA FRAMEWORK

The MCDA concept provides a systematic process to explore and structure a decision-making 
problem, to elicit decision makers’ and stakeholders’ preferences and to analysis benefits and 
disadvantages regarding multiple evaluation aspects. It results in a transparent and documented 
identification of the most advantageous alternative, in the most acceptable compromise or 
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in a ranking of the solutions according to the agreed criteria. Hereby, MCDA techniques can 
combine the assessment of 

– E! ects measured in monetary terms (cost fl ows), 

– Physically quantifi able e! ects like energy and material fl ows or micro-climate e! ects (which might 
be transferred into monetary terms) and 

– Non-monetisable e! ects in terms of design, user acceptance or competing installations. 
These features qualify MCDA approaches as methodological basis for the complex decision task 
to choose or rate urban building envelope solutions and distinguish them from disciplinary and 
mono-criteria assessment methods like cost benefi t analysis typically used to support investment 
decisions and can lead to the selection of options with poor performance in other dimensions and 
poor balancing of interests.

Literature describes various series of structured process steps to carry out a MCDA, which are very 
similar in essential points. Yet, it is pointed out that in practice, the method is not a rigid, linear 
process, but an iterative, feedback-based procedure. The steps may be combined or adjusted 
in their order and refl ections in subsequent steps may refi ne or complement previous steps. 
(Dhar et al., 2015; Geldermann & Lerche, 2014; Wilkens, 2012) Our concept relies on the process 
structure shown in Fig. 1. 

FIG. 1 MCDA process steps and potential integration of varying concerns and available information based on (Dhar et al., 2015)

 The decision context describes the aim of the decision process and its structure. The identifi cation 
of the players includes both the decision makers who take on responsibility for the decision and 
the relevant stakeholders who are a! ected by the decision or have an interest in it, and reveals goal 
confl icts resulting from their divergent interests. The subject of the comparison, the alternatives, 
are various compilations of façade and roof design proposals integrating solar PV and / or greenery 
elements throughout the district. At this point, the proposed concept provides a design module to 
support in developing alternative options and specifi es the relevant characteristics for the later 
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evaluation according to the evaluation criteria established in the following step: the hierarchical 
target system. The target system breaks down the rather abstract objective into more specific sub-
targets. These are finally translated into measurable evaluation criteria for each sub-target.

The evaluation step assesses each alternative against each criterion. As the focus is on the building 
envelope, impacts of other building components are excluded and the evaluation does not consider 
urban morphology nor green and open spaces nor district energy infrastructures. Yet, positive e!ects 
of renewable energy production in the envelope and energy balancing of individual buildings within 
the district will be reflected. Any evaluation methods can be selected to determine the performance 
of the alternatives using di!erent physical or monetary units (quantitative data) or relative scales 
(qualitative data), as the performance values are subsequently normalized to one common scale. This 
allows integrating established methods like life-cycle assessment. Weighting takes into account how 
important one criterion is for the decision problem in relation to the other criteria.

Using more or less complex mathematical algorithms, aggregation combines the normalized 
evaluation scores and the criterion weights to provide one overall score for each alternative. The final 
decision recommendation is based on an examination and discussion of the aggregated results 
including a sensitivity analysis to reflect the stability and consistency of results. The sensitivity 
analysis particularly addresses the criterion weights, but is also recommended to reflect di!erent 
opinions on performance judgements or di!erent climate scenarios or time scales (Geldermann & 
Rentz, 2005; Trærup & Bakkegaard, 2015).

MCDA o!ers a variety of inputs and participatory elements throughout the process steps. 
The decision context and target system may respond to local or national policy goals, funding 
programs or marketing strategies. Decision makers’ preferences are considered when identifying 
alternatives and criteria, and particularly represented in the performance levels (e. g. reference 
values) and criteria weighting. Wilkens (2012) considers active stakeholder participation appropriate 
and viable in a workshop setting for the development of criteria, criteria weighting and discussion 
of results, whereas evaluation and aggregation should be carried out by analysts and experts. 
Criteria weighting may also serve to analyse a decision from various perspectives. (Hermann et al., 
2007) developed three sets of weights based on local, regional and national perspectives to take into 
account di!erent relevance of environmental impacts on these scales. A Spanish research project 
presented a methodology to assess residential energy retrofitting options where the weighting 
was established by a team of psychologists based on user surveys (Lizana et al., 2016); and a study 
on the design decision of choosing green roof systems involved a panel of experts to identify the 
criteria and perform the evaluation from the perspectives of designers and academics respectively 
(Rosasco & Perini, 2019).

 2.2 DEVELOPMENT OF THE CONCEPT

Following the process steps in Fig. 1, the research documented in section 3 started with the 
description of a default decision context. A design support module has been worked out to guide 
architects to create design proposals of high quality. While the evaluation of design quality of 
building related solar energy systems could refer to existing approaches and principles in literature, 
the greening part was specially developed. Based on the decision context, a wide target system and 
associated criteria were derived. The selected evaluation categories and criteria are oriented towards 
the planning tasks of early design stages in order to achieve a close connection to the design process 
and to simplify the application of the evaluation system. The target system serves as modular 
structure of the evaluation from which the relevant criteria can be selected in a given decision 
context. An evaluation and aggregation principle was designed to consider di!erent scales from 
a single building skin up to a whole district. Following the approach of established sustainability 
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rating systems in Germany, benefit analysis served as MCDA method. As a preliminary mode, equal 
weighting was applied, but can be adjusted by the decision maker.

 2.3 DEVELOPMENT OF THE TOOL

The concept for multi-criteria design and decision support was operationalised into a digital and 
interactive tool in order to intuitively support architects and planners in making informed design 
decisions in early planning stages. The primary requirements for the evaluation tool are a clear 
design and intuitive application along with a comprehensible presentation of evaluation results. 
Thus, a software tool named SoGreEn (Solar Energy – Greening – Envelope) was implemented and 
tested in MS Excel featuring plain structure (see section 4).

3 RESEARCH

 3.1 DECISION CONTEXT

The overarching objective to promote the application and integration quality of solar energy and 
greenery systems as climate and energy activated building envelopes in urban district (re)
development projects concerns a wide range of potential decision makers and stakeholders. 
Simply due to their visual influence on the cityscape, solar and green façades are a matter of urban 
planning. Moreover, the overall district concept usually a!ects a variety of residential, infrastructural, 
economic, energy, climate, biodiversity and other aspects of urban development. Thus, the municipal 
administration is a relevant decision maker in its role as planning and approval authority or as 
funding body. Other key decision makers are owners and property developers or investors who 
finance the project or measurements related to single buildings or residential complexes. The group 
of owners in particular shows a great variety from private owner occupiers and owner communities 
to private or public housing societies and redevelopment agencies. Architects and planners as 
contractors of the owners and investors play a consulting role in the decision and can use the 
analysis tool to develop and optimize their envelope designs.

Stakeholders include the residents with potentially di!erent needs and basic orientation according 
to their age, economic and social situation; implementers like craftspeople, companies and 
energy consultants; local or national energy supply companies or energy service companies; and the 
general public as visitors in the district or ideally involved civil society organizations like owners’ and 
tenants’ associations or climate activists.

Goal conflicts arise between individual, mostly economically driven interests of owners or companies 
and collective interests which are to be represented by municipalities following the concept of public 
services. The latter also includes climate change mitigation and adaptation as general objectives. 
Further conflict potential lies in the mismatch of time horizons of long-term oriented urban planning 
and short-term oriented investment decisions. As fundamental design decisions are taken in early 
planning phases and the early inter-disciplinary coordination of measures and technologies in 
the planning process is essential for achieving high integration quality, the evaluation system is 
explicitly designed for the initial planning phases comprising the services establishment of planning 
parameters, preliminary planning and conceptual design.
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 3.2 DEFINITION OF ALTERNATIVES: DESIGN PROPOSALS

The universal acceptance of solar energy and greenery systems integrated into building skins 
requires architectural solutions with high design quality. However, the identifi cation of high-
quality design proposals proves to be challenging as design is a quality that cannot be measured 
in quantitative terms and subjective perceptions inevitably a! ect the design process. Therefore, 
this research strives to o! er guidance in making design decisions based on criteria for high design 
quality derived from relevant studies discussing formal integration quality and taking cultural 
heritage concerns into consideration. To account for varying needs concerning the level of detail, the 
criteria are divided into the two sub-categories ‘Urban design’ and ‘Architectural design’. Fig. 2 lists 
the identifi ed criteria for both sub-categories. 

Research reveals a broad consensus regarding the perception of high-quality architectural design 
and the existence of implicit criteria that are shared by the architectural community (Kaan & 
Reijenga, 2004; Munari Probst & Roecker, 2007, 2016). The acknowledgment of solar modules as 
an integral part of a building requires coherence of formal aspects of solar energy systems such as 
geometry, material and module as well as fi eld size and form with the building design. Reference 
of solar modules to further parts of the building envelope as well as coplanarity with the building 
surface is requested (Munari Probst & Roecker, 2012).

For the application of building greenery, such criteria do not yet exist. However, di! erent criteria 
such as changes in appearance throughout the year, colour of foliage and leaf coverage are 
inherent to greenery and thus become signifi cant for architectural appearance and design quality. 
To account for the complexity of seasonal changes of greenery and its impact on building design the 
planner fi rst needs to set a design objective: The design can either strive to be a monochrome or a 
polychrome design featuring colour changes throughout the year. Then, an objective function needs 
to be defi ned: The greenery can either act as a seasonal shading, as blinds or sight protection or 
the vegetation can be mounted in front of an opaque building envelope. Only in the context of these 
objectives the di! erent appearances of greenery can be played on adequately thus achieving high 
architectural design quality. 

FIG. 2 Criteria for high design quality of climate (green) and energy (yellow) activated façades

The review of design proposals based on the mentioned criteria allows a pre-selection of alternatives 
meeting high demands on design quality. The alternatives can subsequently be assessed according 
to the evaluation categories and criteria explained in 3.3.
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 3.3 TARGET SYSTEM AND EVALUATION CRITERIA

The primary objective to achieve high integration quality of solar energy and greenery systems 
in building envelopes at district scale reflecting various decision makers’ and stakeholders’ 
perspectives set the direction for specifying the target and criteria tree in a top-down-approach. 
The definition of sub-targets started from the basic aims of the research project Cleanvelope in 
the context of which the analysis takes place: to balance climate protection and climate change 
adaptation measurements, to guarantee cultural integrity of the built urban environment and to 
identify financially a!ordable solutions. To analyse climate and energy activated envelopes in 
a holistic way, the dimensions of established sustainability assessment systems were involved, 
including environmental impacts and technological quality. Generally, the guiding principle 
was to include the most relevant factors that motivate or keep designers, developers, owners or 
municipalities from choosing solar or green envelopes instead of inactive solutions. 

The identified sub-targets (categories) shown in Fig. 3 cover all aspects required for a holistic 
evaluation of active building skins. They are derived from the existing assessment system DGNB 
(Deutsche Gesellschaft für Nachhaltiges Bauen e.V., 2020) and the research project ‘Multielement II’ 
(Schuetze et al., 2015), but focus on the performance and contribution to urban resilience of climate 
and energy activated envelopes.

Thus, the category Climate protection & Energy emphasizes the climate activation of building 
envelopes by means of photovoltaics and the local production of renewable energy, while the 
category Climate resilience spotlights the climate adaptation potential achieved by greenery and its 
e!ects on the urban micro-climate. In the sub-target Environment the environmental impact of the 
design proposals and their use or resources is analysed. The category Functionality & Technology 
puts emphasis on the process quality and the category Economy allows a financial comparison in 
order to find financially a!ordable solutions. Due to the preceding guided definition of alternatives 
high design quality in the design proposals is taken for granted.

By means of specific analysis criteria for each category, it can be determined to what extent the 
alternatives meet the sub-target contributes in achieving the objective. To obtain meaningful results, 
the criteria have to fulfil the following requirements (Kühnapfel, 2019):

 – Completeness: All criteria relevant for the decision problem need to be considered

 – Assessability: Each criterion needs to be assessable by the decision-maker

 – Relevance: Each criterion needs to be meaningful for the decision problem

 – Reproducibility: The results must not be dependent on the time the assessment is performed
 
Fig. 3 displays the resulting sub-targets (categories) and the associated criteria. To minimize the 
expenditure of time while receiving significant results, a balance between the number of analysis 
criteria and the level of detail of each analysis step with the required time expenditure is striven 
for. In all categories, the criteria are limited to e!ects directly caused by the building skin. Thus, 
e!ects caused by redensification of districts in the course of energetic restoration as well as 
criteria concerning the use of open spaces are not taken in to account. Functional requirements 
such as fire safety, sound insulation or thermal insulation are considered as mandatory and 
therefore are excluded. 
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FIG. 3 Target system with primary and secondary objectives

Many cities have developed climate change strategies or concepts. The suggested evaluation criteria 
and their later weighting can be adjusted to be in line with the overarching objectives of these or of 
other urban development strategies and plans. Thus, the district’s development can be integrated 
into the overall city perspective.

 3.4 EVALUATION, WEIGHTING AND AGGREGATION

Analysing climate and energy activated envelopes at district scale presents a particular challenge in 
terms of di! erent analysis levels. Some criteria describe e! ects on the entire district. Other criteria, 
however, are related to single building envelopes or even parts of building envelopes and thus need 
to be considered on a more detailed scale. Yet, assessing each single envelope would be very time-
consuming. The solution found is to introduce three levels of analysis:

A Analysis at district scale: One evaluation score for the whole district
B Analysis according to technologies: Solar and greenery systems of the same 

technology and installation type also are subject to pooled evaluation, based on default 
characteristics of common types

C Analysis according to system groups: Systems of the same superordinate system group 
(e.g. photovoltaic or greenery) are subject to pooled evaluation 

Each criterion requires a specifi c evaluation method to determine the corresponding performance of 
an alternative. Quantitative criteria result in numeric values and quantitative criteria are indicated 
via classifi cation in categories or using rating scales. The rating is based on verbal explanations. 
Fact sheets for each criterion provide assistance in the evaluation. Similar to the BNB and DGNB 
certifi cation systems which use a benefi t analysis approach (Andes, 2019), the evaluations of both 
qualitative and quantitative criteria are transformed into normalized scores on a rating scale ranging 
from 0 to 10, where 0 indicates “unsatisfi ed”, 1 the minimum level, 5 and average and 10 the best 
possible performance (Deutsche Gesellschaft für Nachhaltiges Bauen e.V., 2020).

According to the nature of the criteria and the three analysis levels described above, some criteria 
rely on a single feature and others combine the mean values of several entities or systems or 
comprise several partial criteria. 
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FIG. 4 Combination rules for repeatedly applied envelope technologies and for partial criteria

The total evaluation score per criterion may be calculated in four di! erent ways (see Fig. 4): 

A District wide score: One evaluation score for district scale criteria (according to analysis level A.)
B Mean values: The building envelopes/parts of building envelopes are pooled according design 

principle (analysis level B.) or technology types (analysis level C.). The evaluation score is the mean 
value of all included types, weighted according to the respective envelope area of each design 
principle or technology

C Partial criteria I: One criterion is composed of several partial criteria. The partial criteria are 
combined according to combination rule b, the evaluation score is the mean value of the scores of 
all partial criteria

D Partial criteria II: One criterion is composed of several partial criteria. The partial criteria are 
analysed in a simplifi ed way depending on the applied system group, the evaluation score is the 
mean value of the scores of all partial criteria

An evaluation matrix for each design proposal summarizes the evaluation scores over all categories 
and assigns the weighting factors to the criteria. The weighting factors add up to 100 % and are 
multiplied with the evaluation scores. For the time being, no specifi c weighing is considered, all 
criteria are seen as equivalent. However, the system allows to customize weighting of criteria 
depending on the political context and the stakeholders’ interests in the individual district. 

The following step of the MCDA process, the aggregation, totals the weighted evaluation scores 
and results in the overall value of benefi t. As a sub-result, the system also calculates the value of 
benefi t per category in order to show the performance of a design proposal with regard to the sub-
targets climate protection & energy, climate resilience, environment, functionality & technology and 
economy. To calculate this category performance, the weighted evaluation scores of each category 
are normalized to 100 %.

4 RESULTS: ANALYSIS TOOL SoGreEn

The analysis tool SoGreEn (Solar Energy – Greening – Envelope) is structured into two parts (Fig. 5): 
The informative part o! ers guidance in making design decisions based on design strategies and in 
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documenting the alternatives to evaluate (see 3.2). The second part involves the evaluation of the 
identifi ed design proposals according to the evaluation categories and criteria shown in Fig. 3. 

The informative and documentary part, the design module, requests the decision-maker to 
qualitatively debate the design proposal at hand. He is supposed to comment the alternatives 
according to the identifi ed design criteria (see Fig. 2) and to describe the pursued design strategies 
and the underlying design objectives. To support the documentation, supplementary information 
such as examples of high- or low-quality architectural integration are given by the tool as reference 
and assistance in documenting the design proposal at hand. As each user has a di! erent need 
for information, the supplementary information are retrievable via interactive buttons and the 
underlying database is expandable. Thus, the level of information is adaptable without compromising 
the compactness of the tool’s graphical user interface. 

After the identifi cation and documentation of alternatives, each design proposal is evaluated 
separately in two sheets each. The fi rst sheet is the input sheet to defi ne and select the elements 
and features and conduct the analysis. The second one summarizes the analysis results in an 
evaluation matrix. The fi nal sheet displays the analysis results of all alternatives and allows to draw 
comparisons between the analysed design proposals.

The analysis sheets provide the user with several analysis approaches associated to the respective 
criteria. The analysis of system-dependent criteria is performed automatically based on the 
selection of the applied technology and occupied area via an integrated database with system-typical 
information. Further criteria like ‘Multifunctionality’ are analysed at district scale by means of 
ticking check boxes. The number of e.g. existent functionalities covering an area larger than 50 m² is 
translated into an evaluation score.

FIG. 5 Structure of the software tool SoGreEn

The evaluation scores are calculated and aggregated according to the analysis methods explained in 
3.4 in hidden sheets and transmitted into the result sheet. Here, the total evaluation results appear as 
a bar chart while a summarizing display of results as a radar chart allows the intuitive comparison 
of di! erent design proposals with regard to all analysis categories (see Fig. 6). Furthermore, a 
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detailed and colour-coded display of resulting scores for all analysis categories and criteria allows a 
focused interpretation of results and identifi cation of potentials for improvement. 

FIG. 6 Display of results of the evaluation tool SoGreEn

5 CONCLUSIONS

Due to their specifi c aesthetic features and specifi c benefi ts in di! erent dimensions and scales, e. g. 
contributions to global climate change mitigation and climate change resilience of urban districts, 
deciding upon solar and / or greening systems in the envelope of buildings requires the evaluation 
of di! erent alternatives in early planning phases. This paper presents the conceptual development 
of an analysis concept to support design decisions in the urban district (re)development context and 
to assess di! erent design proposals for building envelopes under consideration of relevant aspects. 
Several analysis scales from the envelope of a single building skin up to the entire district have been 
balanced leading to the conceptual approach.

The concept is divided into an informative and an evaluative part. The informative part, the design 
module, o! ers guidance in making design decisions in early planning phases based on criteria for 
high design quality. Literature already provides approaches to defi ne architectural integration quality 
of solar systems and this work adds criteria for high design quality of greenery systems. As the aim 
is to support the user’s decision, the main benefi t lies in providing knowledge and inspiration to 
guide and empower the argumentation and decision.

The evaluative part of the concept is based on an MCDA approach and provides a transparent 
and structured process to systematically evaluate and compare di! erent envelope designs in fi ve 
categories: climate protection & energy, climate resilience, environment, functionality & technology 
and economy. According to these categories, the system comprises fi ve evaluation modules and 
suggests three to fi ve evaluation criteria per module including the corresponding evaluation method. 
The modular structure allows to adapt the evaluation according to individual decision contexts as 
well as to adjust the assessment scale from a single building up to an entire district. 

Calculation methods were described to combine qualitative and quantitative data, to cope with 
di! erent evaluation levels from single building skins to the whole district as well as to aggregate 
the evaluations within the individual criteria and within the categories. The calculations were 
implemented into a user-friendly, Excel based tool. Instead of a fi nal overall score and ranking of 
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the analysed alternatives, the tool visualizes the aggregation results per category in order to reveal 
strengths and weaknesses as well as optimization potentials of each design proposal.

In conclusion, the tool o!ers support to investors and developers, architects and urban planners 
as well as municipal and private business decision makers in objectively comparing and 
communicating di!erent design scenarios in a structured work flow to make robust implementation 
or funding decisions. Used during early design stages, it can promote district concepts with high 
energy and climate performance and resilience and reduce reservations about the architectural 
quality of solar and greening systems and their integration in sensitive urban environments.

So far, users can easily understand and apply the rather simple calculation procedure and 
adjust weighting factors according to their preferences. This involves the risk that inputs are 
tuned to achieve the desired result. Moreover, translating qualitative estimations into numerical 
scores pretends high accuracy and objectivity that is not achievable due to the subjective 
input of the user. Perspectively, a more sophisticated MCDA method like the Analytic Hierarchy 
Process (AHP) or outranking techniques such as the Preference Ranking Organization Method 
for Enrichment of Evaluations (PROMETHEE) will be applied in order to use the full potential of 
MCDA to model and display various stakeholder perspectives as default option, and a sensitivity 
analysis will be conducted. This refinement is supposed to be developed and validated in the 
framework of a case study.
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Abstract
The construction industry around the world produces a large part of inert wastes mainly coming from building demolitions. Facing to 
this environmental challenge and considering the new policy initiatives supporting the designing of sustainable buildings, dry-stacked 
masonry comes forward as a promising solution since components can be dismantled, saved in a component bank and reassembled 
on new sites. The speedy growth of the construction industry, the increasing importance given to the complete life cycle of buildings 
and the evolution of construction techniques have led to the development of dry-stacked masonry structures. Mortarless masonry 
structures minimise skilled labour requirements and improve construction productivity. However, despite these advantages, there are 
no design standards providing guidelines to assess the load-bearing capacity of dry-stacked masonry block, which therefore limits 
its use in construction. In an attempt to fill this lack, the current paper investigates the load-bearing capacity of dry-stacked masonry 
and its influencing parameters. The e#ects of the geometric imperfections such as height imperfections and bed-joint roughness have 
been analysed as well as a mitigation strategy. Then, based on experimental evidence, a design method has been proposed for dry-
stacked masonry solicited by axial compression. The developed design methodology provided promising results, with 93% of accuracy 
in the prediction of the dry-stacked masonry’s’ load-bearing capacity.
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1 INTRODUCTION

In the last decades, large-scale demolition and reconstruction of old urban areas have been observed, 
producing a significant part of inert waste materials around the world. During deconstruction or 
at the end of life, traditional mortared masonry walls o!er limited recycling paths. Following the 
demolition, either they are used as basement in road construction or they are simply landfilled. 
Conversely, demountable construction systems like dry-stacked masonry bring forward twofold main 
assets: (i) the ease and speed of execution, which directly a!ects the construction cost; and (ii) the 
demountability, which positively a!ects the ecological impact by o!ering a second life to masonry 
blocks. (Bari, Abdullah, Yusu!, Ismail, & Jaapar, 2012) and (Anand & Ramamurthy, 2003) investigated 
the e!ectiveness of the dry-stacked masonry system in the construction productivity. They evidenced 
that the use of a dry-stacked masonry system leads to an enhancement of the productivity by 
80 to 100% compared to a traditional mortared masonry system. The measurement made by (Anand 
& Ramamurthy, 2003) regarding the net output of 1 m² of wall per productive hour while using 
di!erent masonry systems is reported as a radar in Fig. 1. They evidenced that dry-stacked systems 
are more e!ective than a traditional system in terms of productivity.

In view of this productivity performance, researchers have made intensive e!orts for developing 
dry-stacked masonry systems to make masonry construction more a!ordable and sustainable. 
Thus, several dry-stacked masonry blocks have been designed worldwide with di!erent interlocking 
mechanisms (Abang Ali, 1987; Agaajani, Waldmann, Scholzen, & Louge, 2016; Ben Ayed, Limam, Aidi, 
& Jelidi, 2016; Cetholic, 1988; Haener, 1984; Sturm, Ramos, & Lourenço, 2015; Thallon R, 1983; W. A. 
Thanoon et al., 2004). The interlocking mechanism improves the vertical and horizontal alignment of 
walls and provides a certain out-of-plane resistance to walls in the absence of the mortar layer.

FIG. 1 Construction net output of 1 m² of wall per productive hour for di!erent masonry systems (figure made using the data of 
(Anand & Ramamurthy, 2003))

Nonetheless, although the dry-stacked masonry system o!ers attractive interests, its extensive 
use is still hindered by (i) the premature cracking of wall which is related to the e!ect of the block 
geometric imperfections; and (ii) the lack of appropriate design standards for safely predicting 
its load-bearing capacity. In the current state-of-art, a couple of investigations first characterised 
the geometric imperfections of dry-stacked blocks as being the height di!erence and bed-joint 
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roughness (Agaajani et al., 2016; Allaoui, Rekik, Gasser, Blond, & Andreev, 2018; Andreev et al., 2012; 
Gelen Gaël Chewe Ngapeya & Waldmann, 2020; Gasser, Terny-Rebeyrotte, & Boisse, 2004; Mohd Saleh 
Jaafar; Ahmed Alwathaf; Waleed Thanoon; J. Noorzaei; M. R. Abdulkadir, 2006). Then, the authors 
measured the imperfections using di!erent techniques like the matrix-based tactile surface sensors, 
the Fuji film strips, the carbon footprint paper, the digital image correlation and the standard 
displacement sensors. From the di!erent measurements, it emerged that the height di!erence 
between dry-stacked masonry blocks varies between +/- 0,25 and 2 mm, while the height of the 
asperities in the bed-joint roughness falls between 0,03 and 0,25 mm.

The lack of mortar layers in the horizontal joints of interlocking masonry walls combined to 
geometric imperfections of blocks lead to structural behaviour fundamentally di!erent from 
conventional masonry walls under axial compression. (Bigoni & Noselli, 2010a) carried out 
investigations on dry-stacked masonry under axial compression. Upon the loading, they captured the 
actual load percolation system using the photo-elasticity transmission technique. They evidenced 
a tree-like load percolation system occurring in a dry-stacked masonry wall. They also revealed 
that the load transfer from course to course occurs in the middle and the edge sections of blocks, 
which results in high-stress peaks in dry-stacked masonry walls. The authors also observed that the 
highly localised stress percolation system observed in the first stages of the loading gradually tends 
towards a wider stress distribution in the last loading stages, a result of the increase of the contact 
surfaces in the wall as demonstrated by (Gelen Gael Chewe Ngapeya & Waldmann, 2020; Zahra & 
Dhanasekar, 2018). In further investigations, the authors (Bigoni & Noselli, 2010b) proposed a simple 
analytical model for determining the intensity of loads transmitted on blocks as a function of a 
predefined load transmission mechanism in the dry-stacked masonry wall. 

(W. A. M. Thanoon, Alwathaf, Noorzaei, Jaafar, & Abdulkadir, 2008) performed numerical and 
experimental investigations on a 3-course dry-stacked masonry prism for discussing the mechanical 
behaviour under axial compression. First, they constructed a dry-stacked masonry prism in the lab 
and measured its stress-deformation response under axial compression. They observed (i) a non-
linear stress-deformation curve with a flat part related to the closure of gaps in the bed-joints, (ii) a 
progressive inflexion of the measured curve related both to the crushing of the asperities and the 
increase of the actual contact, and (iii) a flat and oblique curve part related to the achievement of 
the maximum contact sti!ness in the bed-joints. Then, they computed the corresponding contact 
sti!ness of the bed-joints, which they imported in their finite element model for indirectly consider 
the e!ect of the bed-joint roughness on the overall mechanical behaviour of the masonry prism. After 
running their numerical model, they found that under compression dry-stacked masonry su!ers 
from asymmetric stress distribution in the face-shells of blocks. In addition, they demonstrated that 
dry-stacked masonry su!ers from surface roughness related stress concentration, which strongly 
reduces its load-bearing capacity. Their results confirm the findings of (Ben Ayed et al., 2016; Kang-
Ho Oh; Harry G. Harries; Ahmed A. Hamid, 1995; Lourenço, Oliveira, Roca, & Orduña, 2005; Lourenço 
& Ramos, 2004). In an attempt to guide the prediction of the load-bearing capacity of dry-stacked 
masonry walls, several other authors developed correlations between block strength and masonry 
wallet/prism strength (Jaafar, Thanoon, Najm, Abdulkadir, & Ali, 2006; Silva et al., 2015; Sturm et al., 
2015). A review of the proposed correlations revealed that the prism/wallet to block strength ratio 
varies between 0,21 and 0,70. Although being of significant value, the strength correlations cannot be 
directly used for designing dry-stacked masonry walls since the influence of the block imperfections 
strongly varies with the size of both blocks and walls.

The present investigation has a twofold perspective of (1) settling a design model for dry-stacked 
masonry and (2) assessing a mitigation strategy to overcome the impact of the geometric 
imperfections of block units on the load-bearing capacity of walls.
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2 METHODOLOGY

In the framework of this investigation, the methodology adopted to set up a design model for dry-
stacked masonry was organised in three stages. In the first stage, experimental tests were carried 
out on wallets with a dual purpose: (i) to assess the e!ectiveness of the mitigation strategy for 
improving the load-bearing capacity of dry-stacked masonry and (ii) to constitute an experimental 
database useful for developing a reliable design model. In the second stage, the results of the 
experimental tests were combined with a statistical modelling of the impact of the geometrical 
imperfections of block units to settle down a design model for dry-stacked and demountable 
masonry. In the third and last stage, a design model was implemented to compute the load-
bearing capacity of dry-stacked masonry walls and to compare the findings to the test results 
found in literature.

 2.1 RAW DRY-STACKED MASONRY 

The investigations on the load-bearing capacity of dry-stacked masonry and the influence of the 
geometric imperfections of the block units have been carried out on a block delivered by a local 
producer. The used masonry block was made of two load-bearing face-shells with a net cross-section 
of 22.000 mm², interconnected by two webs (Fig. 2). The masonry block has a nominal height, length 
and thickness of 200 mm, 500 mm and 200 mm respectively, with a self-weight of 20 kg. In the 
first stage of the experimental analysis, following the provisions of the British Standards EN 772-
1 (BS EN 772-1:2000, Methods of test for masonry units – Part 1: Determination of compressive 
strength, n.d.), uni-axial compressive tests have been realised on 10 randomly selected masonry 
blocks for the purpose of mechanical characterisation. The masonry blocks exhibited a mean 
compressive strength of 13 MPa.

FIG. 2 Masonry block (Gelen Gaël Chewe Ngapeya & 
Waldmann, 2020) 

 2.2 IMPROVED DRY-STACKED MASONRY 

In the framework of the development of a design model for dry-stacked and demountable masonry, 
a mitigation strategy was also analysed for overcoming the curtailing e!ect of the geometric 
imperfections of blocks on the overall load-bearing capacity of walls. Indeed, (Zahra & Dhanasekar, 
2018) have evidenced that the strong stress peaks generally observed in dry-stacked masonry 
systems can be partially relieved e!ortlessly by embedding a compressible material in the contact 
interfaces. As a mitigation strategy, a 10 mm layer of soft material was applied on the top faces of the 
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block face-shells, with the aim to dampen or level the geometric imperfections of raw dry-stacked 
masonry blocks. The definition of the thickness of the additional layer was mainly based on the 
works of (Tang, 2012) who studied the e!ect of mortar thickness on the compressive strength of brick 
masonry. In fact, the author demonstrated that the optimum mortar thickness leading to the least 
e!ect on the masonry’s strength is 10 mm. 

For applying the additional material layer, the hardened masonry blocks were re-moulded in 
formworks heightened by 10 mm around the block face-shells. The empty space precasted on 
the face-shells was then filled by hand with fresh mixed and purposely selected materials, before 
being slightly vibrated. The improved dry-stacked masonry blocks were then stored 28 days 
for hardening purpose.

3 EXPERIMENTAL ANALYSIS OF THE CONTACT NETWORK 
AND THE LOAD-BEARING CAPACITY OF MASONRY WALLS

 3.1 MATERIALS OF THE ADDITIONAL LAYER 

(Vasconcelos & Lourenço, 2009) carried out experimental characterisations of stone masonry in shear 
and compression and revealed that the bed-joint closure in dry-stacked masonry is proportional 
to the contacting material sti!ness. The closure of the bed-joint strongly relates to the rate of 
the actual contact in the contact interfaces while the ultimate resistance of dry-stacked masonry 
still closely relates to the rate of the actual contact in the contact interfaces (Gelen Gael Chewe 
Ngapeya, Waldmann, & Scholzen, 2018). The selection of the material for the additional layer was 
of high significance. Indeed, four materials of di!erent mechanical properties have been chosen. 
Three materials of a relatively common strength but of decreasing Young’s modulus (Mix A, Mix 
B and Mix C) were compared to a very low strength material (Mix D). Low strength materials are 
known to induce significant lateral tensile stresses in dry-stacked masonry, which might limit the 
overall ultimate load-bearing capacity of walls. Despite that, it has been chosen for its possible high 
expectation of levelling capacity of block imperfections. On the other hand, although they might lead 
to less levelling of block imperfections, medium strength materials have been chosen as they are 
known to induce less lateral tensile stresses and higher load-bearing capacity in mortared masonry 
(Mohamad, Fonseca, Vermeltfoort, Martens, & Lourenço, 2017; Zucchini & Lourenço, 2007).

The compressive strength of the four mixes used for the additional layer was determined on prism 
samples of 4 x 4 x 16 cm following the recommendations of the British standard EN 1015-11, 
the stress-strain behaviour has been captured as well. The results of the experimental tests are 
summarised in Table 1.

MIXTURE MEAN COMPRESSIVE STRENGTH (N/MM2) YOUNG'S MODULUS (MPA)

Mix A 37,0 11500

Mix B 34,0 10500

Mix C 38,0 7000

Mix D 5,2 3000

TABLE 1 Compressive strength and Young’s Modulus of di!erent variations of the additional layer
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 3.2 TEST DESIGN ON MASONRY WALL AND PRISM.

The experimental program sought to investigate the impact of the di!erent materials of the 
additional layer on the levelling of the bed-joint imperfections and ultimately on the load-bearing 
capacity of dry-stacked masonry walls. The following questions were raised:

 – Which mixes of the additional layer achieve a high actual contact in the bed-joint?

 – To what extend the load-bearing capacity of a dry-stacked masonry wall with improved blocks can be 
increased with respect to a similar one with raw dry-stacked masonry blocks?
 
For the purpose of answering these questions, two test series have been designed. In the first series, 
25 masonry prisms constituted each of a dry-stacking of three blocks were investigated to singularly 
analyse the impact of the bed-joint roughness on the actual contact. The actual contact in the bed-
joints was captured using Fuji film strips. Indeed, Fuji film strips are a type of sensors able to record 
the footprint and the intensity of the contact at the interface between solids. The Fuji film strips 
were inserted at the interface between the masonry blocks during the prism erection. Afterwards, 
the prism specimens were axially compressed to failure using a couple of six hydraulic pistons as 
showed in Fig. 3. Thereafter, the Fuji film strips were retrieved, digitalised and processed on MATLAB 
for computing the maximum rate of the actual contact recorded in the bed-joints. In the second 
series, 20 masonry wallets of 0,8 m height and 1,0 m length were tested (Fig. 3). Indeed, masonry 
wallets were investigated because they better depict the behaviour of dry-stacked masonry, since 
they include e!ects of both bed-joint roughness and height di!erence of blocks. Like for the masonry 
prisms, the wallets were also axially compressed to failure. The ultimate load was monitored. 
In addition, cameras were used to record and further analyse the failure mechanism of the wallets.

FIG. 3 Design of the experimental tests on (a) prisms and (b) masonry wallets (Gelen Gaël Chewe Ngapeya & Waldmann, 2020) 

 3.3 RESULTS

The mean rates of the actual contact measured in the bed-joints of the masonry prisms are 
summarized in Table 2. A huge reduction of the nominal contact section has been observed in the 
masonry prisms with raw blocks (group I), with only 23% of actual contact. This could have been 
foreseen since the parts of the masonry blocks coming into contact exhibit a same and high sti!ness, 
which results in a very low deformation of the asperities at the interface and ultimately a very low 
contact. Regarding the masonry prisms with blocks improved with Mix A and Mix B (group II and 
group III respectively), a significant improvement was observed about the actual contact. Indeed, 
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the actual contact has been doubled and achieved up to 50%, thanks to a higher deformation and 
crushing of the asperities at the interfaces. A similar tendency was observed for the masonry prisms 
with blocks improved with Mix C (group IV). In this case, the low Young’s Modulus of Mix C even 
still allowed to slightly increase the actual contact to 55%. In the last case where the blocks of the 
masonry prisms were improved with Mix D (Group V), although this material of the contact layer had 
the lowest Young’s Modulus, the resulting actual contact was just about 40%. This performance was 
better than the one of group I but still less than the ones of group II, III and IV. The default of higher 
performance of the masonry prisms of group II, III and IV was due to the reduction of the load-
bearing capacity related the significant lateral tensile stresses induced in the masonry prisms. 

As a summary of the tendency observed from prisms with raw blocks to prisms with 
improved blocks, it can be stated that the lower the sti!ness of the parts coming into contact, 
the higher the resulting actual contact in the interface, which lines up with the finding of 
(Vasconcelos & Lourenço, 2009).

MIXTURE NUMBER OF PRISMS TESTED MEAN RATE OF THE 
ACTUAL CONTACT

COEF. OF  
VARIATION

Group I –  
prisms with raw blocks (no additional layer)

5 23% 4%

Group II –  
prisms with blocks improved using Mix A

5 50% 7%

Group III –  
prisms with blocks improved using Mix B

5 50% 8%

Group IV –  
prisms with blocks improved using Mix C

5 55% 8%

Group V –  
prisms with blocks improved using Mix D

5 40% 7%

TABLE 2 Compressive strength and Young’s Modulus of di!erent variations of the additional layer

The load-bearing capacity of the tested wallets is summarised in Table 3. The wallets of group I 
made with raw dry-stacked masonry blocks showed a load bearing capacity of about 3,66 N/mm². 
In the wallets of group II and III, it was only improved by 1,0% and 6,1% respectively, which is not 
relevant for engineering purposes. The impact of the additional layer was balanced between the 
positive aspect related to the increase of the actual contact, hence the better stress distribution, 
and the negative aspect related to the induction of lateral tensile stress in lateral masonry block 
walls, leading to a premature cracking of the webs. A considerable structural improvement could 
be observed for the wallets of group IV, with an increase of the load-bearing capacity of 31,9%. This 
largely results from the high levelling capacity of the additional layer material. Both block height 
di!erence and bed-joint roughness were significantly overcome. In the last group, the load-bearing 
capacity was diminished 41,3%, due to the significant lateral tensile stress induced by the low 
strength material Mix D in the wallets.

MIXTURE NUMBER OF WALLETS TESTED MEAN LOAD-BEAR-
ING CAPACITY  

PU (N/mm²)

IMPROVEMENT

Group I –  
prisms with raw blocks (no additional layer)

4 3,66 -

Group II –  
prisms with blocks improved using Mix A

4 3,70 +1,0%

Group III –  
prisms with blocks improved using Mix B

4 3,88 +6,1%

>>>



 148 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Design Model for Dry-Stacked and Demountable Masonry Blocks

Group IV –  
prisms with blocks improved using Mix C

4 4,83 +31,9%

Group V –  
prisms with blocks improved using Mix D

4 2,15 -41,3%

TABLE 3 Load-bearing capacity of the wallets

Throughout the experimental campaign, three damage mechanisms have been observed prior to the 
wall collapse. Consecutively, it was first the face-shells splitting due to the height di!erence between 
the blocks and occurring around 17% to 92% of the load-bearing capacity. Then, it was the spalling 
of some sections of the face-shells near the bed-joints, due to the high-stress concentration resulting 
from the tree-like load percolation system (Gelen Gael Chewe Ngapeya et al., 2018). This damage 
mechanism occurred generally after 70% of the load-bearing capacity. The third and last damage 
mechanism occurring near the failure was the cracking at the interface between the face-shells and 
the webs of blocks. This latter one was mainly due to the development of significant lateral tensile 
stress in the masonry blocks.

4 DESIGN MODEL

To date, the standards for the design of masonry structures only provide guidelines for traditional 
and thin-mortared masonry. As shown in equation (1) recommended by EN 1996-1-1(EC6), the 
compressive strength of mortared masonry is calculated while considering exclusively the safety 
factor γM, the slenderness e!ect ∅, the masonry block thickness t, the normalised compressive 
strength of blocks fb, the mortar compressive strength fm and a coe#cient K, which depends on the 
block material (concrete, clay, brick, etc.). In equation (1), for thin mortared masonry α = 0.85 and β = 
0, while for traditional mortared masonry α = 0.7 and β = 0.3.

For developing a design model for dry-stacked masonry, the proposal of equation (1) was exploited 
and extended by including two new factors involving the impact of the geometric imperfections of 
blocks on the overall compressive strength of walls. Equation (2) stands for dry-stacked masonry 
walls with raw blocks, whereas equation (3) stands for walls with improved blocks. Moreover, in these 
proposals, δh and δr stand for the reduction factor due to the height variation and the reduction factor 
due to the bed-joint roughness respectively. Given that in a wall the e!ects of the two geometric 
imperfections are coupled, each design model was defined to fit the best with the experimental 
results and this was then validated with the results of former experiments collected in literature.

 4.1 FACTOR δr

Standing for the impact of the bed-joint roughness, the factor δr is defined as being the ratio between 
the maximum surface of actual contact achieved in a bed-joint and the nominal contact surface. 
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Hence, the impact of the bed-joint roughness was indirectly measured during the experimental tests 
on the masonry prisms. The mean rate of the actual contact defined in Table 2 is here considered as 
being the factor δr for each type of masonry blocks.

 4.2 FACTOR δh

The determination of factor δh standing for the impact of the height di!erence between masonry 
blocks is mainly based on a developed deterministic model. Indeed, δh depicts the overall reduction 
of the useful section of a wall due to a reduction of the contact surface due to imperfections. 
As demonstrated in several investigations (Agaajani et al., 2016; Bigoni & Noselli, 2010a; Gelen Gael 
Chewe Ngapeya et al., 2018), the height di!erence between dry-stacked masonry blocks strongly 
impacts the contact network and systematically leads to a major tree-like ramification through 
which the load percolates. Concisely, for a given wall, factor δh was defined as being the ratio between 
the total actual contact through which the load percolates and the total nominal contact sections of 
the wall. However, since the load percolation system might vary from one wall to another according 
to a random distribution of blocks, the factor δh might also vary from one wall to another of same 
geometry. To consider this, n-walls di!erent walls have been analysed within a deterministic model. 
With a number n = 1000 a quasi-steady value of δh for a given wall geometry has been found.

For engineering purposes, a designer’s diagram was developed using a MATLAB code for 
determining the factor δh. More details are provided in (Gelen Gaël Chewe Ngapeya & Waldmann, 
2020). The designer’s diagram is here presented in Fig. 4.

FIG. 4 Designer’s diagram for the determination of δh (Gelen Gaël Chewe Ngapeya & Waldmann, 2020) 

 4.3 IMPLEMENTATION

In the present sub-section, the load-bearing capacity of dry-stacked masonry walls are computed 
using the proposed design model and the results of the implementation (Pu.DM) are compared to the 
experimental results (Pu.EXP) collected in literature. Likewise, the load-bearing capacity of the same 
walls are computed using the provisions of EN 1996-1-1 for thin mortared masonry structures  
(Pu. C6). The shape factor and the coe#cient K related to the block material have been defined 
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following the provisions of EN 1996-1-1. The brief summary of the parameters used for the 
implementation of the design model, the results of the experimental tests collected in literature 
and the load-bearing capacity computed with both approaches are all gathered in Table 4. Upon 
the computation of the load-bearing capacity of the masonry walls, the safety factor of the concrete 
material γM was set equal to 1.0, since the results of the prediction were intended to be compared to 
the experimental results.

At the analysis of the results, it is found that the proposed design model is conservative. Indeed, a 
ratio between the prediction Pu.DM and the experimental results Pu.EXP respectively for each wall gives 
a mean value of 93%, which means that the proposed design model estimates the actual load-
bearing capacity of dry-stacked masonry walls with a satisfactory accuracy. This is of course due to 
the capacity of the design model to include the negative impact of the geometric imperfections on 
the overall wall resistance. Indeed, it has been demonstrated that the block imperfections act against 
the development of the load-bearing capacity of dry-stacked masonry wall by strongly reducing the 
contact behaviour in walls.

At the same time, the provisions of EN 1996-1-1 for thin-mortared masonry structures overestimate 
the load-bearing capacity of dry-stacked masonry walls. When the predictions Pu.EC6 of EN 1996-
1-1 are compared to the experimental results Pu.EXP respectively for each wall, a mean ratio of 
131% is found, which means that the load-bearing capacity is overestimated by roughly 31%. 
This trend could have been expected, as the impacts of block imperfections on the load-bearing 
capacity of dry-stacked masonry walls are not considered in the current standards. Indeed, the 
provisions of EN 1996-1-1 are set up for mortared masonry where block imperfections are directly 
levelled by a mortar layer.

AUTHORS IN  
LITERATURE

δr δh SHAPE 
FACTOR

K HEIGHT 
(mm)

THICK-
NESS 
(mm)

BLOCK 
STRENGTH 

(N/mm²)

Pu.EXP 
EXPERI-
MENTAL  
(N/mm²)

Pu.EC6 EN 
1996-1-1  
(N/mm²)

Pu.DM 
DESIGN 
MODEL  

(N/mm²)

ACCURACY OF THE 
DESIGN MODEL IN %

Silva et al. (2015) 0,23 0,52 0,9 0,75 500 140 8,8 3,30 3,68 2,95 89%

Silva et al. (2015) 0,23 0,52 0,9 0,75 500 140 12 4,60 4,61 3,95 86%

Sturm et al. 
(2015)

0,23 0,30 0,9 0,75 810 140 1,96 0,53 1,02 0,50 94%

Drysdale et al. 
(1991)

0,23 0,52 1,15 0,65 812 203 10,30 3,90 4,72 3,93 101%

Jaafar et al. 
(2006)

0,23 0,37 1,25 0,65 1200 150 15,20 5,90 6,56 4,56 77%

Thanoon et al 
(2007, 2014)

0,23 0,27 1,25 0,65 3000 150 17,20 3,89 5,67 3,02 78%

Agaajani et al. 
(2015)

0,23 0,37 1,25 0,65 1250 200 26,30 5,35 8,40 5,64 105%

TABLE 4 Heat pipe inclinations in correlation with various slat dimensions.

5 CONCLUSION

The present research focuses on the assessment of a mitigation strategy to overcome the impact of 
the geometric imperfections of blocks on the load-bearing capacity of dry-stacked masonry walls 
and the development of a design model proper to such walls. Experimental tests were performed on 
masonry wallets and prisms to evidence the e#ciency of an additional layer made of well-defined 
properties to improve the load-bearing capacity of dry-stacked masonry walls. Furthermore, the 
experimental results were combined with a deterministic statistical model for developing a design 
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model. The e#ciency of the design model was discussed in terms of accuracy in the prediction 
of the load-bearing capacity with respect to the actual value obtained following experiments. In a 
nutshell, it was found that:

 – For engineering purpose, the most relevant improvement of the load-bearing capacity of dry-stacked 
masonry walls was obtained with the blocks having an additional layer made with a mixture which 
has a Young’s Modulus of 7000 MPa and a mean compressive strength of 38 MPa. They provided up 
to 31,9% of additional load carrying capacity.

 – The design model exhibited an accuracy varying between 77 and 105%, with a mean of 93% in the 
prediction of the load-bearing capacity of dry-stacked masonry walls.

Worldwide, the design of façades is directed towards the optimisation of the environmental quality 
and the minimisation of used resources. The development of construction components like dry-
stacked and demountable masonry delivers smart and sustainable structural façade elements. 
The results of this research work can be used for extending the use of dry-stacked masonry as 
structural façade elements in buildings, while ensuring the structural stability with a robust and 
reliable design method.
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Abstract
The European Commission has recently promulgated the concept of Circular Economy as a new pathway towards sustainability, in 
particular through new policy initiatives such as the Circular Economy Action Plan (CEAP). Since the environmental impact of the 
construction industry with the depletion of natural resources and the raising CO2 emissions will have to be reduced in the future, the 
need of recycling and even reusing entire building components supporting the principles of circular economy have been identified. The 
direct reuse of components extracted from old deconstructed buildings presents an energy-e"cient and environmental-friendly solu-
tion. However, the reuse of components can be hindered by e.g. the lack of information on the availability of decommissioned structural 
components and uncertainties on the warranty of structural components. To handle this process an additional independent institution 
acting as Material and Component (M&C) Bank is needed. This entity assures activities such as e.g. the identification of reusable 
components in buildings which are proposed for selective dismantling; the condition assessment; the data management and the data 
transfer from a previously deconstructed building to a new building; and finally, an o"cial certification of the components’ conformity 
for another service life in a new application. In the current paper, a concept for such a M&C bank is presented. This study investigates 
the potential of a M&C bank in the framework of circular economy concepts for the planning of sustainable and circular buildings with 
a reduced eco-footprint by focusing on the reuse of decommissioned structural components. The concept, main businesses and work 
operation of the bank are discussed. Furthermore, a digital representation of the bank as BIM-based M&C bank needed to publicize the 
availability of the reusable components to the market and to enable circular business models by showing their circular pathways are 
described. 
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1 INTRODUCTION

The construction sector has a significant negative impact on the environment, and buildings 
consume large amount of global resources and generate vast amount of construction and 
demolition (C&D) waste such as concrete, bricks, steel, wood, glass, plastic materials, excavated 
soil, etc. (Poon, Yu, Wong, & Cheung, 2004). As a result, sustainability principles continue to grow 
within the construction industry to adopt environmentally friendly construction methods and 
waste management methods.

Sustainable development is most widely defined as the development that meets the needs of the 
present without compromising future generations (Brundtland, 1987). The European Commission 
noted that circular economy systems have huge benefit for sustainable development and adopted 
new policy initiatives such as the Circular Economy Action Plan (CEAP) to encourage policy makers, 
academia and industry towards sustainability (COM, 2020). It includes everything from production to 
consumption, repair, manufacturing and waste management. The circular economy is a fundamental 
shift from a linear economy, which is based on take, make and dispose to a more sustainable model 
that reduces the extracting of raw materials from finite natural resources and stops producing 
the waste at the other end. It transforms the linear approach into a closed loop, which is very 
much dependent on the use of secondary raw materials. The circular economy contributes to a 
sustainable development in the construction sector, as it eliminates systematic physical degradation 
of natural resources, amount of waste produced by construction and the volume of raw materials 
extracted from earth. 

In circular economy, reuse and recycling are the key strategies to maximize the use of materials 
through moving materials from one application and producing new materials out of waste, 
respectively (Pan, et al., 2015). Although recycling of materials is a common practice, direct reuse 
is a more beneficial use of building materials at the end of a service life. This is because recycling 
requires more energy usage as compared to the energy needed for material reuse (Addis, 2006). 
Furthermore, the reuse of structural components from old buildings would provide many benefits for 
the environment and for energy and resource saving (Aye, Ngo, Crawford, Gammampila, & Mendis, 
2012). Kummati housing estate rehabilitation project in Raahe in Finland during 2008-2010 showed 
that 36% of savings in construction cost when reuse of concrete wall panels (Huuhka, Kaasalainen, 
Hakanen, & Lahdensivu, 2015). In German, precast concrete elements were reused in a new housing 
project in Mehrow and resulted in 30% reduction in cost (Stacey, 2011). A unique recent BAMB 
project (BAMB, 2020) explored the view of buildings as material banks within which components are 
retained at high value for future reuse. Several pilot projects presented which can be incorporated 
circular economy in such a development (e.g. BRIC building and new o#ce building). 

The recent research has proven that the development of the Building Information Modelling (BIM) 
based on sustainable tools for estimating the energy and environmental performances of buildings 
(e.g. Salvage performance, life cycle assessment regarding energy consumption, CO2 emission, 
waste generation) during the early design stages would be beneficial in adopting circular economy 
principles in the construction industry (Akanbi, et al., 2018; Ghisellini, Ripa, & Ulgiati, 2018). Akanbi 
et al. developed a BIM-based building salvage performance estimator to evaluate the salvage 
performance of structural components of buildings during their useful life and found that building 
design with steel structures, demountable connections and prefabricated assemblies are mostly 
reusable (Akanbi, et al., 2018). Bilal et al. discussed the potential of BIM-based waste prediction in 
the construction industry and identified twelve (12) critical features that can be implemented in 
BIM-based tools for construction waste prediction and minimization (Bilal, et al., 2015). Galic et al. 
adopted a BIM-based approach to identify instabilities when deconstruction of a steel structure 
for further reuse or relocation (Galic, Dolacek-Alduk, Cerovecki, Glick, & Abramovic, 2014). Honic 
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et al. presented a BIM-based Material Passport, which acts as an optimization tool in early design 
stages and an inventory at the end of the life-cycle of a single building (Honic, Kovacic, Sibenik, 
& Rechberger, 2019).

However, there is no circular economy market that supports the reuse of whole structural 
components (Waldmann, 2017). In order to bridge this gap, a new circular economy strategy, 
which is called Material and Component (M&C) bank, has been developed within the EU funded 
Eco-Construction for Sustainable Development (ECON4SD) project. It paves the way to increase 
sustainability of construction by e!ectively managing the reuse of structural components and 
recycling of materials (Cai & Waldmann, 2019). The authors propose and develops a BIM-based 
tool as a digital representation of the bank, which allows to store information of the materials 
and components of buildings preparing them for an application in circular economy perspective 
(Jayasinghe & Waldmann, 2020). 

As part of the ECON4SD project, this paper discusses the concept, key businesses and work operation 
of the M&C bank, as well as a broader framework of a BIM-based tool that will be able to assess 
recycling and reuse potential of materials and components.

2 OVERVIEW OF RESEARCH

Reuse is recognized as a better practice in the construction industry to recover the value of building 
materials. However, the lack of data standardization to identify potentially reusable components 
as well as to re-certificate the decommissioned components providing a guarantee of their future 
structural reliability are the major obstacles for reusing structural components. Recently, there 
are few projects such as e.g. the project BAMB (BAMB, 2020) which try to provide related tools to 
increase the value of building materials for recovery and reuse. Certainty in material properties 
and manufacturing data are important to provide the quality assurance and warranty of reusable 
components as well as professional indemnity insurance for the designers. There is currently limited 
information available about how to reuse structural components. Therefore, an additional institution 
is needed playing the role of a living Material Bank, which organizes the transfer of components for 
reuse extracted from old deconstructed buildings to a new structure including condition assessment, 
conditioning, management of the related BIM data and certification of these components.

Fig. 1 demonstrates the concept of the M&C bank, which is closely linked with Design for 
Deconstruction (DfD). In Fig. 1, the dashed line shows the core business of the bank that permits to 
establish the circular economy in construction. DfD helps to increase the useful life of components 
of a structure by making them available as material stocks for the future (Tingley & Davison, 2011). 
Structures with DfD can easily reach high level of circular economy in the construction sector. 
DfD should be introduced in the planning phase to improve the technical usability of structural 
components of structures. Crowther (Crowther, 2005) produced a list of general concepts and 
principles for deconstruction. For the structures without DfD, some smart demolition technologies 
are needed to separate the part of the components, which can be reused in new structures, from the 
C&D waste (Cai & Waldmann, 2019). As shown in Fig. 1, through the M&C bank the information on the 
disassembly and reuse potential for structural components can be provided for the next utilization. 
However, new deconstruction strategies and set of processes such as (i) designing reasonable 
demountable connections with reasonable mechanical properties and durability, (ii) assessing 
residual performance and (iii) evaluating the possibility of reassembly must be developed to facilitate 
the disassembly of structural components after a life-cycle of a building (Waldmann, 2017).



156 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

Eco-Construction for Sustainable Development: Concept of a Material and Component Bank

FIG. 1 Concept of M&C bank. The fi gure is modifi ed from (Cai & Waldmann, 2019) 

The role of the M&C bank on the transfer of decommissioned components from the old structures to 
the new structures is illustrated in Fig. 2. The key functions of the bank are identifi ed as follows:

– Database – The bank must be able to extract and store the characteristics of materials 
and components in existing buildings. Thus, a detailed database that contains material 
specifi cations, design relevant parameters, dis- and re-assembly details, connection 
details, load-bearing capacities, aging and deterioration and suppliers’ information must 
be established. This means that the database will provide all kind of information on the 
components in a building to allow their reuse in a context of circular economy. These data 
can be e! ectively used to identify the recyclable and reusable potentials of the materials and 
then, separate the recyclable and reusable materials from the waste. Since BIM contains all 
the information about materials and components with numerous life-cycle related data, such 
as material properties, geographic information, quantities, function, life, composition and cost 
(Kensek, 2015), a BIM-coupled database promises a solution to the digital representation of 
the bank. Producing appropriately categorized and detailed information about components 
will help contractors and designers to easily identify the (future) availability of reusable 
components as well as their condition.

– Assessment and conditioning – Uncertainties on the condition of the structural components 
for reuse is one of the main barriers for the reuse of disassembled components. The bank 
is responsible to conduct a condition assessment of components by forecasting their future 
condition considering the time-dependent impacts and material degradation. Once the 
structural components that will be decommissioned for reuse are identifi ed, an adequate 
plan for structural condition assessment and the determination of the reaming load-bearing 
capacity and the service life of the structural components has to be done. In addition, with the 
help of the bank and by considering the chemical properties of the materials and specifi cation 
of recyclable materials, environmental and human risk assessments can be adapted to 
separate the toxic and hazardous materials from the recyclable materials in order to improve 
the e#  ciency of recycling as well as economic value of recovered recyclable materials.

– Certifi cation and storage – The reuse of structural components can be hindered by the 
lack of the certifi cation for the reuse. Thus, with the help of the bank, after the condition 
assessment of the components is done, the certifi cation of the materials and components 
can be formalized with the support from Government politics to provide the guarantee 
on the components to reuse after the fi rst lifespan. For that, the data from the M&C bank 
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can be directly linked to the relevant certifi cation systems. It is the most crucial process 
that the bank has to perform (Cai & Waldmann, 2019). Furthermore, it is not very likely 
that the decommissioned components can immediately go from a deconstructed site to a 
new construction site. Thus, the reusable components have to be stored for a certain time 
before re-use. Hence, another prime consideration of the bank should be to provide safe and 
reasonable storage strategies to avoid local damage of components during storage. 

– Production of new components – Another important role of the bank is to cooperate with 
designers and contractors to promote the production of new components using recycled 
materials. In addition, solutions for detachable connections between di! erent components 
have to be found in order to enable further reuse in the next application.

– Monitoring and tracking – After implemented reuse components or new components 
produced by recycled materials in a new structure, the bank will keep in touch with the 
owner/users of structure and will closely monitor the structure. For that, the bank will propose 
a proper monitoring concept and will provide some suggestions and recommendations for 
repairing and strengthening of the structures any degradation occurs. In the future, new 
structures could be leased by the building owners. These owners will have to closely monitor 
the buildings with elaborated monitoring concepts. The data provided by the monitoring will 
be fed into the BIM model and so, be available at any time. The fl owchart in Fig. 3 identifi es the 
methodology and major tasks that can be undertaken in an investigation before rehabilitation. 
Such an investigation could be initiated at di! erent stages of life-span of a structure such as 
an anticipated change in use, at the end of design working life, structural deterioration due to 
time-dependent actions and structural damage by accidental actions. 

FIG. 2 Role of the M&C bank. The fi gure is modifi ed from (Jayasinghe & Waldmann, 2020)  

 Several challenges exist on the implementation of the M&C bank in practical. A major challenge is 
that the majority of buildings are not designed for the reuse of components due to the lack of 
market for them. On the other hand, if the buildings are designed for deconstruction/reuse, the 
initial construction cost of the buildings could be high compared to conventional construction. Other 
concerns are related to feasibility to extract building components from old buildings at the end of 
their service life and to determination of their remaining value for reuse in future buildings. Thus, 
the M&C bank should be a company or institution in large scale which have managers, engineers, 
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researchers, technicians, market analysts etc. to be able to address above-mentioned challenges 
(Cai & Waldmann, 2019). Such an organization of the bank will increase its e! ectiveness for the 
recovering of the materials and components during the deconstruction. Since the reuse of building 
components involves several suppliers at the end, the entire market will be often not owned by a 
single company. Therefore, it is needed to have an intensive collaboration between other construction 
companies in order to maintain the circular economy to related leasing activities. Indeed, the 
logistic sector has to be linked to cover the transportation and storage operations related to the 
reuse of building components. In addition, the bank must evaluate the market potential and value 
of the recyclable materials and reusable components in order to promote high-level sustainability 
in the construction industry. Moreover, the bank has to maintain a strong collaboration with the 
government bodies in order to standardize the data and re-certify the components for reusing. 
The bank can act as an independent bank, which is responsible for the clients, or as a dependent 
bank which is strongly dependent on the main contractor and responsible for the contractor, but 
not for the client directly (Cai & Waldmann, 2019). The independent bank as a chance for a greater 
collaboration between di! erent parties in the construction industry, while the dependent bank will 
only connect with the contractor for the supply of materials and components or exchange the related 
information of the project. 

FIG. 3 Methodology in an investigation

3 BIM-TO-MATERIAL BANK WORK FLOW

These days, a growing number of architects, engineers and contractors are using BIM, which is 
an intelligent model-based process that connect all the professionals in the construction industry, 
ultimately helping them to e#  ciently plan, design, construct and operate buildings and structures. 
With BIM, designers can create digital 3D models that include detailed geometric information and 
semantic information of components in a building. BIM can also facilitate the data management 
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that is useful to identify recyclable and reusable components in advance and to identify cost and 
risk in the waste disposal at the deconstruction stage of a building (Liu, Osmani, Demian, & Baldwin, 
2015; Volk, Stengel, & Schultmann, 2014; Wang, Wang, Wang, Yung, & Jun, 2013). This information, 
which provide information for decision-making calculation, could be used by the M&C bank to 
reduce the intensive work of collecting data about building components. Since the transparency 
and accessibility on information will be increased through BIM, having a BIM-coupled digital 
representation of the materials and components in a structure will expand the reusable M&C market. 
The representation of the BIM-coupled digital M&C bank is illustrated in Fig. 4. 

As illustrated in Fig. 4, it is expected that the BIM models for future buildings are available. However, 
BIM models may not be available for some existing structures. In this case, the digitization of the 
physical structure can be done through the use of BIM, adopting the existing information and 
specifi cations as well as collected information from a real evaluation of the structures during the 
deconstruction phase. Since the BIM includes quantities and properties of building components, the 
developed BIM model can more accurately estimate the amount and type of waste and identify the 
recyclable and reusable potentials of building materials. 

FIG. 4 The representation of BIM-coupled digital M&C bank

There are di! erent strategies which exist for the development of an interoperable work fl ow and 
algorithm that integrate the relevant information in the BIM model to the database. In this paper, 
the data fl ow from the BIM model to the database or vice versa is achieved by developing a script 
using a visual programming language DYNAMO, as shown in Fig. 4. The DYNAMO script can be 
used to access the data structure in the Revit BIM model and obtain information from it, and then 
insert it into an Excel sheet. The Dynamo script can be divided into four parts that have di! erent 
functionalities such as (i) element take-o! , (ii) database reading, (iii) calculation and (iv) export of 
data to Excel. All the relevant geometrical and material properties of structural elements (such as 
slabs, beams, columns, walls) are extracted and then, the mathematical approach based calculation 
takes under the consideration of material and element type to identify the reusable and recyclable 
materials as well as to predict the total volume of demolition waste. This spreadsheet could be used 
to be automatically added to the chosen database, MYSQL. 

To make it possible to assess the recyclability of materials and reusability of components, some 
newly created parameters have to be added into the BIM model in the form of shared parameters. 
Some of the identifi ed important information which is incorporated into the BIM model is shown 
in Fig. 5. This information can be used for various purposes. For example, structural properties in 
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function of time are helpful for structural assessments to determine whether the components can be 
reused, while design properties of the components provide instructions on how to reuse them in a 
new structure. Chemical properties and thermal properties are needed to conduct environmental and 
energy assessments, respectively. 

FIG. 5 Custom parameters to be incorporated in BIM model

4 THE DIGITAL REPRESENTATION OF THE BANK

A digital representation of the bank is needed to publicize the available recyclable materials and 
reusable components to the market. The proposed digital system for the bank consists of a repository 
database, a server, a web application and end user terminals, as shown in Fig. 6. The database 
management system is created using a SQL server, and MYSQL is used for the database connection. 
It stores all information related to the BIM model elements. The connection of the MYSQL database 
is made directly to the BIM model, by writing parameters to the database. In MYSQL database, 
several tables are created according the type of element (i.e. column, beam, slab and wall) and type 
of material (i.e. concrete, steel, wood and masonry). Each table has a set of values that uniquely 
identifi es the row. Two rows cannot be identical and no repeating groups of data are allowed when 
writing to the database. A unique ID for the element is kept for each element in the database and the 
BIM model to serve a permanent link between the M&C bank and BIM model. Three specifi c types of 
relationships (i.e. one-to-one relationship, one-to-many relationship and many-to-many relationship) 
are used to defi ne the logical connection between the records in two or more tables. 

Database Management System (DBMS) is the only way to access to the information in the database. 
DBMS is a collection of programs which control and manage the database system. A web application 
is developed using PHP and MYSQL which allows end users (e.g. designers and planners, suppliers, 
contractors, government and client) to access the information in database and to perform project-
based modifi cations of the database by e.g. adding data or changing the retrieval of data. It contains, 
a set of web pages including the project database, the material database, the components database 
and the assessments database in addition to the log-in and home pages. It is developed to upload 
the generated excel fi le using DYNAMO script, described above, so that the data will be automatically 
added and stored in the database. The amount of C&D waste are automatically calculated. In addition, 
reusable and recyclable materials are automatically identifi ed and separated from the C&D waste. 
The information of each element is summarized in an appropriate list so that users can easily check 
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the properties of all the elements. This will help users to easily identify the availability of reusable 
components and their condition. More details can be found in ref. (Jayasinghe & Waldmann, 2020).

FIG. 6 The system architecture

As described above, the M&C bank should be able to keep available all kind of information on the 
materials and components extracted from several buildings for a long time throughout the whole 
life span of the buildings. This is performed by establishing a centralized database that could built a 
vast number of elements for future market of reuse components and recycle materials. The buildings 
recently built usually have BIM, sometimes, coupled with material passports (Luscuere, 2017) and 
life cycle assessment (LCA) software (Eleftheriadis, Du! our, & Mumovic, 2018). Therefore, automate 
the integration of information in BIM models into database makes it easier to collect and update 
the data. However, the information previously identifi ed for reuse is needed to incorporate into the 
BIM model in the form of shared parameters. The accessibility and the interoperability of the BIM-
to-Bank work fl ow throughout the whole life span of the buildings is a major concern because the 
maintenance of the software during such a long period will be not feasible (Bertin, Mesnil, Jaeger, 
Feraille, & Le Roy, 2020). Link of the bank to the material directory databases, which provide the data 
on material composition, recycling potentials, reusability and LCA data, will provide the required 
information on the bank for taking reliable and sustainable decisions. However, lack of adequate 
data on the construction and deconstruction processes as well as reusability and recycling potentials 
of materials available in the existing material directories is a big issue to identify and separate the 
reusable and recyclable materials from the C&D waste. On the other hand, the values on database 
have to be regularly updated, even if such a material directory exist and link to the database. 

5 CONCLUSIONS

In this paper, the proposed concept of a Material and Component Bank which has been developed 
within the research project “Eco-Construction for Sustainable Development” is presented. 
The proposed bank will promote a circular economy in the construction industry by e! ectively 
managing the recyclable and reusable materials and components extracted from old buildings 
to new ones. The key businesses and roles are also introduced. In addition, a BIM-coupled 
system is discussed which is a digital representation of the bank and which allows to increase 
the transparency and accessibility of the bank. Since it provides information on disassembly of 
the components and the reuse and recycle potential for materials and components, it promotes 
the design for deconstruction leading to a high level of sustainability in the construction sector. 
The developed BIM-based web tool can facilitate the data management which allows designers of 
future buildings to easily identify the availability and the condition of the recyclable materials and 
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reusable components in advance which could be useful for a further application. The BIM-based 
web tool will also be helpful to identify the cost and risk in waste disposal at the deconstruction 
stage by using the volume details by material type which could provide more detailed information 
on the waste. This information will help contractors to calculate waste disposal fees and decision-
makers to make adequate decisions for minimization and sustainable management of C&D waste. 
However, the accuracy of the results depends on the accuracy on the precision of the database, 
which is again depending on the precision of the BIM model and the accuracy of the data takeo!. 
Thus, it is recommended to check the BIM model using a control tool, in order to be error-free, before 
transferring the information from the BIM model to the bank. 
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Abstract
Circularity potential in the construction sector, a quality that quantifies the contribution to carbon and resource neutrality, is to be 
standardised in Europe yet. In order to do so, a harmonised definition and method of calculation that o#ers transparency is crucial. 
Simplicity in construction methods, a low-tech approach, and a limited variety and pure use of materials support the development 
of innovation towards a Circular Economy (CE). The state-of-the-art in architecture features both simple and complex constructions, 
which need to be quantified with respect to their circular performance in light of the European norm. A clear European standardised 
method and accompanying tool(s) to assess the circularity potential of a building or element will encourage designers to use secondary 
material, to limit waste production, and to enable multiple life cycles of buildings and elements to preserve primary natural resources. 

In order to meet the target of a successful CE, firstly, a method to quantify success and inform the architectural design process have 
to be developed and adopted across Europe. Subsequently, the development of practical assessment tools to measure the circularity 
potential of building components is an essential step towards the implementation of CE. As a matter of fact, several methods are ready 
or under development, but none has reached the level to be implemented as a European standard. This study aims to provide answers 
on what characteristics a harmonised method and practical design tool should contain.

Two assessment metrics for circularity, one from Germany and one from the Netherlands, are reviewed to compare their applicability 
in the design process and point out opportunities for a harmonised European method. Five case studies, comprising prefabricated 
concrete façade elements, are assessed using both metrics. The results will be used to analyse the metrics’ transparencies and abilities 
to holistically measure the amount of reused and recycled material in a building’s substance and quantify the recyclability of building 
products in light of their intended recycling path in the future. The third aspect that is integrally analysed is, therefore, applicability in 
a design process.

Keywords
Circular Economy, circularity potential, architectural design, circularity assessment method, prefabricated concrete
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1 INTRODUCTION 

The evident contribution of the building sector to climate change fills the architectural discussion 
with ways to improve the architectural practice. Until now, the energy consumed during the 
use phase of buildings has been the focus of sustainable development ever since policymakers 
implemented energy e#ciency restrictions in the 70’ies of the last century (Hildebrand et al., 2009), 
resulting in energy e#ciency for the use phase of a building. On the other hand, little progress was 
made in the physical production and deconstruction of a building.

Still, the building industry consumes 40 - 50 % of the global resources, produces 60 % of the global 
waste and 33% of the global CO2 emissions (UNEP, 2012). Consequently, it is the moral obligation 
of this industry to preserve resources and balance the industries impact on the environment. 
Although authorities set regulations to save natural resources and increase recycling rates, the linear 
economy is still dominant (Zabek et al., 2017). The European Commission introduced the EU Waste 
Directive in 2018 that requires all new construction to have a recycling rate of 70% by mass by 2020 
(Commission, 2013). The gap between political directions and practice puts architects and planners 
in charge to bring principles of the Circular Economy (CE) into practice.

The ones who are willing to integrate the strategies of a CE on material level are facing di!erent 
challenges: uncertainties within the closed-loop systems of products, an increased amount of 
information during design, lack of experienced stakeholders and di!erent political regulations 
(Mackenbach et al., 2020). There are several ways to achieve circularity like a Low-Tech approach 
of construction method, detachable components, the use of reused and recycled material (EMF, 
2017; TransitieteamCirculaireEconomy, 2018). But the key to practice is the ability to compare 
the environmental impact of design alternatives. Several characteristics of a method to measure 
circularity have been introduced on the market, such as the Circularity Indicators from the McArthur 
Foundation (Foundation; et al., 2015), which assesses, rates and reports on how well a product or 
company performs in the context of CE. Based on this method, the company Madaster uses the 
circularity indicators (Madaster, 2020) to assign a circularity score of buildings with the data being 
registered on their platform. Besides, several more methods are under development (Ebert et al., 
2020) or available (Rosen, 2019) but none has reached a level to be implemented as a European 
standard tool yet (Rahla et al., 2019; wbcsd, 2018). This calls for a harmonised definition of the 
essential characteristics for methods to assess circularity during design. Hence, this paper reviews 
two circularity potential metrics for construction, one from Germany and one from the Netherlands 
by assessing five case studies to evaluate the metrics ability for standardisation with regard to their 
applicability in design, transparency and holistic perspective. The first metric has been selected 
due to its user-friendliness proved during student courses, and the second due to its integrity into 
a mandatory Dutch environmental impact assessment tool and focused approach to measure 
demountability as an indicator for circularity. The results are used to point out what characteristics a 
European harmonised method to measure circularity potential and practical tools should contain. 

2 METHODOLOGY 

Two metrics are introduced, and their parameters and calculation method are described based 
on publications. Both metrics are used to assess the circularity potential of five case study of a 
prefabricated façade element using the same input data, namely a bill of materials (BoM). Metric A 
assesses circularity including the reuse and recycling content in addition to the suitability for further 
use. Metric B focuses on the disassembly potential of building components and their composition. 
The metrics are compared in three categories, with a focus on the use in an architectural design 
process, in order to improve the design in regard to future reusability and generate a circular design. 
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Doing so, the reliability of the metrics was assumed to be a fact, and this fundamental requirement 
was excluded from the assessment. The categories include:

1 Applicability to Design: a method that is applicable in design should be supportive of the design 
process. It generates information that can be used to improve the design in an ongoing process 
(Saidani et al., 2017; wbcsd, 2018).

2 Transparency: a transparent method enables the user to learn from the design consequences and 
third parties to understand and reconstruct the design and calculation process (Linder et al., 2017).

3 Holistic perspective: a holistic view integrates all aspects of circular design, including closed life 
cycles through product longevity (high value/performance), life extension (material input) and 
disassembly (material output) (Ness et al., 2017). The weighting of results by mass and GWP (CO2 
equivalent). A holistic method, including the quantification of resource guarantees that a complete 
representation of the design task is part of the calculation (wbcsd, 2018). 

The method leads to the following research step: the specific and shared characteristics of metrics 
A and B contribute to the categories identified and summarised as essential characteristics for 
a harmonised method.

 2.1 METRIC A: ADVISORY METRIC OF MATERIAL IN- AND OUTPUT 

This metric has been developed at the Chair of Reuse in Architecture at the RWTH Aachen University 
in 2017 and was first published in 2018. According to the authors (Hildebrand et al., 2018), the 
main goal is to provide information on the environmental benefit related to the design task and 
to distinguish the benefit that is potentially accessible after the buildings use phase. In relation to 
that (Hildebrand et al., 2019) the metric consists of two parts; 1) “input” which shows the use of (I) 
reused, (II) recycled and (III) renewable material and its future recycling path as 2) “potential output” 
with fractions that show di!erent potential for further application. Both criteria are expressed in 
percentage of the Global Warming Potential GWP (CO2 equivalent) or mass (kg).  

 2.1.1 Input

The materials that are planned to be part of the building substances are divided into four indicators:

 – re: reused material 

 – rc: recycled material 

 – rw: renewable material 

 – pw: primary non-renewable material.

In the first step of the analysis, the items on the BoM are identified using data in “Ökobaudat”, the 
Germany Sustainable Construction Information Portal (Kerz, 2012). Then, each layer is classified into 
four indicators listed above (re,rc,rw,rp). The calculation of the amount of material (input) used in one 
object for one indicator is:

Reused materials (re):  Recycled materials (rc):  Renewable materials (rw): Primary materials (pw): 
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 – Mi = Mass or GWP of an object or sub-object (i),

 – Mrx = Percentage by mass or GWP of reused (re) / recycled (rc) / renewable (rw) / primary (pw) 
material input in a component, 

 – Vrx = Reused (re) / recycled (rc) / renewable (rw) / primary (pw) materials input as a percentage 
of a total component.

 2.1.2 Potential Output

The future recycling path of a building component is mostly based on the component’s connectivity, 
material family and potential hazardous substances. In order to display the building substance’s 
reuse or recycling potential, the output is assessed based on the future material flow categorised into 
four di!erent fractions (a,b,c,d):

A deconstructable, without damage, pure material with high potential for reuse
B deconstructable, with damage, pure material with high potential for recycling
C dismountable, with damage, mixed material with low potential for high-value recycling 
D critical material with hazardous substances used for landfill.

The calculation of the potential output in one object of one indicator is:

 – Mi = Mass or GWP of an object or sub-object (i),

 – Mx = Percentage by mass or GWP of fraction (a) / (b) / (c) / (d) materials output in a component, 

 – Vx = Fraction (a)/(b)/(c)/(d) materials output as a percentage of a total component.

 2.2 METRIC B: ASSESSMENT OF DISASSEMBLY POTENTIAL 

The Dutch government aims for a CE in 2050 and pro-actively stimulates innovation towards 
that direction (TransitieteamCirculaireEconomy, 2018). In the slipstream of this ambition, several 
initiatives have been launched to speed up the transition. One of which is the development of a 
metric proposal for disassembly potential in constructions (Vliet, 2019), which is called Metric B in 
this publication. The degree of disassembly of buildings determines the probability of successful 
reuse of their parts. The scenarios in the 10-R model (Cramer, 2015) are used to express the degree 
of value retention through disassembly. A nationally adopted coding system, NL/SfB (BNA, 2005), is 
used to define the scale on which the assessment takes place. As such, the metric can be integrated 
in the mandatory Dutch environmental impact assessment system MilieuPrestatie van Gebouwen 
(MPG) in the near future. The MPG is an indicator of sustainable building based on LCA using data 
from a national database for environmental impact for construction (RVO, 2020)

The potential to detach an element from the building depends both on the connection of the 
element to another and the composition of it. Metric B is used to calculate the disassembly potential. 
The disassembly potential of an element (LIn) is therefore equally composed of the disassembly 
potential of the object itself (LIcn) and the disassembly potential with other objects (LIsn). Four 
factors are used to rate this, detailed definitions are found in the method (Vliet, 2019). The result is 
subsequently normalised using a ratio of the object’s and building’s MPG.
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– TVn = Object n connection type  

– ToVn = Accessibility of object n connection

– DKn = Degree of integration of object n with other objects

– VIn = Shape of integration of element n

3 CASE STUDIES 

The fi ve case studies are variations on one functional unit, namely a 20 m2 load-bearing 
prefabricated façade element (Figure 1 Case study context). The variation is created in material 
selection, deconstruction principle and end-of-life (Table 1 Case study design variants). The designs 
were developed for a residential highrise building of approximately 70m and a footprint of 47 x 16 
meters. They have a similar load-bearing capacity for comparability. Other building components 
than the façade elements are excluded from the calculations. Furthermore, the alternative designs 
represent the state-of-the-art in prefabricated concrete construction.

1 2 3 4 5

Dfx Reuse Dfx Dissassembly Dfx Upgradability Dfx Biological cycle Dfx Life extension

Construction material 
Concrete – PIR – Brick 

and mortar

Construction material 
Concrete – Mineral 
wool – Brick and 

mortar

Construction material 
Concrete – Mineral 
wool – Brick and 

mortar

Construction material 
Cross-laminated timber 
– Mineral wool – Brick 
and backing system

Construction material 
Recycled concrete – 
Mineral wool – Brick 
and recycled mortar

TABLE 1 Case study design variants.

FIG. 1 Case study context

In order to achieve various life cycles of a product with high quality, the maintenance in its 
original format and the material purity play an important role. Mechanical connections improve 
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the detachability of a component, and therefore its material can be rated with a higher reuse 
potential. Connections with high connectivity that can only be detached with heavy machinery, 
like plaster, must be rated with a low reuse potential. In this regard, element 4 has the highest 
performance achieved using both metrics (Fraction a=86%, Lin=0.55), although its design intention 
was a high amount of renewable material (Mrw=59.57%, Tab.1) presented in Table 2. Element 
1 and 5 has the highest potential to end up as landfill (Fraction d=0.4, Tab.2) or be recycled with 
a low quality (Fraction b=89%, Tab.2) and therefore has the most inferior performance. Similar 
results are achieved with metric B (LIn= 0,1). Element 2 performs slightly better than Element 
3 using both methods.

METRIC A 
(proportions explained in  

Chapter 2.1.2)

METRIC B 
(proportions explained in 

Chapter 2.2)

FRACTION A FRACTION B FRACTION C FRACTION D DISASSEMBLY POTEN-
TIAL (LIn)

ELEMENT 1
0.46 10.1 89.02 0.42 0.18

ELEMENT 2 15.1 84.9 0.59 0 0.46

ELEMENT 3 0.45 82.9 16.64 0 0.33

ELEMENT 4 86.72 12.94 0 0 0.55

ELEMENT 5 0.46 9.43 89.68 0.43 0.15

TABLE 2 Case Study Circularity Potential derived from calculation in chapter 2.

Per element, one single score is generated from the calculation in metric B. A score between 0.4 
and 0.6 is considered low, between 0.6 and 0.8 average, above 0.8 high. Scores below 0.4 are not 
labelled, although they can occur in theory and do in the calculation made in this research. Three 
elements are considered below par, and two elements score low, a meagre overall score which 
could indicate, based on the state-of-the-art techniques used in the case study, that this method 
wields a strict rating. 

In comparison to metric A, metric B does not consider the input material as an indicator for 
circularity. Therefore, the results are not presented, although it is part of the calculation of metric A.

4 RESULTS

In order to achieve CE in the building industry, products must be designed with a high potential to be 
reused as well as containing a reduced amount of primary resources and kept at their highest level 
of utility and value at all times (EMF, 2017). A harmonised assessment method can inform circular 
design across Europe. This method should be 1) applicable to a design process from an early design 
stage, 2) transparent, and 3) apply a holistic perspective. These three categories are used to analyse 
the results presented in paragraph 3, created with the two presented metrics in paragraph 2, and 
essential characteristics have been developed in Tab.3. 
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CATEGORY ESSENTIAL  
CHARACTERISTIC

METRIC A METRIC B NOTES

APPLICABLE TO 
DESIGN

Benchmark comparison 0 + A: is missing a benchmark

Readability of results + ++
A: result consists of 8 categories 
B: result consists of a single score

O!ers insight to improve the 
design

++ +

A: separate categories allow the planner to im-
prove the design within a specific category
B: one score result shows little insight into 
derivation

Level of additional knowl-
edge needed to use the 
method and to improve the 
design

+ 0

A: requires knowledge of material substances and 
connections
B: requires detailed technical knowledge on the 
execution of the project

Compatibility with sustaina-
bility assessment tools

+ ++
A: LCA
B: LCA, MPG, NL/SfB

TRANSPARENCY

Open-access data and pre-
defined data sources

+ +
A: data from (www.oekobaudat.de, 06.06.2020)
B: calculation is based on an MPG calculation, 
derived from an open-access or purchased tool

Rating and concept defi-
nition

+ ++
A: criteria are shortly explained in publications.
B: criteria are clearly explained in the method’s 
guideline

Pre-defined assessment 
options

+ ++

A: Connectivity level/future recycling path and 
materials substance is divided into 8 general 
categories
B: 30 prescribed options for connectivity level

HOLISTIC  
PERSPECTIVE

Encourage designers to 
design according to CE 
objectives

++ 0
A: includes a more holistic view due to the assess-
ment of material in- and output
B: only assesses the output material connectivity

Complete life cycle data ++ ++
A: is assessed based on GWP
B: is assessed based on GWP

Applicable to the entire 
design process (concept to 
detail) in order to influence 
circularity at an early design 
phase

+ +

A: applicable with detailed information about 
materials substance and connectivity
B: applicable with detailed information about 
materials connectivity

Relevant environmental 
indicators

++ ++
A: Volume and GWP is used as indicators
B is based on GWP and other indicators

Assessment of materials 
flow and potential hazard-
ous substance

++ +
A: assesses potential hazardous substances and 
future recycling path
B: includes integration of various materials

TABLE 3 Characteristics of metrics A & B - (++) very good performance, (+) good performance, (0) poor performance

5 DISCUSSION 

In the transition towards a CE in the built environment, there are several aspects that need to be 
faced, such as the lack of harmonised assessment methods for circularity. Authorities cannot 
implement restrictions on the usage of resources if a reliable method to measure circularity in 
construction is not available. In this research, two metrics for circularity potential have been 
evaluated in regard to applicability in the design process, transparency and their holistic perspective. 
Based on the observations, the following essential characteristics of a method have been identified:

Applicability to Design:  

 – Insight in improving the design for circularity during use of the method
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 – Definition of a realistic benchmark creates insight in the improvement of circularity 
potential and design quality

 – Clear relation and compatibility with regulations and existing methods and tools

 – Correlation with the average sustainability and circularity knowledge level of 
architects and engineers

Transparency:

 – Detailed pre-defined options for assessment

 – A readable, though nuanced score that indicates the circularity potential

 – Based on open-access data and tools

 – Applicability during concept design to detailed and execution design in order to improve the design 
according to CE principles

 – Clear definitions of concepts and rating

 – Clear and openly available guideline for use

Holistic perspective:

 – A weighted contribution of materials to the final score, for instance, based on 
mass and CO2 emissions

 – A holistic system perspective including input and potential output material

 – Include the e!ort of reprocessing and recycling, contamination risk and hazardous materials rate

6 CONCLUSION 

Measuring and rating the circularity of buildings results to be an intricate objective due the complex 
notion of a building as a conglomerate of di!erent products and materials and uncertain lifespans 
(Rahla et al., 2019). In the past, several metrics had been developed, and two of them have been 
evaluated in this review. The path towards CE is dynamic and can be shaped with an integral 
and harmonised assessment method that should be implemented on a European level. The list of 
essential characteristics in this publication should be used as a starting point for the development 
of a systematic method and provides interpretation for other metrics in order to move towards an 
environmentally and technically high-performance building industry based on CE principles.
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Abstract
The concept of sustainability has risen in the last three decades, as a vehicle to guide our e#orts to overcome major environmental 
and societal challenges such as global warming and environmental degradation. The built environment is responsible for about 40% 
of the global CO2 emissions, a fact that has led to countless debates, approaches, and new technologies for the design of our buildings, 
and especially, the building envelope. The goal of this paper is to explore the current role and the impact that sustainability has in the 
design of the building façade, based on the insights from practicing architects with relevant experience in the field. While we know of 
countless theoretical approaches and design theories to deal with sustainability, the point of view from practitioners has hardly been 
in the spotlight. So, the input for the assessment was obtained through a series of interviews with designers, representing 34 di#erent 
architectural firms in the Netherlands, between January and April of 2020. The 34 interviews followed a semi-structured questionnaire 
comprising open-ended questions, structured around di#erent themes concerning their façade design process. The present document 
showcases and discusses the results from the following questions: what is the role of sustainability in your façade design process? 
How does it influence the result?

The exploration of the gathered information shows that within the broader scope of sustainability, circularity is the most mentioned 
set of aspects that currently have a clear impact on façade design, closely followed by energy related aspects, and further below issues 
related to the user, nature inclusion, and val. Furthermore, it is possible to identify di#erent and sometimes clashing approaches de-
rived from di#erent notions of sustainability: some interviewees believe in permanence and timeless buildings, which leads to massive 
structures and detailing focused on ageing and durability; while for others it mainly revolves around using less raw materials and re-
use/recycling potential of building components; which leads to light structures, with focus on connections aiming for total disassembly 
and material recovery. These, among others, should be regarded as possibilities to choose from a set of potential approaches, whose 
suitability should be carefully assessed to match each project brief, under the larger aim to design and build sustainable façades, 
buildings and cities.

Keywords
Façade design, sustainability, design process
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1 INTRODUCTION

The concept of sustainability has risen in the last three decades, as a vehicle to guide our e!orts to 
overcome major environmental and societal challenges such as global warming and environmental 
degradation. The built environment is responsible for 39% of the global CO2 emissions (UNEP, 2019), 
a fact that has led to countless debates, approaches, and new technologies for the design of our 
buildings, and especially, the building envelope. The façade is arguably the most complex system in 
any building, having to deal with a myriad of requirements ranging from technical to symbolic, in its 
dual condition of interface between inside and outside and literal face and expression of the building. 
Therefore, it is there where said approaches and technologies collide during the design process. 
Nevertheless, while we know of countless theoretical approaches and design theories to tackle the 
issue, the point of view from practitioners has hardly been in the spotlight.

Architects are the main professionals in charge of putting sustainable measures in place within 
our built environment, adding them to the inherent complexity behind the design of our buildings 
and their façades. Understanding how they deal with these challenges in their design process is 
regarded as a key issue if we seriously strive to make a sustainable built environment a reality. 
New challenges will undoubtedly impact the design choices of said architects, thus indirectly 
defining the performance, construction and aesthetics of building façades. However, it is not always 
clear what these challenges entail, nor what is exactly being asked from a sustainable design. So, 
what do architects understand under the broad term of sustainability when it comes to façade 
design? How do they apply this in their practice?

The goal of this paper is to explore the role and the impact that sustainability has in the design of 
the building façade, based on the insights from practicing architects with relevant experience in 
the field. This entails a dual purpose, aiming to identify certain concepts underlying the notions of 
sustainability that are currently understood by a sample of practitioners; while aiming to understand 
their façade design choices and the approaches they currently follow in the name of sustainability. 
Hopefully this knowledge will provide relevant insights to the practical application of sustainable 
measures in façade design, from the perspective of architectural designers.

2 METHODOLOGY

The study follows the qualitative evaluation of primary information by means of content analysis 
techniques. The input for the assessment was obtained through a series of interviews with 
designers, representing 34 di!erent architectural firms in the Netherlands (based in Amsterdam, 
Rotterdam, The Hague and Delft), between January and April of 2020. The 34 interviews followed a 
semi-structured questionnaire comprising open-ended questions, structured around four themes: 
(I) General design approach, (II) Façade design elements and intentions (III) Aesthetic perception of 
façades, and (IV) Sustainability in façade design. The present document focuses on the results from 
the last theme, which circled around two related questions: What is the role of sustainability in your 
façade design process? How does it influence the result?

The architectural firms that participated in the study mostly comprise small-sized companies, 
having between 10 and 49 employees (47%); being followed by medium ones (41%). Within the 
latter, a sub-distinction is made, between medium-sized companies with less than 100 employees 
(10 firms / 29%) and medium-large-sized companies employing 100-250 people (4 firms / 12%). 
Lastly, 4 micro-sized companies (less than 10 employees) also took part in the study (12%). About 
the interviewees, the vast majority holds a Partner position in the firm (85%, considering 9 Partners 
and 20 Founding Partners); while roughly a third of the group has had between 10 to 19 years of 
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experience in architectural design (32%), and another third has been designing for 30-39 years (32%). 
The remaining third is composed of professionals with 20-29 years of experience (18%) and others 
with more than 40 years in design (15%).

Figure 1 shows the complete sample in terms of their declared years of experience and the size of 
the firm they represent. The graph shows a high dispersion in the years of experience declared by 
the interviewees, evidencing an heterogeneous sample. Furthermore, this wide range of experience 
is reflected across the di!erent categories of company sizes. Moreover, the graph distinguishes 
between the interviewees who stated to have more experience working on residential projects 
(housing and mixed-use buildings), and who declared to have more experience with non-residential 
buildings (commercial, cultural, educational and public buildings, among others).

FIG. 1 Years of experience declared by the interviewees vs. the size of the company they represent

3 RESEARCH

 3.1 CONTENT ANALYSIS AND CODING OF THE RESPONSES

The interviews were recorded and transcribed; to be then coded for the assessment using the 
software ATLAS.ti, resulting in a database in Microsoft Excel to allow for the qualitative and 
quantitative analysis of the gathered information. By coding the responses, it was possible to identify 
27 distinctive keywords, depicted in a word cloud in Figure 2. The word sizes reflect the frequency of 
each keyword within the pool of responses.
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FIG. 2 Word cloud of identified aspects (keywords)

An initial exploration of the keywords showed that the consideration of passive strategies is the 
aspect most mentioned by the sample (n=14), being addressed by almost half of the interviewees; 
followed by material durability (n=12); permanence (n=12); and recycling & reuse (n=10). As a second 
step in the assessment, the keywords were grouped into larger themes, categorising the gathered 
information for a better understanding of the responses. Based on the 27 keywords, 5 main themes 
were identified: (I) energy, (II) circularity, (III) user, (IV) nature and (V) value (Fig. 3).

FIG. 3 Identified themes across the mentioned aspects

 The keywords grouped under energy consist of aspects related to the energy flows required 
for the successful operation of our buildings. The mentions by the interviewees consider 
energy consumption (n=8) and energy generation (n=9), as central aspects for the design of nearly 
zero energy buildings (NZEB), establishing demands and limitations for the design of their envelopes. 
Likewise, in this group belong mentions of passive strategies (n=14) that may be applied as part of 
the design of the envelope, such as the use of louvres or insulation; or the potential integration of 
active systems and new technologies (n=6) to improve the energy e#ciency of the overall building, 
such as heat storage components or decentral ventilation units. The explicit mentions of the multiple 
functions that façades need to increasingly accommodate were gathered within the keyword 
multifunctional façade (n=2), making a distinction against mentions for the need for adaptive façades 
(n=5), understood as façade systems that are “able to change its functions, features, or behaviour 
over time in response to transient performance requirements and boundary conditions, with the 
aim of improving the overall building performances” (Loonen et al., 2015). Lastly, this group also 
considers mentions of energy standards and building regulations, due to their direct impact on 
design decisions (n=7).
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The second group, dubbed circularity, considers first of all general mentions of circular design 
(n=6), plus other aspects related to the e#cient use of material flows and resources in the building 
construction. Among them, there is a relevant number of mentions of material durability (n=12) 
and overall material usage (n=4), alongside concerns for the embodied energy of materials and 
components (n=9). Regarding the direct impact of these concerns on the design of façades, the group 
gathers diverging approaches on the matter. On the one hand, it is possible to identify permanence 
(n=12) as a relevant concept posed by interviewees advocating for long-lasting buildings that can 
pass the test of time, by means of durable materials and a timeless design. On the other hand, the 
conception of buildings as assemblies was posed by a section of the sample, with emphasis on the 
design of construction details under dry connections (n=9), which allow for the easy disassembly 
of the building and/or its components. Other mentions in the group refer to the recycling & reuse 
of building components (n=10), either allowing the reuse of new components by ensuring an easy 
disassembly, or incorporating reclaimed materials into a new design. Lastly, the ability of the façade 
to accommodate changes during the lifetime of the building was reflected in mentions of the need 
for more flexibility (n=7) and the easy upgrading of its components (n=5).

The third identified theme revolves around the user and groups aspects that were declared to have a 
role in the design of sustainable façades, such as users’ requirements in general (n=3), where health 
& comfort requirements were identified as distinctive aspects (n=4); and users’ acceptance (n=2) 
was explicitly mentioned in a couple of cases. Here the distinction refers to the pragmatic nature of 
answering to general and various functional requirements stated during the design process, while 
acceptance speaks of the approval of the result, appealing to personal preferences. Single mentions 
within the theme referred to user interaction (n=1), and the potential for customisation (n=1).

The fourth theme, nature, focuses on the use of nature-based solutions as a resource for the design 
of façades, with the aim to benefit biodiversity in our cities. Within this theme, two keywords were 
grouped: living façades (n=7) and nature inclusion (n=4). The former refers to the integration 
of greenery in the building envelope, either as green façades, where climbers are attached to 
building surfaces; or living walls, where plants directly grow on fertile modular panels (Perini et al., 
2011). Nature inclusion is a broader concept that explicitly tackles the aim of restoring the urban 
ecosystem, which not also includes the use of vegetation, but also promotes biodiversity by actively 
attracting bees and birds into urban areas.

Lastly, mentions of budget constraints (n=5), the relation with the client (n=4), and the commercial 
value of the façade (n=2) were grouped under a theme labelled value. These mentions mostly 
tackle practical aspects and di#culties of implementing sustainable measures in the design of 
the building envelope, asking the designers for inventive solutions to keep projects on the agreed 
budget; and constantly advocating for these measures in talks with the clients, trying to convince 
them by means of quantifying the potential returns that these could have in the long run. Also within 
this group it was considered a mention for cultural values (n=1), in the case of the renovation of 
heritage buildings, broadening the scope of what value refers to in the application of sustainable 
measures. The fact that these practical aspects appeared in the study shows the relevance of 
considering practitioners’ point of view, being the ones dealing with practical matters in the 
name of sustainability.
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4 RESULTS AND DISCUSSION

 4.1 FREQUENCY OF MENTIONS AND IDENTIFICATION 
OF RELEVANT ASPECTS AND THEMES

The frequency of the mentions per identified aspect, and the total amount of mentions per theme/
group are shown in figure 4, arranged from higher to lower frequency for an easier understanding. 
It is important to point out that the quantitative assessment of the responses serves an illustrative 
purpose, to discuss the relative perceived relevance of these aspects within the interviewed 
sample. Hence, these results must be understood as merely referential, needing further research 
to unequivocally judge their overall importance. With this in mind, passive design strategies have 
the higher mentions, their application being regarded as the most clear impact that concerns for 
sustainability have in the design of the building envelope. Nonetheless, the energy group comes 
second after the circularity group, which gathers most mentions, by being addressed by 30 out of the 
34 interviewed professionals (88% of the sample). These two themes (energy and circularity) were by 
far the most associated to sustainability in façade design by the interviewees, not just by the number 
of mentions, but also by the number of distinguishable aspects identified in their responses and their 
level of detail, which will be discussed in the following paragraphs.

FIG. 4 Frequency of mentions for each identified aspect and total mentions per theme 

The fact that circularity, as a group, scored the highest comes as no surprise, given the current 
attention and interest around such concepts. Notwithstanding, it is refreshing to see how embedded 
it already is in Dutch designers’ practice and their concerns about the future. When answering, 
several interviewees stated concerns about the lack of information and validated tools to assess 
the impact of circularity on building construction. Moreover, and directly related to the previous 
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statement, there does not seem to be a unified strategy to incorporate these concerns into 
architectural design. Hence, based on the gathered responses, it is possible to see that the firms have 
adopted particular approaches that suit their work flow and design views, as a way to wrap their 
heads around circularity themes, aiming to stay ahead of regulations on the matter that they know 
will come sooner rather than later. This issue will be expanded upon in section 4.2.

After circularity, energy appears as a major issue, although it is the authors’ opinion that the fact 
that energy appears second might be explained by the early internalisation of energy requirements 
in their daily practice. Thus, it seems to be taken for granted, skewing the number of mentions 
and making it seem like it is a secondary issue (although the number of mentions correctly 
reflect the fact that right now, circularity seems to be the major issue that Dutch architects are 
trying to wrap their heads around). This statement is backed by the tone of some responses when 
stating that “obviously, one aspect is the technical one. If you have to make an energy neutral 
building there will be a lot of let’s say limitation or demands on the façade”, or “it starts always 
with insulation and sun and all of that, in order to try and make sure it (the building) performs 
energetically as well as we can”.

One of the major concerns declared in relation to energy aspects, refers to the impact stringent 
regulations have on the final design, mostly regarding daylight availability and the decrease of 
transparency in buildings. Thus, some interviewees stated as a relevant issue in their daily practice, 
to find the balance between energy performance and daylight access when it comes to defining 
window-to-wall ratios and window position in their façade projects. Moreover, some interviewees 
expressed concern about the impact that increasing temperatures will have on Dutch buildings, 
which is not considered in current regulations and building guidelines (“there is a sort of strange 
contradiction between the fact that we insulate like hell and the climate is becoming warmer”). 
Another relevant concern expressed within this theme was related to energy generation and its 
role in energy neutral buildings. It was explicitly stated by some interviewees that the need for 
energy neutrality in the built environment will make the integration of PV panels in façades more 
common over time, due to the lack of roof space, which will bring completely di!erent aesthetics. 
While some interviewees merely referred to PV integration in buildings (BIPV) as a fact that 
architects will have to increasingly deal with, others took a strong stand against the need for building 
integration, arguing “why should architecture be defined by PV panels?! Come on! We should 
find another way and take it away from the buildings. What do we do with all this technical stu! 
in about 10-20 years?”

The user and nature groups, while less mentioned, are regarded as emerging themes. About a third 
of the sample mentioned at least one user-related aspect, and several aspects were distinguished 
within the group, which shows the multiple facets of an issue that is nowadays getting increasing 
attention. Similarly, the application of nature-based solutions in the built environment has been 
heavily promoted by the European Union in the last years, being defined as “solutions that are 
inspired and supported by nature, which are cost-e!ective, simultaneously provide environmental, 
social and economic benefits and help build resilience. Such solutions bring more, and more 
diverse, nature and natural features and processes into cities, landscapes and seascapes, through 
locally adapted, resource-e#cient and systemic interventions” (European Commission, 2015). When 
it comes to the building façade, nature-based solutions mostly refer to green façades or living 
walls, as the responses showed; however other strategies for nature inclusion are also attracting 
attention, evidenced by the integration of “bee hotels” and nesting zones in projects declared by the 
interviewees. The fact that about a fourth of the sample mentioned these aspects is regarded as a 
promising sign of their ongoing application, which is expected to increase in the coming years based 
on their active promotion.
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Lastly, value related aspects were mentioned as the most practical impact derived from the 
application of sustainable measures, evidenced by statements referring to the return of initial 
investments (“budget versus how much money the building can generate once it's finished”), or 
maintenance costs associated to complex measures (“we had a complex double façade with solar 
shades in between, ventilation and openable windows… the maintenance costs were constantly 
a discussion”). Nonetheless, while budget issues are of course central for the implementation of 
sustainable measures, the same interviewees that declared this also stated that they have seen an 
ongoing change on the clients’ wishes and willingness to implement sustainable measures, which 
greatly facilitates the process.

 4.2 RELATION BETWEEN THEMES/ASPECTS 
AND IDENTIFICATION OF TRENDS

Sustainability is a multi-variable concept, which tackles multiple areas of knowledge and practical 
applications. Thus, the responses of the interviewees usually considered mentions of multiple 
aspects, touching upon more than one of the previously discussed themes. The average number 
of identified mentions per interviewee was 4.8; divided across 2.4 themes in average. Because 
of that, these cross-mentions were explored as a second part of the assessment, aiming to show 
the interviewees’ understanding of sustainability in façade design, not only considering isolated 
mentions of certain aspects but also potential relations between them.

FIG. 5 Position of the interviewees’ responses based on the themes they tackled

Figure 5 shows a 5-way Venn graph showing all responses in relation to the themes they tackled 
(using the online tool developed by Bardou et al., 2014). So, each dot represents a di!erent 
interviewee, and its position shows which themes shape their understanding of sustainability. 
As discussed earlier in the text, circularity aspects were mentioned by 88% of the sample, while 
energy aspects were mentioned by 71%. Moreover, interviewees that mention aspects contained 
in either one or both of them add up to almost the total sample (97%); cementing their position as 
the themes most commonly associated to sustainability when it comes to façade design. Only one 
interviewee did not explicitly mention any aspect within those themes, placing the focus on users’ 
behaviour and their interaction with the building envelope in order to control or at least modify their 
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comfort. Nonetheless, this posture does not negate the relevance of the aforementioned themes, but 
simple chooses to actively place the focus somewhere else (the user).

As another layer in the assessment of the responses, an e!ort was made to identify trends based 
on potentially distinguishable relations between groups of aspects, that would allow to identify 
di!erent approaches to the topic of sustainability; and then compare these trends against basic 
characteristics of the surveyed sample, in an attempt to check for the existence of potential 
designers’ profiles when it comes to following these approaches. This, of course, as an exploratory 
exercise constrained within the boundaries of the sample size considered in the study.

Given the multi-variable nature of the overall concept of sustainability, in general there were no 
discernible patterns or trends. Nonetheless, two clashing approaches were distinguished when it 
comes to circularity: (a) permanence; and (b) design for disassembly. Figure 6 shows a 4-way Venn 
diagram depicting the relations between these aspects from the interviewees’ responses; where it 
is possible to see on the one hand that mentions of permanence and material durability are highly 
correlated; while on the other hand, fairly distinct from the first group, there is also some correlation 
between mentions of assembly and material usage.

FIG. 6 Interviewees’ responses related to selected aspects within the circularity theme

A more detailed overview of the responses e!ectively shows that designers who declared 
permanence as one of the aspects related to sustainability, also mentioned to strive for timeless 
buildings; besides a predilection for the use of “real” materials such as natural stone or concrete, 
over steel or aluminium, based on how well the former sustain the passage of time. Therefore, 
in these cases, the design of the envelope follows massiveness as a guide, with façade detailing 
focused on improving the durability and aesthetics of the building surfaces over time. The reasoning 
behind this approach entails that long-lasting buildings make a more e#cient use of the material 
and energy resources embedded into their design and construction, aiming to keep these on-site 
by prolonging the operation phase for as long as possible (Foster, 2020). Consequently, besides 
massiveness and the use of materials that do not require major maintenance; a key aspect in the 
design of façades within this approach is an embedded flexibility and resilience, that allows the 
façade – and the building behind it – to accommodate to changes that will occur along its lifetime.
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On the other hand, reviewing the responses that contain mentions of façade design as an assembly 
of components, it is possible to see assembly-related aspects along concerns for the recycling and 
reuse of such components and materials. Moreover, the responses also referred to the need to use 
less raw materials; which of course circles back to the reuse of already processed building materials 
and components, but also entails the design of slender structures and lightweight façades, where 
material usage has been optimised for their particular performance. If the first approach was based 
on permanence and usage flexibility to achieve a ‘never-ending building’; thinking of buildings 
in terms of assemblies focuses instead on their components’ lifecycle, under the assumption 
that buildings do not need to last forever, but their parts and components need to be designed to 
allow for their reuse in other buildings under a smart output approach (Heesbeen & Prieto, 2020). 
Consequently, a key aspect in this is the design of the interfaces between components, based on dry 
connections and mono-material components, striving for total disassembly and material recovery.

When comparing the mention of these approaches against other responses from the interviewees, 
no clear correlations were found. This means that the predilection for either approach does not 
seem to follow any discernible pattern that could help defining designers’ profiles. This holds 
true when comparing the responses against basic sample descriptors such as their declared 
years of experience, the size of the firms they represented, or their particular expertise in either 
newly built projects or renovations; and also other responses from the questionnaire such as their 
understanding of the main role of façades, the role of façade design within their building design work 
flow, or aesthetic preferences when it comes to façades. The only exception to this, would be a faint 
relation encountered between the mention of these approaches and the declared main experience of 
the interviewees in terms of either residential or non-residential projects. Hence, it was found that 
designers who mentioned permanence and durability as aspects related to sustainability, tended 
to be the ones who declared to have more experience with residential projects; while the mentions 
for assembly were almost equally divided among the ones who declared to have mostly worked in 
residential and non-residential projects, slightly favouring the latter (Fig.7). This fact seems to make 
sense, considering the di!erent nature of both types of projects (arguably, housing is generally meant 
to last and blend with the urban layout; while the usually iconic aspect of non-residential buildings 
means that they are subjected to more changes during their lifetime); nevertheless, although this 
fact is worth mentioning within the exploratory aims of the study, further research activities with a 
larger sample are needed in order to test and fully corroborate this finding.

FIG. 7 Relation between mentions of the identified approaches and the main experience of the interviewees
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5 CONCLUSIONS

The paper aimed to explore the role and the impact that sustainability has in façade design, through 
the analysis of gathered responses from several interviews with experienced architects, from 34 
architectural firms based in The Netherlands. Based on the responses, it was possible to identify 
several aspects that have an impact on the design process, which were categorised in 5 distinct 
themes: energy, circularity, user, nature and value. Energy and circularity themes clustered most 
aspects, and received the highest amount of total mentions. As an isolated aspect, the integration of 
passive design strategies was singled out to be the most mentioned; while the highest total mentions 
of the circularity theme are regarded as evidence of the current interest around these issues in 
architectural design.

The fact that the interviewees mentioned multiple aspects across di!erent themes within their 
responses; perfectly shows the multi-variable nature behind the concept of sustainability, tackling 
multiple challenges that respond to diverse areas of knowledge and practical applications. It is this 
multitude of aspects, that need to be considered at once, which makes the application of sustainable 
measures a complex matter. The interviewees acknowledged the fact that more information and 
tools for a comprehensive evaluation of these measures are needed, to assist them throughout 
the design process. Also, particularly in the case of circularity, it was possible to identify certain 
approaches that architects have adopted to navigate through these issues, aiming to incorporate 
them in their daily practice.

Therefore, when it comes to circular design, it was found that some believe in permanence and 
timeless buildings, which leads to massive structures and detailing focused on ageing and durability; 
while for others it mainly revolves around using less raw materials and the reuse/recycling potential 
of building components; which leads to light structures, with focus on connections aiming for total 
disassembly and material recovery. The identification of such strategies helps gathering a set of 
potential responses, which should of course follow the particularities of each case. Thus, it would 
be wrong to declare one strategy as generally better than the other; instead, they should be seen 
as possible approaches, whose suitability will be assessed after a careful consideration of the 
context and brief. This of course, circles back to the need for tools for the assessment of these or 
other approaches in terms of their response to a given set of requirements.

The exploration of the façade design process and the new challenges that sustainability brings to it, 
directly from the practitioners’ experience; is regarded as a key issue to promote further application 
of sustainable measures in the built environment under a grounded discussion that includes both 
theory and practice. Hopefully the identification of diverse strategies and approaches, along with 
similarities and di!erences across various points of view; will help designing a common vocabulary 
for the understanding of sustainability in façade design, which enhances synergies between the 
di!erent stakeholders responsible for the design and construction of a sustainable future.
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Abstract 
This paper investigates strategies for passive indoor cooling with novel fibrous structures based on Phase Change Materials (PCMs). 
The project approaches PCMs from a design perspective and introduces local temperature modulation into an interior space by using 
exposed, mobile, and changeable structures that can be installed and adapted by users. The aim of the research is to develop design 
concepts and production processes for integrating PCMs into various interior interfaces - façade screens, spatial dividers and ceiling 
elements. We present three case studies with novel PCM elements focusing on their exposure in the interior space and embedding the 
logic of material assembly and disassembly into the design. These interventions are particularly suitable for retrofitting buildings to 
address critical thermal loads and di#erent programmatic scenarios. More broadly, they extend the concept of static building elements 
towards material-based cooling devices that allow greater flexibility in use and remain adaptable throughout their lifespan.

Keywords
Phase change materials, passive cooling, retrofitting, fibrous systems, adaptive use, textile technology



 188 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Fibrous Interfaces for Indoor Temperature Modulation Based on Phase Change Materials

1 INTRODUCTION

Growing demand for cooling of buildings requires rethinking of technologies for climate control 
as one of the main sources of energy consumption in buildings. In e!orts to transform building 
energy practices, current approaches are oriented towards passive cooling and retrofitting measures 
to prevent overheating and improve the performance of existing buildings (Directive 2010/31/EU of 
the European Parliament and of the Council on the Energy Performance of Buildings, 2010). Passive 
cooling with phase-change materials (PCMs) has been widely investigated over the last decades as 
a promising method for material-based thermal regulation and has proven e!ective in reducing 
dependence on air-conditioning and improving thermal comfort (Kośny, 2015). 

The integration of PCMs into building elements brings with it the challenge of resolving multiple, 
often conflicting performance requirements within standardized, built-in components. Building 
applications with PCMs have thus been largely driven by integration techniques leading to 
developments in the field of composite materials, often involving di#culties in monitoring, replacing, 
and recycling of these systems. This paper discusses an approach to PCM structures that allows 
greater flexibility in use and a way of integrating PCMs that makes adaptation, disassembly, material 
separation, and reuse possible. 

 1.1 STATE OF THE ART

PCMs are materials capable of storing, absorbing and releasing energy in the form of latent 
heat during melting and solidification at a certain, predictable temperature, which makes them 
suitable for managing thermal environments in architecture. Although early precedents in the 
built environment can be found in vernacular igloo architecture, the first application of latent heat 
thermal energy storage as a technology for achieving thermal comfort in buildings was documented 
in the Dover Sun House in 1948 (Kośny, 2015). The applications of PCMs in buildings have since 
been the subject of extensive research, and more recently, many studies have provided an overview 
of PCM classification and properties, encapsulation methods, performance factors and applications 
(Mavrigiannaki & Ampatzi, 2016). A variety of components that have been investigated for building 
applications mostly relate to the context of building technology and are rarely design-oriented. 

The range of currently available PCM-based building elements includes micro-encapsulated PCMs 
integrated to conventional building materials, such as gypsum, plaster or concrete, or macro-
encapsulated PCMs in the form of pouches, capsule strips or panels located in building cavities, 
e.g. behind walls or suspended ceilings (de Gracia & Cabeza, 2015). These solutions increase the heat 
storage capacity of lightweight structures and operate passively or in combination with automated 
active systems for forced ventilation and removal of the absorbed heat from PCMs (VDI, 2016). Crucial 
for the passive performance of PCM elements is that they are exposed to night ventilation and 
placed in zones with the highest heat input and temperature fluctuations, such as the façade. While 
some notable examples in the field of responsive building elements have highlighted this potential 
(GLASSX AG; Perino & Serra, 2015; Weinlaeder et al., 2011), visible elements that can be installed or 
adapted by building occupants are still under-represented. Our study addresses this aspect in the 
design of novel PCM macro-encapsulations to enable their exposure in the indoor space as well as 
their placement close to the façade and, importantly, within the sight and reach of the user.

Among the strategies for functional integration of PCMs outside the building industry, advances have 
been made in the field of technical textiles for climate regulation. PCMs have been embedded in 
textiles at the fibre level or through micro-capsules in non-woven fabrics developed for the clothing 
industry and other close-to-body applications. Existing functional textiles, therefore, face similar 
di#culties as other PCM composites in separating and recycling the small and bound component 
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materials. As they are tailored for small-scale use, their heat storage capacity would not be su#cient 
for building scale (e.g. products like Outlast®, schoeller®-PCM™). However, they o!er an interesting 
possibility of flexible, dynamic and local temperature compensation in close correlation to the human 
scale, which we propose to transfer to the building context in this paper.

Rethinking PCMs in buildings from the perspective of textiles can introduce a di!erent logic of 
temperature modulation into interior space by using exposed, mobile and interchangeable structures 
that can be installed and adapted by users to meet di!erent programmatic scenarios. Despite the 
existing range of solutions for PCM-enhanced textiles, the processes of scaling textile logic in an 
architectural context require a specific approach to create customized PCM elements. Starting from 
the fibre as a basic lightweight element with the potential for multi-scale PCM integration, our study 
translates fibrous systems to the building scale, placing the criteria of circularity and dismantlability 
at the centre of investigations.

2 METHODOLOGY

Practice-based design research involving experimental prototyping is a basis for this project. 
The design potential of PCM elements is explored through three case studies that use novel design 
and production methods to upscale fibrous structures into tangible and adaptable interfaces in 
an architectural context. The experiments investigate the integration of PCMs into various fibre-
shaped elements using manufacturing processes such as textile or glass making to create larger 
interior structures. 

The case studies draw on the understanding of the integrative possibilities of fibrous structures on 
di!erent scales: linear elements filled with PCMs are interconnected to form larger material systems 
with adaptable configurations. Fibres as elongated structural elements are not only found in natural 
systems to provide specific functions in plants, muscles or in various vascular tissues, but also in 
engineered environments. Reinforcement by linear tensioned elements like steel rods or carbon 
fibres is common in architecture – as are tubular structures for storing and transporting media for 
cooling or heating. In exploring tubular structures as material-based cooling devices, both the design 
and technological aspects are considered in the case studies.

Three experimental settings were explored for the implementation of thermally responsive 
elements in the interior space: (1) flexible PCM tubing – Strands, up-scaled into a surface, (2) 
rigid linear PCM tubing – Bars, connected by flexible binding, and (3) rigid glass PCM tubing – 
Dendrites with branching configuration. Strands and Bars were worked into flexible surfaces 
using textile manufacturing technologies and were investigated qualitatively. Key design and 
production parameters, a phase-change transition of PCM elements – from opaque, translucent 
to transparent, as well as the texture, density and haptics of the structures are documented in the 
studies. The dendritic structures were produced in glass using the lamp-working technique and 
were taken to the further test phase in the experimental set-up for thermal analysis. An overview of 
experimental settings with all material components and processes is shown in Table 1. 

CASE 
STUDY

PROTO-
TYPE

PCM PROD-
UCT

PCM MELTING 
TEMPERATURE

ENCAP-
SULATION 
MATERIAL

PRODUCTION 
TECHNIQUE

TYPE OF  
APPLICA-

TION

EFFECT/TYPE OF 
ANALYSIS

1 Strands Bound  
granular

26-28 °C PE non-woven 
textile, PE foil, 
PES monofila-

ment

Kemafil® 
technology

Vertical 
screen

Cooling, shading, 
dividing / qualitative 

analysis

>>>
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2 Bars Para#nic 27-29 °C Acrylic tube Coarse 
warp-knitting 

Vertical 
screen

Cooling, shading, 
dividing / qualitative 

analysis

3 Dendrites Bio-based 24 °C Glass tube Lamp-work-
ing 

Ceiling Cooling / quantitative 
analysis

TABLE 1 Overview of experimental settings

With the aim to improve the cooling e!ect of PCMs, various material-specific strategies have been 
pursued in design and production to maximize the exposure of PCMs to the surroundings and 
positively a!ect the heat exchange and the indoor temperature reduction. Compared to built-in 
surface components like PCM-enhanced boards, panels or pouches, tubular containments have 
a better surface-to-volume ratio and the potential to improve convective heat transfer through 
their indoor exposure, geometry and spacing. Following the guidelines on the e!ective thickness 
of PCM, which supports full melting and solidification (VDI, 2016), the design decision was made 
to dimension the tubular elements to a diameter of 20 mm and to create configurations that 
allow natural air circulation around the containments and good contact of the material with 
the surrounding air.

3 EXPERIMENT / RESEARCH - CASE STUDIES

The design potential of fibre shaped PCM elements for passive cooling is investigated on examples 
of tangible, lightweight structures that reduce temperature peaks in indoor spaces. In three case 
studies, we develop design strategies and processes for integrating PCMs into di!erent interior 
interfaces - façade screens, spatial dividers and ceiling elements. A common element in all case 
studies is PCM tubing – an up-scaled “fibre” that builds di!erent configurations of PCM strands, bars 
and dendrites. These “soft” interventions are particularly suitable for retrofitting buildings to address 
critical thermal loads and di!erent scenarios of use, as the elements can be easily installed, handled 
and adapted on-site, in the occupancy phase and according to the specific cooling demand. 

 3.1 PCM STRANDS 

Since window areas and large glass surfaces in particular provide additional heat input into 
buildings, temperature-modulating screens in the interior can be a suitable measure in addition to 
the external sun protection. To create thermally e!ective “curtains”, PCMs were filled into tubular 
structures, which were further processed with textile technology: Kemafil® and coarse warp knitting. 
The Kemafil® technology is used in the field of technical textiles for the sheathing of longitudinally 
oriented, strand-shaped loose core materials - mainly for the production of rope and strand-like 
structures. Coarse warp knitting allows for the integration of flexible or even sti! linear elements 
with a diameter of up to 30 mm. The resulting curtain-like textile screens can be used in front of 
windows or freely suspended as room divisions. These flexible PCM elements store heat during the 
day and release it back into the environment with a time delay when cooled down at night. Compared 
to existing PCM-coated fibres, which are commonly used to produce functional textiles, a significant 
increase in e!ectiveness can be expected due to the greater amount of active material incorporated. 

The first case study deals with façade elements and spatial dividers produced with oversized PCM 
yarns. The volume of the incorporated PCM determines the degree of e!ectiveness of the overall 
surface. Using approximately 20 mm thick PCM-filled yarns enables a relatively large, e!ective mass 
of material to be introduced into a room. PCMs require a dense casing in which the liquid or granular 
material can be contained. This should not be absorbent, otherwise, the PCM would “wander” into the 
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envelope. A transparent polyethylene (PE) plastic tubular film (material thickness 0.15 mm, width 
30 mm) was chosen for creating the flexible yarn filled with granular PCM that acts as a dry PCM 
system. The PCM changes between solid and soft inside of its granular structure. Initially, braided 
textile tubes were also examined as wrapping material, but these were discarded because of the risk 
of the granulate “trickling through”. 

FIG. 8 PCM Strands close-up with Kemafil® casing (left); Yarn processing on coarse warp knitting machine (right) © Christiane 
Sauer

After initial tests on the machine, the PE tube formed kinks in the radii in an uncontrollable manner 
and led to an unsatisfactory overall appearance. This problem was significantly improved by 
additionally covering the hose with a fine fleece and a transparent filament in the Kemafil® process 
(Fig 1). The additional wrapping and binding made the hose more flexible and evenly bendable. 
The aesthetics of the surface also improved decisively. Technically, haptically and optically, the 
textile-coated hose with granular PCM represented a very promising first result (Fig. 2).

FIG. 9 An experimental PCM Strand prototype processed into a flexible textile surface © Christiane Sauer

 3.2 PCM BARS 

Based on the same type of application as the previous experiment, the second case study implements 
transparent bars filled with pure PCM connected into the construction of a coarse warp knitted fabric. 
Acrylic glass tubes with a length of 700 mm, a diameter of 20 mm and a wall thickness of 2 mm were 
chosen as containers for the material. After filling, these were tightly closed with conical cork 
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connectors. As in the previous example, the 20 mm diameter allows integration of relevant quantities 
of PCM, while at the same time enabling complete melting and solidification.

To find a technically and visually suitable variation for this PCM surface, the spacing of the bars was 
first tested with empty tubes. This was done in increasing steps of placing them at one additional 
warp stitch each time. The tubes, which were connected by a fine filament, represent a filigree 
solution with an appealing design (Fig. 3). When being processed with the warp knitting machine, the 
empty acrylic glass tubes posed a technical challenge because the rollers, which keep the material 
under tension in the process, exert great pressure on the working piece. During the first tests, the 
tubes were destroyed by this pressure. The rollers were therefore loosened in further tests, and the 
necessary tension had to be applied by manual tensioning. 

FIG. 10 PCM Bars - rigid tubing interconnected into a flexible structure by warp-knitted binding with testing various bar spacings 
(left) and a regular 7,5 cm vertical grid spacing with filled-in PCM (right) © Christiane Sauer

In the next step, the tubes were filled with the PCM and integrated into the surface. The waxy, pure 
PCM is delivered in solid state in canisters. For processing, it must first be heated so that it can be 
decanted in a liquid/viscous state. The resulting elements are transparent when exposed to sunlight 
and become milky translucent when the temperature drops at night. The waxy state provides visual 
protection at night, while the liquid state allows transparency without obstructing the view and 
natural light during the day. The visible phase change between liquid and solid is a feature that 
makes the climatic function of PCM an active element in the space (Fig. 5). The advantage of the PCM 
bar construction is that, depending on the climatic room requirements, the number of tubes can be 
selected from widely spaced to a closed surface in order to adjust to desired technical parameters 
and the amount of material.

 3.3 PCM DENDRITES

The third case study, situated between practice-based design research and engineering, explores 
a cooling ceiling system with novel, bio-based PCMs. Taking a design approach to a cooling 
technology with PCMs, the study combined the design possibilities o!ered by digital technologies 
with a production technique of glass making. Large-scale test cells were built for this experiment 
to install and analyse customized glass containments on an architectural scale. The methodological 
framework included the digital design of macro-encapsulations, their manufacturing in glass and 
thermal cycling in test cells to determine their cooling e!ect. The design focused on the three-
dimensional dendritic geometry of encapsulations as a strategy to increase the exchange surface 
between PCMs and the surrounding air and to improve the cooling capacity of PCMs. The project 
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builds on previous studies of tubular and dendritic structures with a large surface area that were 
experimentally and numerically tested on a smaller scale and proved to be a suitable concept for 
passive in-door cooling (Rešetar & Palz, 2018, Rešetar et al., 2021).

Dendritic typologies can be described as branching structures found in various natural systems and 
processes such as growth and crystal solidification, whose geometry evolves and self-organizes 
under a defined set of constraints, often forming e#cient transport and exchange networks. 
The branching structures with interconnected linear elements have been studied for solving 
various problems of heat exchange in thermal engineering applications (Bejan, 2000). Drawing on 
the principles of these structures, the dendritic encapsulations in this experiment were digitally 
designed in Rhinoceros and Grasshopper around the logic of shortest paths and the large exchange 
surface area. Design criteria included: a) fitting the structure into the available space underneath 
the ceiling in the test cell to correspond to the window openings and night ventilation flows; b) 
adequate thickness of tubular elements that ensures structural robustness, as well as full melting 
and solidification of PCMs; c) branching angle of elements close to the horizontal for more uniform 
melting and solidification; d) material is placed into a configuration that allows for air circulation and 
natural convection; e) consideration of constraints from the glass production in terms of complexity 
and size of elements. 

The modules were crafted by a lamp-working technique in borosilicate glass, which is commonly 
used for the manufacturing of laboratory equipment. Following the conclusions of previous 
experiments and recommendations on the thickness of PCM elements (VDI, 2016), the chosen 
standard glass tube had a diameter of 20 mm, with a wall thickness of 1,8 mm. The amount of 
material for filling the prototypes was calculated in the digital model, based on the amounts reported 
in PCM ceiling studies and maximized to fit the available space. The prototypes occupied a space 
300 mm beneath the ceiling construction in the proximity and the “extension” of the window opening, 
thus taking full advantage of the night ventilation. 

PROPERTY VALUES

Melting temperature 24 °C

Crystallization temperature 21 °C

Latent heat 183 kJ/kg

Specific heat capacity solid / liquid 2.4 / 1.7 kJ/(kg K) 

Thermal conductivity solid / liquid 0.29 / 0.16 W/(m K)

Density solid / liquid 949 / 842 kg/m3 

TABLE 2 Physical properties of bio-based PCM.

The eight dendritic elements occupied the central part of the ceiling and were able to store approx. 
4.5 kg/m2 of room area of PCM. According to the guidelines for calculating PCM mass (VDI, 2016), 
with a total melting enthalpy of the bio-based PCM in the e!ective temperature range (52.5 Wh/
kg) and a high projected thermal load per room area, the amount of PCMs was less than required 
but proved e!ective in the measurements with a halogen lamp of 750W as a heat source over a 
six-hour heating cycle.

Important criteria for the choice of the PCM for indoor temperature regulation is that the melting 
range of the PCMs corresponds to the daily temperature fluctuations that allow the material to melt 
and solidify. In this case, the selected PCM had a melting temperature of 24 °C, with the physical 
properties given in Table 2.
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FIG. 11 Experimental set-up for thermal cycling of dendritic prototypes showing twin test cells (left), placement of measurement 
probes (middle) and dendritic structure (right) 

In the experimental set-up of test cells, which was developed for thermal cycling, the material 
system was exposed to thermal excitation and natural ventilation overnight (Fig. 4). Two identical, 
neighbouring test cells (1.45 x 3.10 x 3.06 m) were built using lightweight wood construction with 
an 80 mm thick insulation infill and a 6 mm thick removable acrylic glass front. The ambient 
temperature of the room at the beginning of the measurements was approx. 19 °C and, after six 
hours of heating, the heaters were switched o!, and the test cells were left to cool down to reach 
19 °C again in the morning after a period of natural night ventilation. Although various scenarios 
have been tested, the experimental results presented in this paper refer to the heat source of 
halogen lamps of 750 W placed one in each cell. The measurement probes Pt-100 were capturing 
ambient temperature in both test cells and in the room, as well as the temperature of PCMs in a 
one-minute interval. 

4 RESULTS

 4.1 PCM STRANDS / BARS FOR TEXTILE SCREENS

Textiles screens are lightweight, flexible structures, which can be customized “o! the roll” to any 
desired length and geometry, and are easy to transport, store and install. The described climate 
devices based on PCM Strands and Bars create a moveable thermal boundary in the space that can 
be positioned, slid aside or removed like a curtain. The elements can thus be adapted for changes in 
use, as well as for technical or individual preferences.

Presented experiments were carried out as a design study of up-scaling textile elements and 
production techniques to architectural scale. The flexible PCM Strands were produced using Kemafil® 
technology. The Bars were made on the coarse warp-knitting machine, with the weft of acrylic glass 
tubes held by the stitches during the production process and the warp knit forming the vertical 
stitches at a modular spacing of 40 mm in the stretched state. The possibilities for customizing these 
adaptive building components were explored through di!erent layouts and spacing patterns. 

Both tubing systems had a diameter of 20 mm, which is recommended as the e!ective thickness 
in guidelines for PCM storage systems in buildings (VDI, 2016). The elongated shape of PCM 
elements maximized the surface exposure and thus heat exchange. The performance can be further 
programmed through textile technology by densifying the pattern and applying more material to the 
given surface area. Depending on the cooling requirements and size of the room, the arrangement 
and spacing of the Strands and Bars can be altered while maintaining the view to the outside or 
to an adjacent space.
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In the case of the PCM Strands, the improvement in flexibility would result in smaller edge turning 
radii of the weft and, therefore, a denser configuration. This allowed for a higher total length of PCM 
strands per unit and, therefore, more active material to be implemented in a given surface area. 
The bulk density of the PCM granulate of 0.8 kg/litre results in approx. 0.25 kg of granular PCM per 
meter of strand. The approx. 700 mm wide textile screen demonstrator (Fig. 2) therefore contains 
a total of 1.25 kg of granular PCM per meter with the current spacing, which can be densified by 
adjusting the textile pattern.

In the PCM Bars prototype, the number of elements can simply be added into the available vertical 
warp stitches. A maximum number of bars would result in a closed but soft surface with a bar 
implemented in every warp stitch that acts as a flexible joint. The acrylic tubes with an outer 
diameter of 20 mm and an inner diameter of 16mm can hold approx. 0.215 kg of PCM per meter. 
Thus, a 700 mm wide and 1000 mm long screen surface can contain a total of approx. 7.5 kg of 
PCM if bars are inserted densely in every stitch row. The surface area of such a screen is 2.2 m2, 
whereas a comparable flat board surface would be only 1.4 m2. The surface area of a tubular screen 
significantly enhances the contact surface between PCM and surrounding air in comparison to 
the conventional panel geometry. In the demonstrator shown in Fig. 5, bars are inserted in every 
second row. This screen holds approx. 3.75 kg of PCM per meter while still providing good visual 
transparency and high flexibility.

The phase transition from solid to liquid of the PCM is perceived as a fascinating process of 
thermal adaptation. This visible technology can be implemented both in living and working areas. 
The principle is also applicable to large glass façade areas, which can be easily retrofitted with 
sliding PCM screens. As textile screens, these interfaces can improve the indoor climate and 
reduce the operation of existing cooling technology, therefore lowering the energy consumption 
of existing buildings.

Due to the short project duration, the focus was on the knowledge transfer between textile technology 
and architectural design and the experimental prototyping of PCM structures. Further investigations 
will include the analysis of the cooling performance of prototypes which will follow in the 
next research steps.  

FIG. 12 Melting and solidification e!ect of PCM textile screens made from transparent tubular bars with textile warp knitted 
binding

 4.2 PCM DENDRITES FOR CEILING ELEMENTS

The experiment showed that the cooling ceiling with dendritic encapsulations can contribute to 
temperature reduction in test cells in the periods of excessive heat. Starting from the ambient 
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temperature of approx. 19 °C, the temperature in the test cells rose to approx. 27 °C in the PCM test 
cell and to 29.5 °C in the reference cell (Fig. 6), leading to the temperature di!erence between test 
cells and a cooling e!ect of PCM ceiling of approx. 2.5 °C. The PCMs were able to melt completely 
during six hours of heating (Fig. 7) and solidify over-night with the help of night ventilation.

FIG. 13 Impact of PCM on indoor temperature reduction

FIG. 14 Melting process showing the PCM transition from opaque to transparent in dendritic structure

5 CONCLUSIONS

The design potential of PCM elements was explored in three case studies using novel design and 
production methods for up-scaling fibrous structures in an architectural context. Our experimental 
investigations combined practice-based design research and engineering, demonstrating PCM 
integration in examples of façade screens, spatial dividers and ceiling elements – all with thin, 
tubular elements with a large surface that enhance the thermal behaviour of PCMs.
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The presented design strategies show an alternative mode of PCM implementation for retrofitting 
interiors of buildings. In the case studies, the design and technological considerations were 
addressed equally in order to achieve visibility and higher user acceptance of PCM elements. Rather 
than being concealed in layers of the building structure, passive cooling technology appears as a 
tangible element of the interior space. The component-based PCM structures were designed to adapt 
to changing needs during the occupancy of the building – one can add, maintain or remove the PCM 
elements, and customize the PCM quantity and the thermal performance by modifying the layout, 
spacing and clustering of the functional components.

With the idea of advancing an “analogue” and material character of environmental systems in 
architecture, the project o!ers a new perspective on PCM applications to engage occupants in 
adjusting the comfort levels of their thermal environment. This dynamic temperature modulation 
in close correlation to the human scale can extend the concept of static building elements towards 
material-based cooling devices that remain flexible in use throughout their lifespan.

The simplicity of the interventions is reflected in the logic of material assembly and disassembly 
embedded in the production process: the structures are created by filling granular or liquid PCM 
into tubular elements, which enables separation into the initial components after their life cycle. 
This is a major advantage over conventional built-in PCM components, where the materials are 
permanently integrated into the building structures and bonded together. All case studies showed 
novel, sustainable ways to combine PCMs with other materials while addressing critical aspects of 
circularity and dismantlability through design. 

Finally, the experiments show that PCM-based temperature modulation can e!ectively reduce 
temperature peaks and provide an alternative to energy-intensive conditioning of buildings. 
The exposed PCM elements operate locally and in close relation to the climate to dynamically respond 
to the available thermal energy and accommodate daily temperature fluctuations. The design 
approach suggests a shift from current practices of climate control to thermally responsive elements 
that can invite an active engagement with the material and thermal environments.
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Abstract
The project seeks to create a building envelope that functions as structure, enclosure, and insulation, which is assembled from one sol-
id timber construction element type. Wood has clear environmental benefits when compared to other standard construction materials 
such as steel and concrete, a good strength-to-weight ratio, relatively high thermal insulation, and low production costs. This research 
seeks to leverage these characteristics to simultaneously reduce the number of material layers in timber building envelopes while im-
proving the building physics performance. Thus, the environmental impact of buildings can be reduced during planning, construction, 
operation, and disposal. The project proposes a system that reduces material layers and improves envelope performance by combining 
contemporary fabrication technologies with traditional woodworking techniques. Design tools should allow for compelling formal op-
portunities and facilitate fabrication and construction. The system manifests as a free-form, curvilinear log-cabin. Solid timber beams 
are used to minimise binders and fillers found in composite wood products, and the entire primary construction is achieved with pure 
wood joinery. CNC machining allows for the precise joining of members to achieve robust, easy-to-assemble, structural and airtight 
façades. By sawing deep slits into solid timber beams, the resulting air chambers improve thermal insulation values up to 30% com-
pared to comparable solid wood assemblies while also relieving naturally occurring internal stresses. Computational design algorithms 
generate toolpaths and construction data directly from simple input curves, enabling direct coordination of architects, engineers, and 
contractors. To evaluate the system, multiple prototypes are fabricated to test constructability, thermal conductance, and airtightness, 
including a demonstrator building to test full-scale implementation. Laboratory tests and the successful completion of the IBA: Timber 
Prototype House demonstrates the potential for this renewable material to fulfil the requirements of contemporary building envelopes 
and opens the door for the development of all-wood multi-storey façades.
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Abstract
Bioreceptive materials allow for biological content (biofilms) to grow on it, without necessarily a#ecting the material itself. If a biore-
ceptive concrete could therefore be integrated into a building façade, it could lead to green façades that do not need additional technical 
systems. As part of previous research by the authors, a promising bioreceptive concrete mixture was formulated. The aim of this re-
search is to take this development, by using this previously developed mixture to create a bioreceptive concrete façade panel prototype, 
made using commonly available materials, that can direct where the biological growth takes place. The latter is done by combining the 
bioreceptive concrete with a non-bioreceptive (UHPC-based) one in the same panel, through a two-stage pouring process. A biofilm was 
developed on this prototype panel and results show that full coverage of the bioreceptive parts of the panel can be achieved within two 
weeks under optimal growing conditions and biological growth can be directed. However, exterior survivability is an issue for now. The 
concept of bioreceptive façades therefore shows promise, yet further investigation into improving exterior survivability is necessary, as 
well as further research into the underlying ecology, material, economics and climate e#ects is necessary.
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Abstract
Additive production techniques such as 3D printing and robotics enable new production methods and possible uses for earth, as one of 
the most ancient building materials in the building industry. This study examines the potential of di#erent building elements and com-
ponents and their possible combinations made of or containing earthen building products. In addition to the 3D printing of lightweight, 
highly insulating external and heavy internal wall elements and load-bearing rammed earth walls for use as inner and outside walls 
are compared. Furthermore, the activation of the walls with water-based heating and cooling elements is taken into consideration. In 
particular, the sensitivity of earth to humidity and water has a positive e#ect on all life cycle phases from production through operation 
as a low-tech building to the end of use, i.e. the reuse as well as the possible return to natural cycles. The focus of the study is to assess 
the building material earth in light of modern production methodologies, the impact on indoor comfort and indoor air quality as well its 
life cycle assessment.
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1 INTRODUCTION

As an estimation, 30% of all houses worldwide are built from earth (Keefe, 2012). Besides regions 
in which earth as a building material is the only available resource, in Europe, the number of 
buildings made from earth is increasing slowly. This essentially does not result from earth as the 
only available resource but from demands of sustainable, healthy and comfortable living (Minke, 
2017). Not only from an indoor environmental quality (IEQ) point of view but also from technical 
aspects, earth has a high potential of minimizing the energy demand which is used for the operation 
of buildings. Buildings from earth not only positively a!ect the human well-being inside the building 
but also have a positive impact on the outdoors, contributing to the resilience of cities against heat 
stress (Santamouris, 2013). This is already well understood in warmer climates (e.g. street canyons 
in arid climate), but considering global warming, the consideration makes increasing sense in colder 
climates and dense cities. 

Earth as a building material still has a low market share in European regions which could be 
caused by lost knowledge from construction companies that are not familiar with the building 
techniques (Minke, 2017). Furthermore, buildings from earth can only be cost-e!ective when 
the building process is (semi ) automated (Kloft et al., 2019). The structure of building elements 
from earth are usually rammed earth, blocks, dry boards or plasters, whereas supportive additive 
manufacturing processes could enhance not only the production process itself but also indoor 
environmental qualities. 

Historically, earth is used with di!erent techniques in form of earth blocks and rammed earth as 
a solid construction or as fillings in wattle-and-daub buildings. In di!erent cultures, earth is used 
in a variety of techniques and designs as a cladding material, mostly as plaster but also as dry 
earth boards. Due to its climate-controlling and ecological potential, earth is gaining increasing 
attention as a building material. In Germany, the standardization of earth building products has been 
progressed intensively in recent years. Standards for earth blocks (DIN 18945), earth mortar (DIN 
18946), earth plaster (DIN 18947) and earth dry boards (DIN 18948) have been introduced.

Due to the small market, the use of earth is still very artisan. New manufacturing technologies 
such as 3D printing and robotics will unlock the potential for optimizing the use of earth in the 
construction industry and are expected to contribute to the further spread of earth buildings.

In order to develop the full potential of products from additive manufactured earth, the advantages 
of earth construction need to be maintained. Therefore, the objective of this article is a multi-
dimensional discussion of the main relevant capacities, which are here considered as indoor 
environmental quality, user satisfaction, and the circularity against the background of evolving 
technologies to assess the potential of the new technologies.

2 METHODOLOGY

In this article, the potentials of earth products are described and classified from di!erent 
perspectives. Firstly, the technology with the latest developments in additive manufactured 
earth products is introduced. Secondly, the state of the art of the most relevant capacities (indoor 
environmental quality, user satisfaction and circularity) is summarized. In the discussion, the 
status quo is outlined, and the potential of additive manufactured earth products to improve the 
market share and the application within moderate climate zones is discussed. Subsequently, 
the assessments are overlaid with each other to reflect the status quo of AM earth products, 
demonstrating the potentials for the application in the building industry.
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While the potential of additive manufactured earth products is discussed based on the technology 
and the relevant capacities on an abstract level, the findings presented below are based on a 
literature review, experiences from practice and from small size produced prototypes by the authors. 
The section on user satisfaction is based on a literature search in web of science and sciencedirect, 
using search terms including “rammed earth”, “earth building” or “earth plaster” in combination with 
“comfort”, “well-being”, and others, which revealed 37 journal articles of which only 11 were suitable 
for this article after reviewing their content in detail.

3 ADDITIVE MANUFACTURING TECHNOLOGIES 

In general, AM technologies will be distinguished by the nature of the raw material and the methods 
used to produce the di!erent layers of the structure, as well as by the joining phase of the layer 
di!erences. Before the material is processed, there is a digital planning process in which the object 
to be created is digitally created in three dimensions and then broken down into layers so that the 
corresponding additive manufacturing process can process it. 

The usual technologies currently in use are Selective Laser Melting (SLM), Direct Metal Laser 
Sintering (DMLS) and Selective Laser Sintering (SLS), all three processes in which a thin layer of 
powder is melted using an energy source at the points where volume is to be created. In a next layer, 
the same process is repeated in a higher layer until a corresponding volume is created. The Fused 
Deposition Modelling (FDM) and Fused Filament Fabrication (FFF) processes work di!erently in 
principle: the material is extruded from a nozzle, and individual layers are created by controlling the 
nozzle or the carrier platform, which then produce the desired volume according to the digital control 
(Lim et al.; Knaack et al. 2010; Knaack et al. 2016). Other technologies like stereo-lithography (SLA) 
or Laminated Object Manufacturing (LOM) are alternative methods of additive manufacturing, but 
technologies do not currently appear to make much sense for use in earth. 

Earth consists of sand, silt and clay. Depending on the corn size distribution, it can be used for 
di!erent purposes in construction. By optimizing the mineral composition and adding natural 
fibres, for example, the properties can be optimized according to its purpose. Additive production 
techniques such as 3D printing and robotics enable new production methods and possible uses for 
earth, as one of the most ancient building materials in the building industry. This chapter introduces 
the most relevant techniques. 

 3.1 AUTOMATED RAMMED EARTH

Based on one of the traditional production methods for components made of earth, the rammed earth 
technique, automated rammed earth technologies have been developed. In a first step, the material is 
penetrated by means of automation and then automatically compacted. In this process, components 
can be produced both on-site and as finished parts that are subsequently transported (Heringer, Blair 
Howe, Rausch; Djahanschah, Auer, Kaufmann;). This process has already been tested several times 
and is currently being used in the construction industry for limited and individual projects. In a 
further development step, the automated rammed earth technologies can be developed towards an 
automated control of the formwork, which o!ers the principle advantage of free control of the form. 
This process has so far only been investigated experimentally (Kloft et al.).

 3.2 DIGITALLY CONTROLLED BUILDING ELEMENT EXTRUSION

Following the system of the FDM Technology there is the possibility to create large-sized building 
elements and structures on-site by means of extrusion. In this case, a cord of earth is placed on the 
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underlying cord by means of extrusion and thus creates the volume. The process allows the creation 
of large volumes relatively quickly and is currently being investigated experimentally at various 
institutes in the USA and Europe. Semi-industrial production is active in Italy (WASP). 

 3.3 DIGITALLY CONTROLLED COMPONENT EXTRUSION

Also based on the extrusion, small components as parts of building elements can be purchased 
for the first time, which are developed for complex geometric situations or additional functions 
and can then be produced by means of digitally controlled extrusion and transported after drying. 
The principal technology of digitally controlling the extrusion of earth is being investigated by 
various institutes in Spain, Hong Kong, the Netherlands and Germany, but up to now, it has always 
been followed by a firing process to produce a brick as a special shape from the component (Knaack 
et al., 2010; Knaack et al., 2016). Next to the individualized volume itself, the surface of the object can 
be designed to improve its performance.

4 INDOOR COMFORT

Certainly, the best-understood fact is that earth buildings have a high thermal capacity so that 
heat can be bu!ered to times with lower temperatures and thereby shifting temperature peaks 
and reducing active cooling to a minimum. Due to the fact that the heat transfer is driven by the 
temperature di!erence between surface and adjacent air one can speak of a self-regulating e!ect 
since the heat flow from or into a building element depends on the temperature di!erence (BINE, 
2007). Combined with materials having lower densities, an insulating building material can be 
produced, making earth as a building material likewise interesting for colder climates using porous 
mineral aggregates (e.g. foamed glass). If the wall structure is built from 100% reusable materials, 
a minimum of embodied energy content is achieved if structural or insulating elements are built 
from wood or straw. 

In addition to other mineral materials earth is porous and has the capability to bu!er also large 
amounts of humidity from the air. This hygroscopic behaviour can be described as the sorption of 
humidity. The measurement procedures of sorption processes are standardized. During a constant 
air temperature of 23°C and a rise in relative humidity from 50 to 80% is induced while the control 
volume is weighted continuously to identify the absorption of water during at least 12 hours (DIN 
18945-18948). Under laboratory conditions, a wall made from earth which is exposed from both sides 
to a rise in relative humidity the ability to absorb water from the air is described as nine times higher 
compared to a wall made from concrete (Minke, 2017). Considering real-life operating conditions, 
the ability of humidity sorption from the air into earth dry boards is 3-5 times higher compared to 
plasterboards made of gypsum (Klinge, 2016). Here 100 g/m² of humidity is absorbed by the earthen 
product with a thickness of 20 mm after 12 hours compared to 20 g/m² absorption by the gypsum 
board. It can reasonably be concluded that the self-regulating e!ect of the air temperature is also 
applicable to self-regulation in relative humidity (Lan et al. 2017). 

Considering the local climate during the design process, the hygrothermal properties (thermal 
capacity, insulation, humidity bu!ering) of earth provides the potential to reduce the demand of 
technical equipment (Djahanschah,et al., 2020). In the example the risk of mould (in bathrooms) due 
to peak-loads of moist can be compensated by the ability to absorb humidity quickly (McGregor et 
al., 2016). Hence, ventilation rates of peak loads can be reduced. Two residential buildings, which 
are operated within German climate conditions where one is built from conventional materials and 
the other is built from natural materials shows a significant di!erence in humidity levels (Klinge, 
2016). The building which is made from natural materials shows that humidity levels range almost 
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between 50% - 60% which is a spectrum providing healthy conditions whereat buildings made of 
conventional materials show lower rates in relative humidity with higher alterations. To achieve 
those healthy conditions, it can be discussed that active humidification and hence an air conditioning 
system is obsolete if the building is designed with proper materials. 

On the basis of AM technologies and automated construction techniques, the surface texture itself 
can be optimized. This could be achieved with an increase in surface area through a roughened 
texture of the surface by for example digitally controlled component extrusion. This could result in 
a higher transfer of humidity and heat flow between the air and the building element. As another 
potential, the inner characteristics of building elements from earth could be adjusted during the 
additive manufacturing process so that modified thermal masses and insulating properties are made 
from one homogeneous material.

Furthermore, the material can be equipped with functions by the material itself (e.g. openings for 
ventilation, cavities) or with technology. Chilled walls with earth as a material base that could be 
plastered cooling systems as well as prefabricated earthen dry wall systems with embedded cooling 
system have the benefit of reducing the risk of condensation leading to the possibility of lower supply 
temperatures; hence, higher cooling rates are possible. The fact that peaks of the relative humidity 
can be bu!ered and flattened the opposite is valid for cases in which dehumidification is necessary. 
With a chilled ceiling or a thermo-activated building system, dehumidification is thinkable.

5 USER SATISFACTION AND HEALTH 

From the viewpoint of human comfort, satisfaction and health, lower indoor temperatures and 
humidity levels, due to above-described characteristics of earth, reduce the thermal strain and 
increase the level of satisfaction under warm summer conditions (Parsons, 2014). In addition, 
respiratory health e!ects during wintertime are caused by rather low relative humidity levels 
(Mäkinen et al., 2009), potentially reduced with earth materials regulating humidity levels. 

However, studies looking specifically at the e!ect of earth materials on user satisfaction and health 
are scarce. Furthermore, when considering rigorous scientific methods (i.e., meaningful sample 
sizes and controlled experiments), nearly all of these studies cannot draw conclusions on systematic 
cause-e!ect relations. At the same time, their findings are useful for formulating research questions 
and hypothesis for future research.

A first group of studies looks at direct e!ects. Li et al. (2013) compared traditional Chinese Tulou 
buildings made of rammed earth in a wooden framework with close by “normal rural buildings”. 
They obtained 139 questionnaires from six Tulou buildings and 97 responses from an undefined 
number of normal buildings and performed additional IEQ measurements. They observed higher 
thermal satisfaction with the Chinese Tulou buildings compared to normal rural buildings, but no 
di!erences in the perception of the luminous and indoor air quality environment. However, their 
study cannot reveal whether the observed di!erences are due to di!erent building materials or 
the di!erences in architecture and style of buildings. Fernandes et al. (2019) base their conclusion 
on a single rammed earth building in Portugal with measurements and subjective votes of five 
respondents. Thermal performance was satisfactory during summer, but heating was required in 
winter. Beckett et al. (2017) compared one building with traditional solid rammed earth walls with 
one other building with rammed earth walls including an insulating polystyrene core in Australia. 
Both buildings led to high thermal satisfaction in winter and summer, with only short periods with 
heating demand in winter. Noteworthy, occupants’ ratings were more positive than predicted by 
calculated satisfaction indices. These examples confirm the focus on thermal aspects when dealing 
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with earthen constructions, while additional direct e!ects due to the application of above-described 
technologies can be envisioned. These e!ects include the potential of earth plaster optimizing 
acoustic properties while keeping thermal mass activated; increased satisfaction with the indoor 
air quality due to lower temperatures and the known e!ect of cooler air perceived as more fresh 
(Fang et al., 1998); and an improved visual environment through enhanced visual properties of the 
surface minimizing glare. 

Compared to such direct e!ects, indirect e!ects mentioned in the literature are even more di#cult 
to be assigned solely to the application of earth as building material. Deuble and de Dear (2012) 
found that occupants in green buildings tended to forgive their buildings IEQ conditions outside 
classical comfort ranges more likely than occupants in conventional buildings. Again, the evidence 
is based on case studies partly contradictory and not systematically assessed. For example, Taylor et 
al. (2008) found no di!erence in occupants perception with respect to thermal, visual, and acoustic 
aspects comparing one rammed earth building with one other conventional building. Supporting 
the existence of such an e!ect, Sant’Anna et al. (2018), Leaman and Bordass (2007) and others found 
strong positive e!ects of green buildings on user satisfaction compared to conventional buildings. 
Due to small sample sizes and the large variety in human perception and preferences, the debate is 
still ongoing and further well-designed research required. 

In this context, the notion and importance of perceived control is a crucial aspect to be considered. 
Evidence from studies not addressing earth buildings suggest positive e!ects of perceived control on 
user satisfaction (e.g. Brager et al. 2004, Schweiker et al. 2016). Keeping buildings simple will help 
their users understanding their behaviour. At the same time, a buildings’ capability of self-regulation 
should not reduce control opportunities for individual comfort.

A final note shall be given on the e!ect of building with earth and “feeling earth” on human health. 
Based on an experimental study with 36 Chinese adult participants, Wong & Au (2019) concluded that 
participants who created earth work using their bare hands improved significantly in positive mood 
and well-being immediately after the session, compared to those wearing gloves. Nan and Ho (2017) 
reported a positive e!ect of earth art therapy compared to visual art therapy on emotion regulation 
and other aspects of mental health in adults with depression based on an experimental study with 
106 participants. These studies reveal interesting potential side-e!ects of building with earth.

6 CIRCULARITY 

Circularity is a strategy that aims in balancing human needs for resources and environmental 
concerns by designing circular flows. In the context of the building industry, di!erent levels can be 
considered like the flow of finances or the flow of information. The environmental impact is related 
to the material or resource flow which is considered in the following. 

Resources in the building context are used to operate the building as gas or oil for heating, cooling 
and electricity. Furthermore, resources are used to form the building substance - its construction 
materials. Due to high insulating building envelopes and e#cient technology, which provide growing 
shares of renewable energy, the relevance for resources in the building context is growing. 

In order to evaluate the extent of circularity of construction materials, two categories are 
distinguished: 1) the material which is or is becoming part of the construction (input) and 2) its 
after-use potential (or potential output). Di!erent methods by di!erent stakeholders like the Dutch 
platform CB23 (CB’23, 2019; Foundation; & Design, 2015), institutions like most relevant the Ellen 
Macarther Foundation, universities e.g. RWTH Aachen (Hildebrand, Schwan, Vollpracht, Brell-Cokcan, 
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& Zabek, 2018) or architects and engineers (Hillebrandt, Riegler-Floors, Rosen, & Seggewies, 2018) 
are available with the attempt to evaluate design decisions and quantify circularity. 

In order to discuss the circularity of earth products and additive manufactured earth products the 
two categories input and potential output are used. 

Input. Earth products are most commonly used in near proximity and often manually processed. 
Hence, only little energy and emissions are linked to the transport and the processing of earth 
products. This results in low values for primary energy not renewable ranging from 0,07 to 1, 05 MJ/
kg and for global warming potential 0,004 to 0,06 kg CO2eq/kg (Schröder, 2019). In comparison with 
other building materials, the thickness needs to be considered. While solid construction from bricks, 
limestone or concrete with insulation typically result in thicknesses from 25-40 cm, a wall with the 
same functionality from earth will need 40-70 cm. Even with the increased material amount, the 
earth wall, if produced with low-tech measures, will result in significantly lower values.

For additive manufactured earth products, the machine work is highly relevant. Studies on this 
aspect are not available. Environmental data on automated processes were investigated in a 
study on deconstruction of façades (Hildebrand, Schwan, Vollpracht, Brell-Cokcan, & Zabek, 2018). 
The processes are comparable to producing rammed earth; the findings show that the e!ort for 
cutting and lifting are as energy-intensive as processing the construction again. Furthermore, 
a wide variety of machine e#ciency can be found; older machines use more energy. When 
renewable energy is used, the environmental impact can be reduced significantly. In respect of 
the printing process, di!erent results can be expected as no lifting of bigger pieces is involved. 
Additionally, only necessary material is placed, which can potentially reduce the overall resource 
spent on a construction. 

The deconstruction of earth products is manually and mechanically doable. The material can be 
processed (in order to provide homogeneous material) and used in a di!erent construction like it 
was done with the earliest earth products, documented for 8000 B.C. in Afrasiab (today Samarkand), 
which were isolated from a building context, processed and used as a recycled building product in a 
new building. When grade purity is provided, the material keeps its recyclability endlessly. 

For additive manufactured earth products, especially for printed construction, the ingredients can 
vary. Additives and aggregates are used in order to impact the viscosity during the printing process 
and limit the shrinkage while drying. Fibres from vegetables, animals or minerals can be added 
to support the material strength. Additives can be hexametaphosphate (HMP), ash or enzymes. 
Experiments from IACC document the interdependencies between the material properties and the 
construction geometry in which the printing pattern follows the material strength and provides 
an original shape. Schröder (2019) distinguishes additives that impact the chemical properties of 
earth products and additives that do not. While the first group has no e!ect on the circularity of the 
material, the latter has; since the additives cannot be sorted out, the product is impure and limited in 
its application. Recycling is no longer possible. Examples here for are cement, chalk or fly ash.

7 SYNOPSIS OF POTENTIALS 

Even if earthen construction is one of the oldest construction techniques known to mankind, the 
scientifically proven knowledge of this building technique is limited. Although the hygric capabilities, 
i.e. moist sorption and desorption of the material, can be demonstrated using the earth building 
standard (DIN Norm), the basics of the hygrothermal behaviour, for example, in relation to potentials 
in heat protection or dynamic behaviour is missing. There are also limited methods to model the 
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hygrothermal behaviour of heterogeneous structures in order to be able to validate the empirically 
determined performance and thus support the design process of earthen structures leading to higher 
market shares. The answer to the potential of earth as a high-performance building material which 
could reduce or even replace technical building equipment is still open. The well-being of the users 
in earthen buildings, which is often mentioned, has also only been examined to a very limited extent 
and requires further research. In the holistic view of sustainability, the material can do very well if 
it is left “pure” and not mixed with cement or chemical substances, i.e. reused endlessly in the life 
cycle or returned to nature at the possible end of life. Based on the knowledge which additives result 
in a weak environmental performance, those compositions that shown potential need to be exploited 
regarding their di!erent applications. It o!ers potential to substitute common building materials 
which are made from non-renewable resources or cannot be reused or recycled to serve the same 
function. While earth products are increasingly available, the information on the physical properties 
of the products needs to grow in order to become easily integrated into the planning process. 

The great potential of this material with regard to the physical properties of the building and the 
resulting possibilities to reduce building technology, especially ventilation and cooling technology, 
can only be reached with further research on the material level. The experiences with AM produced 
building elements and associated components made of earth are not yet very extensive and tend to 
be at the level of prototype development.

Partly automated prefabrication in the field of rammed earth construction, such as Martin Rauch 
e.g. practiced in the projects Ricola Kräuterzentrum and the Alnatura Arbeitswelt (Djahanschah, 
Auer, Kaufmann, 2020) is continued in the automation of rammed earth technology, which will open 
up greater e#ciency in processing and new design options in free forms. After the first prototypical 
steps, further research is necessary.

The AM technology in the form of FDM technology opens up completely new potentials for designing 
solid earth wall components. While using di!erent raw materials, eventually additives and 
aggregates and producing new spatial formations new wall systems are possible. The arrangement 
of air chambers enables the thermal resistance of the earth building materials to be optimized for 
winter performance. By designing the surface, in addition to the visual impression, the acoustic but 
also the hygrothermal e!ect of the elements can be improved.

Thanks to their structural design and the additives, AM earth elements (AME) enable a 
construction that is precisely tailored to the requirements. In this way, external and internal 
walls can react to di!erent criteria of acoustic and sound insulation as well as to thermal and 
hygric ones. In connection with digital planning processes, customized elements and buildings 
can be manufactured.

The limitation of earth building materials lies in their load-bearing capacity. In Germany, solid earth 
buildings with up to two storeys are possible. There is great potential here in the connection to 
additively produced, optimized wooden structures. These are optimized for the statically necessary 
cross-section and enable new types of connections and automated production techniques in timber 
construction (Menges, Knippers, Wagner, Zechmeister, 2020).

In connection with wooden skeleton structures, AME can also find its way into multi-storey buildings. 
The combination of wood and earth was traditionally used in wattle and daub construction and is 
already known there for its good physical properties. The potential of both technologies can be joined 
by combining AME and automated timber construction. So far, the wood and earth construction 
has only been carried out by hand. Additive manufacturing techniques are suitable for components 
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such as prefabricating complete walls in the workshops in the future and avoiding costly 
construction site production.

Through their further development until they are ready for the market, new types of construction 
elements are created which, on the one hand, can react precisely to new requirements such as 
climate change and, on the other hand, enable an economical construction method and thus 
distribution on the market.

8 CONCLUSIONS

In view of the interdisciplinary potential for sustainable architecture described above, it seems 
sensible to work on the topic of AME in greater depth. In particular the potential of complete 
individualization and the possibility of optimally adapting the structural design to the functional 
requirements with regard to load-bearing behaviour, climate, well-being and deconstructability 
promises to have a special influence on the performance of components and buildings. Furthermore, 
a targeted development of strategies for the transfer to the building industry is required, also 
against the background of the lack of experience with the combination of the technology, the lack of 
standards and the necessary exemplary application in order to create confidence in the technology.
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Abstract
A focus on embodied emissions in building materials has been notorious in the last years, mostly due to high improvements in optimi-
sation of operational energy in buildings. The environmental impact of building materials reflected in embodied energy and potential 
(re) life options that stimulate circular flows has become the focus of discussion. During the design process, designers and engineers 
are confronted with di#erent decisions that might impact the embodied emissions (EE) of a façade system. This paper focuses on the 
EE of di#erent curtain wall configurations whilst applying the Kit-of-Parts approach in a case study in California. The study was carried 
out under the LCA methodology applied from the A1 to A4 stages and limited to five main parameters: façade typology, span and grid 
size, di#erent LCA phases, material choice, and supply chain. The results are compared against each other to understand the relevance 
of each parameter and level of impact of each parameter. 

Keywords
Kit of parts, embodied emissions, façades, life cycle assessment
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1 INTRODUCTION

For many years, due to more stringent building codes, local energy guidelines and regulations 
a focus on reducing operational energy of buildings and reaching zero energy targets could be 
observed. More recently, as the e#ciency in operational energy use has increased significantly, the 
focus is moving towards the environmental impact of building materials, primarily reflected in the 
embodied energy and emissions and the potential (re)life options that allow circular material flows. 
Façade systems typically represent between 25 and 30% of a building’s total embodied energy; 
however, designers and façade engineers are confronted with several design parameters that a!ect 
the environmental impact to a varying extent (Hartwell, R, Overend, M, 2020). The environmental 
relevance of design decisions is discussed in the literature on an abstract level; how light-weight 
constructions are favoured over solid assemblies, wood products over metal products, local materials 
over materials sourced from overseas. In real practice, parameters mix, which leads to higher 
complexity in answering the questions of design, performance, costs, and environmental concerns 
into consideration. 

This paper addresses embodied emissions (EE) in di!erent curtain wall configurations and presents 
the results of a case study conducted in the San Francisco Bay Area in California that investigates the 
application of a Kit-of-Parts approach to curtain wall systems. The goal of this study is to evaluate the 
relevance and impact of di!erent design parameters on EE that derive from the design process such 
as façade typology, the span and grid size, the di!erent life cycle phases, material choice, and the 
supply chain. The study is based on four di!erent typical configurations of curtain wall units with a 
varying grid based upon standard sizes in the US.

2 METHODOLOGY

The study investigates a façade system that provides di!erent configuration options. For each 
configuration, the environmental impact is investigated by quantifying the emissions through a 
life cycle assessment method (LCA) for a façade on an o#ce building located in the San Francisco 
South Bay, US. The LCA methodology yields information about the embodied energy or embodied 
greenhouse gases, indicating the environmental impact of materials. The data used originates 
from German Ökobaudat and Environmental Product Declaration (EPD). Design alternatives are 
assessed with LCA and compared against each other. Additionally, the di!erent production routes 
are analysed using the database Ecotransit, which calculates emissions due to transport means. 
Parallel, a financial calculation was conducted to see the economic dimension of reducing distances. 
In the end, all alternatives are compared against each other, and their relative share of potential for 
improvement is evaluated for this case study.

While part of the methodology relies on LCA databases to understand the environmental impact 
of materials, it also included the collaboration of local partners to assess the supply chain and the 
typical curtain wall units and configurations (as they are based on typical US sizes). The research 
aims to go beyond the materials’ database standard values and understand a real-life scenario that, 
besides material impact, also considers logistics and design processes.

3 EXPERIMENT / RESEARCH

The research initiates with a literature review about façade typologies, from which the results 
direct towards curtain walls. Collaboration with local manufacturers pointed towards typical 
curtain wall configurations in the Bay Area. Thus, the experiment is limited to four di!erent 
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curtain wall confi gurations with dissimilar construction, which further derives into four di! erent 
sizes per confi guration.

In addition to the varying sizes, a cradle-to-gate assessment (A1-A3) is conducted to compare 
each phase and determine the relevance of the production phase. Additionally, the same cradle-
to-gate assessment is carried out to understand the environmental impact of curtain walls’ typical 
infi ll materials. The system boundary is further expanded to A4 to analyse di! erent baselines for 
transport scenarios. The results are then evaluated and compared to each other to determine each 
parameter’s level of impact. 

 3.1 FAÇADE TYPOLOGY

In a fi rst analysis of the façade system, the façade typology was considered regarding two aspects; 
the environmental impact of materials calculated with LCA and the construction typology with its 
suitability for de-construction.

According to (Hildebrand, 2014), the façade typology predefi nes the range of environmental impact; 
while double skin façades can be lighter compared to solid façades, their embodied energy is 
signifi cantly higher. Curtain walls fall into the typology with the lowest environmental impact 
when compared to solid and double skin envelopes. This is due to the low weight that results 
from a lighter construction required for only one layer (compared to double skin) and the skeleton 
structure (compared to solid façades). Figure 1 shows the result of di! erent case studies analysed 
by Hildebrand (2004), where di! erent typologies fall into cluster-like arrangements, indicating the 
embodied emissions per weight. As Figure 1 depicts, curtain wall envelopes have lower embodied 
emissions, followed by solid façades/punched windows and, fi nally, double skin façades.

FIG. 1 Curtain walls are relatively low in weight and embodied emissions. Image by Hildebrand (2004)
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In addition to their light-weight nature, curtain walls are more suitable for deconstruction compared 
to solid façades due to their joining technique. In comparison to a traditional brick or block wall, 
mortar bonds take higher mechanical forces to separate bricks or blocks from one another. 
Mortar typically remains on the brick, which will lead to a recycling scenario rather than reuse of 
the material. Curtain wall construction is based on mechanical connections, where components 
are screwed or clamped with each other, and they can be easily separated. Even where bonded 
connections are used, surfaces are clean, so silicone bonds can easily be cut o!. This helps to 
deconstruct with little e!ort, which has proven to be a driver of ease of reuse or recycling, therefore, 
stimulating a circular flow of materials.

 3.2 SPAN/GRID SIZE

To understand the impact of unit sizes and common metrics like window-to-wall ratio on the EE 
of the components, a variation of unit sizes was assessed. As the size of curtain wall units has a 
considerable impact on cost as well as transport and installation e#ciencies, it was considered 
important to understand the impact of sizes and framing ratios on the EE, as it would help negotiate 
performance, cost and environmental impact.

Four di!erent unit configurations were assessed to analyse the impact of the curtain wall’s span/
grid size: glazing panel and shadow box, glazing panel and bottomless shadow box, full-height 
aluminium panel (opaque), and a full-height shadow box unit (opaque). Each configuration then 
derives into four di!erent variations to study the impact of span/grid size, where the following sizes 
are studied: 5’ x 14’, 5’ x 16’, 7.5’ x 14’, 7.5 x 16’, summarised as follows:

 – Unit A - Curtain wall unit with glazing panel and shadow box

 – Unit B - Curtain wall unit with glazing panel and bottomless shadow box

 – Unit C - Curtain wall with full-height aluminium panel

 – Unit D - Curtain wall with full-height shadow box unit

The number, followed by the letter indicating the configuration, corresponds to the panel’s 
dimensions according to two variations in width (5’ or 7.5’) and (14’ or 16’). This results in four 
di!erent sizes for each of the four configurations, a total of sixteen variations.  

 – Size 1 - 5’ x 14’

 – Size 2 - 5’ x 16’

 – Size 3 - 7.5’ x 14’

 – Size 4 - 7.5 x 16’

Additionally, due to the varying dimensions, di!erent glass sizes are required. Depending on the 
panel size, three di!erent types of glass build-up are used. The built-up glass dimensions are 
expressed as: outer lite — spacer — inner lite. Laminated lites are expressed as a sum in brackets.

 – Glass I: 5/16” — 1/2” — 5/16”

 – Glass II: 3/8” — 1/2” — 3/8”

 – Glass III: [1/4” + 1/4”] — 1/2” — [1/4” + 1/4”]

Figure. 2 illustrates the di!erent unit configurations, sizes, and glass build-up.
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UNIT A UNIT B UNIT C UNIT D

A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 D4

UNIT WIDTH 5 5 7.5 7.5 5 5 7.5 7.5 5 5 7.5 7.5 5 5 7.5 7.5

UNIT HEIGHT 14 16 14 16 14 16 14 16 14 16 14 16 14 16 14 16

SHADOW BOX 
HEIGHT

3 3 3 3 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 3 3 3 3

GLASS TYPE I I II III I I III III - - - - I I III III

TABLE 1 Summary of the di!erent unit configurations, panel sizes, and glass build-up. All dimensions in feet.

Each unit and its corresponding variations were assessed according to the established LCA 
methodology as a cradle-to-gate assessment (A1-A3). Figure 2 shows the results.

FIG. 2 Results of A1-A3 assessment for the di!erent unit configurations described in Table 1.
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FIG. 3 Diagram showing the di!erent unit configurations described in Table 1. 

The results’ overall trend shows similar GWP output in Units A and B, along with its corresponding 
variations. Unit C has slightly higher results, where the highest contribution is from aluminium 
panels. A significant increase in GWP is shown in unit D, mostly due to its construction nature. Since 
this is a shadow box unit, it uses both glass and aluminium panels, meaning that it uses all the 
materials from the previous configurations, making it the most material-intensive unit of all four. 
The increment in GWP for A4, B3, B4, D3, and D4 is because they require a thicker glass build-up, due 
to the larger panel size.
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 3.3 LIFE CYCLE PHASES

The system boundary was established as cradle-to-gate, referring to the A1 – A3 production 
phases. Four di!erent glass types were compared: clear float glass, clear laminated glass, clear 
coated glass, and tinted coated glass. Figure 4 shows the percentage of energy corresponding to 
each production phase (A1 to A3). While the e!ort to supply raw materials and transport them is 
comparably low, production emissions are the most significant. Such is the case for other building 
materials, especially if intensive treatment is involved. It shows the relevance of the energy source. 
Operating a production plant with renewable energy helps essentially to reduce the overall 
environmental impact. 

FIG. 4 Results of cradle-to-gate assessment showing a breakdown of embodied emissions for the A1 - A3 phases. 

The comparison of the three di!erent stages, Raw material extraction and supply (A1), Transport to 
manufacturing plant (A2), and Manufacturing and fabrication (A3), shows that from these three, the 
highest impact comes from the manufacturing process. This is highly related to the nature of the 
process itself, as mining and transporting material is less energy-intensive.

 3.4 INFILL MATERIALS 

To further understand the environmental impact of di!erent materials, several infill materials 
commonly used in curtain walls are assessed in a cradle-to-gate system boundary for Unit C, the 
opaque façade element. The objective is to compare the results of units with the same configuration, 
but with di!erent infill materials and varying thickness. The assessed materials are natural stone, 
aluminium panel, meshed metal ba,e, fibre cement, wood fibreboard, and gypsum board. Figure 5 
shows the results of the assessments applied to Unit C and its corresponding four variations.
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FIG. 5 Results of cradle-to-gate assessment comparing di!erent infill materials and varying thickness

The results for di!erent infill panels show that each material’s production process has a significant 
impact on the embodied emissions. The results show that the wood fibreboard cladding has the 
lowest GWP per square feet, followed by fibre cement, meshed metal ba,e, and natural stone. Both 
the aluminium and gypsum board panels have the highest embodied emissions.

 3.5 SUPPLY CHAIN

The supply chain cost analysis focuses on understanding how much percentage accounts for 
transportation. Therefore, the system boundary was expanded by adding the A4 transport stage. 
Three scenarios with di!erent international baselines were analysed: Italy, Vietnam, and Thailand. 
Table 2 summarises the baselines for each international scenario.

BASELINE - ITALY BASELINE - VIETNAM BASELINE - THAILAND

Glass is sourced from Germany and 
taken to Italy.

Glass is sourced from Germany. Glass is sourced from Germany.

Components are assembled in the 
factory in Italy.

Aluminium is extruded in Vietnam. Aluminium is extruded in Thailand.

Components are transported by ship to 
Oakland, and then to the SF Bay Area 
by truck

Components are shipped to Bangkok to 
be assembled in the factory, transported 
by ship to Oakland, and then to the SF 
Bay Area by truck.

Components are assembled in Thailand, 
transported by ship to Oakland, and then 
to the SF Bay Area by truck.

TABLE 2 — Comparison of international scenarios

To have a domestic comparison, three di!erent North America baselines are analysed, where 
production took place on the East coast of the US and then transported to the West coast. 
The following table summarises each domestic scenario.
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DOMESTIC (1) DOMESTIC (2) DOMESTIC (3)

Glass is sourced from Minnesota, US. 
Aluminium is extruded in New York, US. 
Components are shipped to Quebec, CA, 
where they are assembled. 
Assembled units are distributed from 
Quebec, CA to the SF Bay Area by truck.

Glass is sourced from Minnesota, US. 
Aluminium is extruded in New York, US.
Components are shipped to Connecticut 
US, Where they are assembled.
Assembled units are distributed from 
Connecticut US to the SF Bay Area by 
truck.

Glass is sourced from Massachusetts, 
US.
 Aluminium is extruded in New York, US.
Components are sent to California by 
truck to be assembled close to the con-
struction site in the SF Bay Area.

TABLE 3 — Comparison of domestic baseline scenarios

The results indicate that several parameters within the baselines play a role, such as the country 
of origin, the source of primary energy in each country, and the shipping method. When comparing 
the results between the international baseline and the domestic scenarios, it can be observed that 
shipping from Europe to Asia can be in the same range or lower compared to trucking from the East 
to the West coast of the US. Electrically operated transportation, such as train or even shipping, but 
mostly by avoiding trucking. As trains within the US are primarily diesel operated however, the use 
of trains has limited e!ect on the improvement of shipping impact within the US. Additionally, a 
financial assessment was carried out to determine if the domestic scenarios are cost-competitive 
compared to international baselines. The results indicated that both domestic and international 
baselines yield very similar costs.

4 DISCUSSION OF RESULTS

According to the results, the highest impact parameters are façade typology, life cycle phases, 
infill materials, and supply chain. For the first parameter, Façade typology, literature results show 
that curtain wall façades average 50% less embodied emissions than double-skin façades, and 
roughly 20% - 25% compared to solid façades. Therefore, it is determined that the overall impact of 
façade typology is high.

The second parameter, di!erent spans/grid sizes, shows only a small deviation when comparing 
one configuration to the other. The increase in GWP for the panels that require a larger built-up is no 
more than 15%. Overall, it is concluded that varying the width and height of façade panels does not 
have a significant impact. 

The third studied parameter, life cycle phases, shows the relevance of the energy source used in the 
factory, as, on average, 75% of the embodied emissions are produced by the manufacturing stage. 
If the energy used for manufacturing relied on a renewable source, a significant GWP reduction 
would be possible. Therefore, it is concluded that the impact of the life cycle phases, particularly 
concerning the A3 stage, is high. 

The fourth parameter of the research, infill materials, shows that aluminium and gypsum board 
panels have the highest emissions. If we compare an aluminium panel of 5” x 16” against a wood 
fibreboard panel of the same size, the aluminium panel has roughly 50% more embodied emissions. 
The result shows the importance the selected material has not only due to the required energy for 
mining but also for production, as previously discussed. Hence, it is concluded that the impact of 
infill materials is high. 

The last studied parameter, supply chain, indicates that transportation accounts for 3% to 10% of the 
total embodied emissions in an A1 – A4 system boundary, as shown in Table 4.
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BASELINE - ITALY BASELINE - VIETNAM BASELINE - THAILAND

Account for transport 6% 3% 3%

Domestic (1) Domestic (2) Domestic (3)

Account for transport 6% 10% 3%

TABLE 4 — Results of the international and domestic scenarios

The supply chain results indicate that transportation accounts between 3% to 10% of the total 
embodied emissions in an A1-A4 system boundary. Potentially, if the procurement and fabrication 
occur close to the construction site and its neighbouring states, the reduction in embodied emissions 
is also significant, as shown in Domestic (3). Therefore, it is concluded that the impact of the 
supply chain is high. 

While the parameters were studied independently, they are also related to each other, such as the 
case of the life cycle phases and the infill materials. Some infill materials have a higher GWP closely 
related to the manufacturing phase. Several infill materials that are opaque have lower embodied 
emissions, and thus selecting them might reduce the GWP per square feet in a façade system. This 
is also cross-referenced to the results in the varying span/grid size. As observed in the results from 
Span/Grid size, Unit D had the highest embodied emissions from all configurations. This is because 
it uses both glass and aluminium panels, meaning that it is more material-intensive by design. 
Using spandrel panels (as observed in Unit C) instead of shadow boxes can significantly decrease 
roughly 35%, where such reduction is strongly related to the infill materials. To achieve additional 
reduction, an important recommendation would be to carefully select the adequate window to wall 
ratio, as results also showed that glass has higher embodied emissions. However, while glass is a 
material that is not easily replaced, opaque infill materials have the potential of o!ering a wider 
variety of options, where lower GWP is preferred. Therefore, having a correct window to wall ratio, 
where opaque materials have low embodied emissions, can also be a strategy that can lower the 
embodied emissions of a façade system. 

Additionally, it was proven that while transportation does not account for more than 10%, a 
significant reduction is possible when trucking is avoided. This was mainly observed in the domestic 
baseline scenarios, where trucking from the East to the West coast of the US was comparable to 
shipping from Europe to Asia. Container shipping does not only show lower embodied emissions, but 
it also allows us to ship more components at once. Table 5 summarises the results of each parameter 
while highlighting its impact level.

PARAMETER LEVEL OF IMPACT EXPLANATION

Façade typology High Assessment documented in academia 
shows that façade typology influences 
environmental impact; double-skin 
façades with high glass share the 
highest contribution, followed by solid 
façades with punched windows. Curtain 
wall systems belong to the group with 
the lowest environmental impact.

Span/grid size Low Assuming a fully glazed system, the ratio 
of glass and aluminium per square feet 
varies, which leads to a small deviation.

>>>
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Life cycle phases (A1-A4) High Comparing A1, A2 and A3, the production 
(A3) indicates the highest impact with 
66-75%. This suggests that the location 
of production should be assessed care-
fully for every project.

Infill material High The choice of the infill material impacts 
the environmental performance signifi-
cantly. Many opaque materials perform 
better environmentally than glass, 
depending on the chosen fabrication.

Supply chain High By using aluminium with recycled 
content, the GWP of the entire façade can 
be reduced by approximately 25%. Using 
locally sourced materials and optimising 
transport can contribute up to 15%.

TABLE 5 — Summary of the studied parameters and their impact level. 

5 CONCLUSIONS

The research conducted presents results that apply to curtain walls, with five di!erent parameters 
assessed and compared to determine their level of impact, respectively. The study shows that the 
parameters with the highest level of impact are façade typology, life cycle phases, infill material and 
supply chain. The only parameter that did not show a significant level of impact was the span/grid 
size, as only a small deviation is observed. The di!erent parameters aimed to study an approach that 
changes while looking not only at design decisions but also at logistics and processes that involve 
manufacturers and local supply chains. It is also important to consider that the level of impact of 
these parameters is limited to curtain walls, and it would need to be reassessed for other typologies. 
Most likely, it would need to be incorporated into a specific LCA separately to determine the level of 
impact of each parameter when applied to a new typology. The same applies to the supply chain, as 
each part would need to be incorporated with a specific LCA separately. 

In addition, the results of the research show that there are several design decisions that can be taken 
into consideration to lower embodied emissions, such as selecting an adequate window-to-wall ratio, 
infill materials with low GWP, and selecting to assemble components close to the construction site 
whilst avoiding trucking. Additionally, regarding the di!erent life cycle phases, the results showed 
the relevance of the production phase, where it was observed that the source of energy used in the 
factory had a significant impact. If materials are manufactured with renewable energy, the embodied 
emissions are significantly lower. Overall, it is concluded that the embodied emissions in curtain wall 
envelopes can be significantly reduced when these parameters are considered. However, it is still 
to be determined how these parameters relate to financial feasibility, which is also a main driver in 
construction and design decisions. 

References
Hildebrand, L. (2014). Strategic investment of embodied energy during the architectural planning process. Retrieved from http://

abe.tudelft.nl/index.php/faculty-architecture/article/view/Hildebrand 
Hartwell, R, Overend, M. (2020). End-of-life Challenges in Façade Design: A disassembly framework for assessing the environmen-

tal reclamation potential of façade systems. Façade Techtonics World Congress. 



 224 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Carbon Conscious! The Impact of Embodied Emissions on Design Decisions for Building Envelopes 



 225 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Part 3 // Energy

PART 3 // ENERGY



 226 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Part 3 // Energy



 227 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Holistic Design Explorations of Building Envelopes Supported by Machine Learning

Holistic Design Explorations of 
Building Envelopes 
Supported by Machine 
Learning

Federico Bertagna1, Pierluigi D’Acunto1, Ole Patrick Ohlbrock1, Vahid Moosavi2

* Corresponding author
1 ETH Zurich, Institute of Technology in Architecture, Chair of Structural Design, Stefano-Franscini-Platz 1, 8093 Zurich 

(Switzerland) bertagna@arch.ethz.ch
2 ETH Zurich, Institute of Technology in Architecture, Chair of Digital Architectonics, Stefano-Franscini-Platz 1, 8093 

Zurich (Switzerland)

Abstract
The design of building envelopes requires a negotiation between qualitative and quantitative aspects belonging to di#erent disciplines, 
such as architecture, structural design, and building physics. In contrast to hierarchical linear approaches in which various design as-
pects are considered and conceived sequentially, holistic frameworks allow such aspects to be taken into consideration simultaneously. 
However, these multi-disciplinary approaches often lead to the formulation of complex high-dimensional design spaces of solutions 
that are generally not easy to handle manually. Computational optimisation techniques may o#er a solution to this problem; however, 
they mainly focus on quantitative aspects, not always guaranteeing the flexibility and interactive responsiveness designers need in the 
early design stage. The use of intuitive geometry-based generative tools, in combination with machine learning algorithms, is a way to 
overcome the issues that arise when dealing with multi-dimensional design spaces without necessarily replacing the designer with 
the machine. The presented research follows a human-centred design framework in which the machine assists the human designer 
in generating, evaluating, and clustering large sets of design options. Through a case study, this paper suggests ways of making use of 
interactive tools that do not overlook the performance criteria or personal preferences of the designer while preserving the simplicity 
and flexibility needed in the early design stage.
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Abstract
Although technologically advanced glasses exist on the market, external shading devices can be an easy to integrate design feature 
for existing buildings as well as new developments. External shading devices are designed to help control and reduce the impact of 
excessive solar gains emanating from solar radiation. The assessment of the energy performance of a fenestration system requires 
properties of both, the window and the shading device. It is common practice to use solar heat gain coe"cients (or g-value) to rep-
resent energy flows through the window to the inside of a building. Another method is to use angular-dependent properties such as 
transmittance and reflectance in the form of a BSDF file (bi-directional scattering distribution function). On one hand, standardised 
descriptions for windows such as solar heat gain coe"cient (SHGC) do not accurately represent the angular dependency of windows 
with external shadings such as Venetian blinds. On the other hand, approaches that use angular-dependent transmission and reflec-
tion to calculate energy flows through the façade more accurately are not always available during early planning stages of a shading 
design. The present work compares the di#erences in cooling energy demands using three ways to describe the property of a double 
glazing unit (DGU) with external Venetian blinds, which are: a) BSDF data, b) an annual solar heat gain coe"cient (anSHGC), calculated 
for normal incidence) and c) a climate-based SHGC (cbSHGC) which is calculated for actual solar angles dependent on the geographic 
location. Not only do the energy results di#er in precision, but the e#ort taken in determining the input parameters for BSDF, annual 
SHGC and climate-based SHGC also varies. A lower precision in energy results may be acceptable during early planning stages, but 
high accuracy is required to proof code compliance.

Keywords
Bi-directional Scattering Distribution Function, solar shading, Venetian blinds, cooling energy, g-value, solar heat gain coe"cient, 
climate



 230 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Simple versus Complex: Comparing the Accuracy of Cooling Energy Demands for Complex Fenestration Systems using BSDF and SHGC

1 INTRODUCTION

The building envelope is a central part of a building design; it separates the indoor from the outdoor 
conditions and is therefore crucial for the aesthetic and architectural appearance of the building but 
also fundamental to achieve occupant’s comfort and energy goals (Kuhn et al. 2011). The transparent 
portion of the building skin is of particular interest in terms of achieving energy goals. Undesirable, 
excessive solar gains may cause indoor overheating and may result in unnecessary high cooling 
energy as well as undesirable glare (Kuhn et al. 2011). This circumstance highlights the importance 
of e!ective shading designs. With climate change at the forefront of many individuals and 
organisations around the world, there is an ever-growing need of e#cient building envelope design. 
However, there is a distinct lack of simple and easy to use tools using physical properties that 
architects and building designers can use in early stages of the façade design process to quickly and 
accurately assess its e!ect on the energy demands of the building. Complex fenestration systems 
(CFS), such as a glazing with external shading devices, are the focus of many iconic praised building 
designs. These CFS can be categorised as either static or as adaptable. The assessment of their 
energy performance is often undertaken by engineering and façade experts. The amount of desired 
and undesired solar gains is not only dependent on the building orientation and surrounding objects 
(adjacent buildings, trees etc.) but also rely on the façade properties, namely glazing and shading 
properties, as well as the overall size of the transparent part of the façade (Kuhn et al. 2011). Besides 
an e#cient envelope design, the optimal control strategy i.e. opening and closing of Venetian blinds, 
changing the tilt angle of horizontal slats of external blinds) of the façade will significantly influence 
both the user’s comfort as well as the energy demand. 

It is common to measure or calculate optical properties for windows such as solar heat gain 
coe#cient (SHGC) at normal incidence (0°) of the incoming solar radiation on the window (Curcija 
et al. 2018). This practice does not reflect the angle-dependency of the CFS and is insu#cient for 
the performance evaluation (Curcija et al. 2018). Ideally, angle-dependent properties are determined 
through measurements. However, for innovative designs, these are not available during the early-
design stages and are expensive (Kuhn et al., 2011). Assessments through computational simulations 
are precise but slow (Kohler, Shukla, and Rawal 2017). The costly assessment of angular properties 
of a glazing with shading contradicts the notion of early design stage evaluation where an extensive 
analysis of the façade performance is not suitable, but fast and approximate results are required. 
This fact constitutes an enormous challenge for building designers not knowing their design’s 
properties and unable to check its performance in a fast but reliable manner. Knowing the façade 
properties of a window with shading within a specific climatic context should be the first step to 
evaluate a design towards its performance. It does not, however, replace a thorough analysis of 
energy flows through the façade, including direct and di!use radiation considering surroundings 
and ground reflections for most accurate results. 

There have been various e!orts to design and build tools with high and low complexity to determine 
optical properties of transparent façades with shading devices (Berkeley 2019; van Dijk and Oversloot 
2003; EQUA 2013; Kohler, Shukla, and Rawal 2017; Petersen et al. 2018; Wall and Bülow-Hübe 2001; 
Wall, Wall, and Bülow-Hübe 2003). Openly available tools such as ParaSol (Hellström et al. 2007; 
Wall and Bülow-Hübe 2001; Wall, Wall, and Bülow-Hübe 2003), COMFEN (Robin Mitchell, Mehry 
Yazdanian, Charlie Curcija, Ling Zhu 2019), WIS (van Dijk and Oversloot 2003) and ES-SO ESBO-Light 
(EQUA 2013) are all able to calculate the g-value (or SHGC) of a window with shading. The predefined 
selection options are restricted to a limited number of shading designs as well as locations and 
therefore may not be useful for an innovative shading design in a designated location. 

Kohler et al. (Kohler, Shukla, and Rawal 2017) developed an algorithm for COMFEN (Robin Mitchell, 
Mehry Yazdanian, Charlie Curcija, Ling Zhu 2019) that builds upon existing calculation methods 
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to calculate an aSHGC (adjusted Solar Heat Gain Coe#cient) for windows with fixed shadings i.e. 
awnings or overhangs as well as a seasonal or weighted SHGC (for direct and di!use radiation), 
which is dependent on the geographic and climatic location of the fenestration system as well as 
its orientation to the sun angle. COMFEN is limited to windows with awnings and cannot calculate 
a combined SHGC for windows with Venetian blinds or other shading devices that are planar to 
the window surface. 

Other e!orts to accurately calculate solar heat gains include Petersen (Petersen et al. 2018), who 
defined an algorithm to account for direct and di!use radiation from the sky and the ground, 
including reflections from external surfaces (Petersen et al., 2018). Fener is a tool conceived by 
Fraunhofer (Bueno et al. 2015; Bueno, Cejudo-Lopez, and Kuhn 2017; Fraunhofer 2018) that uses 
BSDF (bi-directional scattering distribution function) datasets (see section 2.2 for details) and 
includes direct and di!use (sky and ground) radiation and reflections, respectively. (Kuhn et al. 
2011) proposed an approach to compute gtotal by means of hourly direct and di!use solar radiation 
using the Perez-Model from weather data for hours of the year with direct solar radiation. Using 
transmittance and reflectance (that are represented by a BSDF file) for optical properties of the 
fenestration system give most accurate energy results. Tools for building performance simulation 
that support BSDF include EnergyPlus (US Department of Energy 2013). However, using BSDF data 
in thermal building simulations are costly (Kohler, Shukla, and Rawal 2017; Petersen et al. 2018) and 
not suitable for fast design evaluations.

This paper will first discuss the current state-of-the-art, focusing on the representation of façade 
properties that are linked to solar heat gain. This work analyses contradictions between low and high 
complex performance assessment approaches and their impact on cooling energy results on the 
example study of an o#ce room with a double glazing unit and external horizontal Venetian blinds.

2 STATE-OF-THE-ART

 2.1 SOLAR HEAT GAIN COEFFICIENT 

External environmental impacts such as solar gains on the transparent portion of the façade 
greatly influence the energy demand, particularly for cooling but also heating (Kharchi et al. 2012). 
Undesirable indoor over-heating caused by solar heat gains may cause occupant’s discomfort 
(Marino, Nucara, and Pietrafesa 2017).

The solar heat gain coe#cient (SHGC) of a simple glass pane is defined as the total fraction of 
incident solar energy that is transmitted through a transparent façade component. The incident solar 
radiation that enters a space is composed of the solar transmittance (Tsol), the solar absorptance and 
the inward flowing fraction of the absorbed radiation (ASHRAE 2013).

The solar heat gain coe#cient is the ratio of solar heat gains through a window (and/or window 
with shading) in relation to the angle of incident solar radiation and is dependent on the angle 
of incidence and the wave-length of the radiation (Berkeley 2019). Standardised calorimetric 
measurements and computational evaluations of solar heat gain coe#cient (SHGC) take place at 
normal incidence (0°) (Berkeley 2019). This approach neglects two important factors, 

1 The solar incidence angle on the façade changes during the day and throughout the year and is 
almost never at 0° when the solar radiation is fairly low, 
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2 the SHGC for unshaded double glazing is quite high at 0° (Table 1) and drops very slowly until 
an altitude of 45° but drops significantly between an incidence angle of 45° to 90° (Kohler, 
Shukla, and Rawal 2017). 

A climate-based SHGC (or directional SHGC) takes di!erent solar angles into account that 
greatly vary depending on the location. The SHGC calculation method in this work is based 
on ISO 15099 (Standard 2006) using LBNL’s WINDOW 7.7 software. High SHGC may result in 
higher cooling energy demands in the summer, whereas low SHGC lead to smaller amounts of 
cooling energy demands. 

Considering the aforementioned angle-dependency of optical properties of CFS, it is clear that 
the SHGC at normal incidence (0°) of the fenestration system is not precise and will hence lead 
to inaccurate energy simulation results (US Department of Energy 2013). The SHGC is not the 
most accurate indicator for windows with shading but maybe be su#cient for first performance 
estimations at the beginning of the design process. More precise results for solar transmissions 
through fenestration systems are obtained by using transmittance and reflectance properties of all 
incoming incident angles of solar radiation (US Department of Energy 2013). This is achieved, for 
example, by using BSDF data (bidirectional scattering distribution function).

ANGLE 0 10 20 30 40 50 60 70 80 90 hem

SHGC 0.764 0.763 0.761 0.756 0.743 0.713 0.645 0.502 0.259 0 0.665

TABLE 1 Angle-dependent and hemispheric SHGC for DGU with argon filling (without shading)

 2.2 BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

Bi-directional scattering distribution function (BSDF) was first mentioned by (Nicodemus 1965) 
and describes the angular dependency of solar properties (transmission and reflection) of a 
complex fenestration system (Asmail 1991). BSDF are represented by a matrix of reflectance 
and transmittance coe#cients for incident and outgoing directions (McNeil 2011). A matrix that 
is commonly used was established by Klems et al. (Klems 1993, 1994). The ‘Klems’ coordinate 
system (see Fig. 2) divides a hemisphere into 145 ‘patches’ for 145 incoming and 145 outgoing 
directions (McNeil 2011). 

LBNL WINDOW 7.7 (Berkeley 2019) has implemented the Klems’ coordinate system combined with 
matrix entries for transmission and reflection (Ward, Kurt, and Bonneel 2012). The hemispherical 
basis of Klems’ coordinate system and the indexing scheme of the individual patches can be seen 
in Fig. 1 and Fig. 2. 



 233 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Simple versus Complex: Comparing the Accuracy of Cooling Energy Demands for Complex Fenestration Systems using BSDF and SHGC

FIG. 1 Klems’ Coordinate System 3D view (Ward, Kurt, and 
Bonneel 2012) 

FIG. 2 Klems’ Coordinate System plan view (outgoing 
directions) (Curcija et al. 2018) 

Spectral data of a glazing such as transmission and reflection change with the number of layers, 
coatings etc. (US Department of Energy 2013). Products that are characterised by the same SGHC 
can have di!erent angular properties Reference and Calculations 2013), which may result in large 
errors for energy results (US Department of Energy 2013). Although the use of BSDF during building 
simulation will lead to more accurate results (i.e. energy demand), the implementation of BSDF is 
not common in most BPS tools and simulation run time is slow (Kohler, Shukla, and Rawal 2017). 
Programmes that support BSDF file formats include LBNL WINDOW 7.7 and EnergyPlus and others.

 2.3 BUILDING PERFORMANCE SIMULATION TOOLS

Current capabilities of building simulation software to accurately assess the performance of Venetian 
blinds are limited. The angular dependency of optical properties of CFS is applied in a very simplified 
way and di!erent slat angles of i.e. horizontal external blinds are not taken into consideration (Kuhn 
et al. 2011). Accurate simulations of various shading options that account for angle dependency are 
too costly (Kuhn 2006). This is why simplified calculation methods (direct beam at normal incidence 
angle) are used by manufacturers to proof building code compliances which neglects realistic control 
strategies, angle dependency and di!use radiation (Kuhn 2006).

Performance evaluation of innovative shading designs is costly and limited by current software 
capabilities; i.e. EnergyPlus has two options to simulate windows:

1 Simple window model, where one value for SHGC (at 0°) is used. The angle-dependency is calculated 
by applying the Fresnel approach (azimuth 0°, altitude 0°-90°). This approach is fast but precision is 
low. (US Department of Energy 2013) 

2 Detailed layer-by-layer calculation makes use of transmittance and reflectance from 
BSDF data. This method is expensive and slow but give more accurate energy results (US 
Department of Energy 2013).
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3 GLAZING AND SHADING PROPERTIES

 3.1 GLAZING AND SHADING PARAMETERS

The WINDOW 7.7 software by Lawrence Berkeley National Laboratory (LBNL) was chosen for 
the following reasons:

 – Open source software

 – Regularly updated database for glazing, shading and shading materials

 – Possibility to add customised data like BSDF data for an innovative shading design that 
needs to be evaluated

 – Ease of use (user-friendly interface)

The calculations for SHGC as well as all BSDF using within the present study were undertaken in 
LBNL WINDOW version 7.7. (Berkeley 2019) using environmental conditions described in ISO 15099 
(see Table 2) (centre-of-glazing calculation). LBNL WINDOW allows centre-of-glass calculations of 
SHGC at normal incidence as well as angle-dependent SHGC according to the BSDF matrix (Berkeley 
2019). The window properties are based on beam incident radiation only which is transmitted and 
reflected di!usely. 

SOLAR RADIATION EXTERNAL TEMPERATURE INTERNAL TEMPERATURE

ISO 15099 500 W/m² 30°C 25°C

TABLE 2 Environmental conditions according to ISO 15099 for SHGC calculations

It is possible in WINDOW to generate SHGC for direct radiation at incidence angles ranging from 0° to 
90° (at 10° increment angle) and at 0° azimuth angle. LBNL WINDOW cannot calculate the combined 
value for direct and di!use solar radiation but a hemispherical SHGC is given for di!use radiation 
(Petersen et al. 2018). There are no energy flows through the window and shading system calculated 
which reduce the accuracy of the SHGC values but makes it a fast method for establishing SHGC.

LBNL WINDOW consists of a glazing and shading database which has been used for this work. 
It allows the calculation of SHGC for any chosen combination of glazing and shading from the IGDB 
(International Glazing Database (International Glazing Database n.d.). 

 3.2 ANGLE-DEPENDENCY IN LBNL WINDOW

Furthermore, LBNL WINDOW can calculate BSDF data for glazing only or for glazing with shadings. 
The SHGC is an angular-dependent property of a CFS, and the value for SHGC greatly depends on 
both the altitude and the azimuth of the sun vector reaching the fenestration system. This complex 
approach has been described by Klems’ 145 patches ((Klems 1993),(Klems 1994)) organised 
hemispherically onto the glazing surface. This method has been adopted by LBNL WINDOW to 
calculate 145 values for SHGC for outgoing directions for every patch of Klems’ 145 patches (Robin 
Mitchell, Christian Kohler, Joe Klems, Mike Rubin 2008).
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4 SIMULATION SET-UP

 4.1 OFFICE ROOM SPECIFICATIONS

The performance evaluations of the window with Venetian blinds were undertaken to calculate 
cooling energy for an o#ce room of the size of 6m x 6m and 3m high. The o#ce room consists of 
one façade with a WWR (window-to-wall ratio) of 90% and external horizontal Venetian blinds with 
a tilt angle of 45°. All other walls are internal partitions and are considered adiabatic. Three façade 
orientations were studied, namely east, south and west façade. To get an idea of the impact in diverse 
climates, six European cities were chosen, ranging from cold to hot locations (Helsinki, London, 
Berlin, Rome, Madrid and Athens). Helsinki and Athens describe the coldest and hottest location 
studied in the experiment.

All energy simulations were done with EnergyPlus (US Department of Energy 2013) using Honeybee 
(Roudsari 2020) for Grasshopper/Rhinoceros (McNeel 2020). 

FIG. 3 O#ce room FIG. 4 a) DGU with argon filling and b) DGU with external 
Venetian blinds and c) blind specification

 4.2 SIMULATION PARAMETERS

The properties of the CFS that are used for the simulations are produced using LBNL’s WINDOW 
7.7 software. WINDOW 7.7 consists of an extensive glazing and shading database that is used to 
produce the properties of the CFS. For this case study, a double glazing unit (DGU) with argon filling 
and the same DGU combined with an external Venetian blind with horizontal slats was chosen. 
The annual SHGC (anSHGC) was calculated with WINDOW under ISO 15099 environmental conditions 
(see Table 2). The software further enables the export of BSDF data and directional SHGC for all 145 
patches according to Klems. These values were used to determine climate-based (directional) SHGC 
for all studied locations. Climate data for the solar altitude and azimuth have been extracted from 
an epw-file using Ladybug for Grasshopper (Rhinoceros) for six European climates. Climate and 
BSDF data were used to calculate a seasonal SHGC (summer and winter) as well as a mean annual, 
monthly (August) and weekly (first week of August) value. The annual SHGC is calculated at normal 
incidence Fig. 6 a) whereas the climate-based SHGC is derived WINDOW’s directional SHGC an 
associated with actual solar angles in the chosen locations (compare Fig. 6 b) and c). An overview 
of the annual and climate-based SHGC is shown in Table 3 for a whole year as well as the cooling 
season (21.3.-22.9.), a typical summer month (August) and a very hot week during the summer (1.8.- 
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7.8.). Table 3 illustrates the di!erences in values for anSHGC and cbSHGC that were used for the 
energy simulations. The BSDF data used in the study are represented by a matrix of 145x145 (21,025) 
values for transmittance and reflectance.

ANNUAL SEASONAL 
(21.3.-22.9.)

MONTHLY 
(1.8.-31.8.)

WEEKLY 
(1.8.-7.8.)

East South West East South West East South West East South West

HEL anSHGC 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34

cbSHGC 0.10 0.18 0.10 0.07 0.13 0.07 0.07 0.13 0.07 0.17 0.12 0.17

ATH anSHGC 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34

cbSHGC 0.08 0.13 0.08 0.06 0.11 0.06 0.06 0.12 0.06 0.16 0.10 0.16

TABLE 3 Annual (anSHGC) and climate-based (cbSHGC) solar heat gain coe#cients for Helsinki and Athens for DGU with  
external Venetian blinds at 45°

FIG. 5 Annual SHGC compared to Climate-based SHGC for 
Helsinki and Athens

FIG. 6 Angle of incidence for solar radiation for a) at 0° 
(normal incidence) for product (standardised) measurements 
and actual incidence angle for b) Helsinki and c) Athens for 
di!erent seasons of the year

5 RESULTS

The results of cooling energy demands for Helsinki and Athens are found in Fig. 7 for three façade 
orientations and for four time-steps, namely yearly, seasonal, monthly and weekly. The diagrams 
show an expected increase in cooling energy for Athens compared to Helsinki. Generally, using the 
BSDF for the simulations result in the lowest cooling energy demand for all cases. Though the use of 
anSHGC and cbSHGC increase the cooling energy demand. In the case of annual cooling energy, the 
discrepancy between BSDF and SHGC is greater for the east and west façade as opposed to the south 
façade. This is particularly the case for Athens. 

Fig. 9 visualises the cooling demand for all cities for the period from 21st March to 22nd September for 
a south façade. Energy results are the farthest o! from the BSDF results for Helsinki (145%), followed 
by Berlin (88%) and London (87%). The results for cooling are still between 36% and 60% higher 
for Rome, Madrid and Athens compared to BSDF results. Though the results are still quite high for 
cbSHGC (between 32%- 60%) for the cooler locations of Helsinki, Berlin and London, the results for 
the warm places are much closer to the BSDF results and are 6% to 17% larger. 

Looking at the discrepancy between the two SHGC methods and the BSDF in Fig. 8 it is obvious 
that results for anSHGC are much greater in comparison to cbSHGC. The largest di!erences can be 
seen for Helsinki, where results are up to 150% higher than for BSDF for the south façade. On the 
contrary, the results are closest to BSDF for the exact same location when using cbSHGC during the 
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simulations (Helsinki: seasonal/east, monthly/east/west and weekly/west). The results for Athens for 
the cbSHGC are often underestimated and up to 14% lower than the BSDF results.

a  Annual cooling energy b  Seasonal cooling energy (21.3.-22.9.)

c  Monthly cooling energy (1.8.-31.8.) d  Weekly cooling energy (1.8.-7.8.)

FIG. 7 Results for a) annual, b) summer, c) monthly and d) weekly cooling energy for Helsinki and Athens for East, South and West 
façade

FIG. 8 Discrepancy of annual cooling energy results compared with results using BSDF for the complex fenestration system for 
three façade orientations (east, south and west) for Helsinki and Athens
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a  Annual cooling energy b  Seasonal cooling energy (21.3.-22.9.)

c  Monthly cooling energy (1.8.-31.8.) d  Weekly cooling energy (1.8.-7.8.)

FIG. 9 Cooling energy for the south façade for six European cities comparing results for BSDF, annual SHGC and climate-based 
SHGC

Table 4 compares the disparities of cooling energy for an eastern and a western façade for annual, 
seasonal, monthly and weekly energy simulations for six European cities. The largest di!erences 
in annual energy results compared to BSDF results can be found for the west façade using a single 
value for SHGC (anSHGC). The results are farthest o! from BSDF results for Helsinki (+116%) and 
closest for Athens (+54%). The lowest di!erences for the west façade can be found for weekly 
energy results (Helsinki: 105% and Athens: + 42%). The discrepancy of anSHGC for the east façade 
are marginally lower for annual results: Helsinki +111% / Athens +48% and weekly cooling energy: 
Helsinki +97% / Athens +39%. One noticeable finding is that the annual SHGC overestimates the 
cooling energy between 50% to 100%. Besides, the results are consistent, with Helsinki being the 
farthest and Athens the closest to BSDF results.

On the contrary, the cbSHGC does both; it underestimates and overestimates the cooling energy for 
the considered time-steps (yearly, seasonal, monthly, weekly). Here, results are not as consistent 
as opposed to the anSHGC results. The yearly and weekly cooling energy demand is largest 
for Helsinki and the lowest for seasonal and monthly demands on the east façade. The lowest 
energy requirements can be found for Berlin (annual), Helsinki (seasonal and monthly) and Madrid/
Athens (weekly) on the east side. 

A similar phenomenon can be found on the west façade, where the smallest di!erences in results 
can be stated for Madrid (annual), Helsinki (seasonal and monthly) and Athens (weekly). The greatest 
discrepancy, however, can be found in Helsinki (annual), Madrid (seasonal and monthly) as 
well as London (weekly).
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TABLE 4 Comparing the di! erence of cooling energy results of anSHGC and cbSHGC to BSDF results

6 CONCLUSIONS

External solar shading can help reduce negative impacts of solar gains on a building façade and 
hence contribute to reducing cooling energy to achieve internal comfort. To quantify the performance 
of innovative shading designs by means of building performance simulations, precise façade 
parameters are required for both static and adaptive shading devices.

This work compared three approaches to represent properties of CFS (complex fenestration systems) 
and their impact on cooling energy results, ranging from simple (single value SHGC or annual SHGC) 
to more complex interpretation of angular properties (BSDF data). Another method was introduced 
with a complexity in between annual SHGC and BSDF, which is called climate-based SHGC, and can 
be derived for any hour of the year for particular solar altitudes and azimuths of a given geographic 
location. It is possible to establish values for cbSHGC for time-steps as small as hourly values (or 
more detailed if more detailed data for sun positions are available).

The analysis in this paper showed that cooling energy results for the annual SHGC are up to 2.5 
times larger compared to energy demands using BSDF data. The maximum deviation of cbSHGC 
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results are 1.6 times greater when comparing to BSDF results. Considering that using SHGC for 
thermal building performance simulation is common practice, the cooling energy results di!er 
significantly from those using transmittance and reflectance (BSDF) to describe the angular 
properties of a façade system. 

This should be borne in mind when the design goal is a zero-energy building. Nonetheless, future 
building design and performance assessment must be simple yet accurate for designers with 
non-engineering backgrounds. The present work highlighted the high accuracy of simulation 
results when using angular-sensitive transmittance and reflectance data. BSDF data are not 
always available, and may need expert level skills to retrieve necessary information on the shading 
design. Further, some conventional BPS (building performance software) do not (yet) support the 
implementation of BSDF files during simulations. On the other hand, relying on SHGC that are 
measured or calculated at normal incidence (0°) will inevitably lead to energy demands (cooling) that 
are more than double than what they should be. 

The third analysed input parameter was the climate-based SHGC. This value is similar to the 
conventional SHGC, which is widely used in thermal building simulations. The di!erence, however, 
is that it takes other angles than 0° (normal incidence) into account and actually uses solar angles 
present in the location of interest. Even though the cooling energy results for climate-based SHGC 
are higher than for BSDF, the errors are much lower as opposed to annual SHGC. Interestingly, the 
di!erences in all studied cases are much lower using climate-based SHGC as opposed to results 
using the annual SHGC at normal incidence in comparison to the BSDF results. This approach 
may be of help for planners during the early planning stages when high energy standards must be 
fulfilled, and specialist engineers are not yet involved. 

It is important to find ways to quickly assess the performance of a shading design during the early 
stages of the planning process. Directional and climate-based SHGC may be a su#cient alternative 
for early design stage performance analyses, despite the di!erences in cooling energy demands. 

Further research shall investigate the suitability of all mentioned methods to assess the 
energy performance of adaptive shading and to find appropriate shading control strategies. Table 
5 summarises typical qualities of the analysed methods to describe parameters for windows 
with external shadings. 

BSDF CLIMATE-BASED SHGC ANNUAL SHGC

COMPLEXITY high medium low

CHARACTERISTICS

+ Most accurate energy results

- Advanced user experience to 
generate BSDF data and to imple-
ment BSDF matrix into simulation 
software

+ multiple values per year

+ multiple solar angles taken into 
account

+/- medium advanced user skills 
needed

- single value (at 0° = normal 
incidence) per annum defines 
energy flows through the window 
with shading

- neglects realistic solar altitudes 
and azimuths at a given geo-
graphic location

+ no advanced user skills 
required

PRECISION OF  
ENERGY RESULTS

high medium low

TABLE 5 Comparison of BSDF, climate-based SHGC and annual SHGC
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Abstract
The global direct and indirect CO2 emission contributed by the building and construction sector amounts to 40% (GlobalABC, IEA & 
United Nations, 2019). It is again responsible for 36% of the global energy consumption (IEA, 1974). One of the main reasons is that 
the building uses artificial climatization systems to achieve human comfort, i.e. thermal comfort. Another comfort related factor is the 
quality of air inside the building, which is crucial for human health, productivity and for reducing the risk of Sick Building Syndrome. 
It is estimated that an average citizen spends about 90% of the day inside a building (ENERGY STAR, 2007). In comparison, air-con-
ditioned buildings show a higher prevalence ranging from 30-200% of sick building syndrome (SBS) symptoms as compared to the 
naturally ventilated ones (Seppanen & Fisk, 2002). In addition to that, natural ventilation is one of the most common technique to 
reduce the energy consumption of buildings with a reduction up to 10-30% (Walker, 2016). Mechanical systems are consistently being 
outperformed by natural ventilation systems (NVS) in terms of SBS and associated symptoms (Krarti, 2018). 

This research focuses on the design and performance evaluation of an optimized ventilation panel for unitized façades with adjustable 
air inlet openings to control natural ventilation and air distribution. It outlines the basic principles, considerations and concepts adopt-
ed for the design and simultaneously addresses the e#ectiveness of di#erent ways of ventilation and standards. Additionally, this study 
also describes the major classification of a ventilation system based on natural forces. The optimized ventilation panel is a double 
layer system integrated into one unit. The outer unit acts as a solar protection device with adjustable ventilation openings, controlled by 
sensors and actuators that optimizes the wind volume and velocity for natural ventilation purposes. To evaluate the system’s ventilation 
performance, a room of standard size (Bhatia, 2014) for the wind simulations has been taken with maximum fin opening and three 
varying internal air inlet designs i.e. with no window, side operable and parallel projecting. The unit has been analysed through virtual 
wind tunnel simulation using RWIND software. The proposed fin design concept is capable of capturing wind flow successfully. The 45˚ 
fin inclination to the façade provides maximum fresh air intake with balanced solar shading fin depth. All the options provide enough 
air velocity inside the room for cross-ventilation utilizing the Venturi e#ect. The third option with a parallel projecting window is the 
most suitable and preferable in terms of air velocity and distribution.

Keywords
CO2 emission, sick building syndrome (SBS), natural ventilation system (NVS), optimized ventilation panel, façade design, RWIND
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1 INTRODUCTION

 1.1 BACKGROUND

These days it is common to see buildings that have artificial climatization systems, which in 
many cases could be avoided. HVAC systems are often installed in buildings where good natural 
ventilation would have been su#cient to obtain a comfortable indoor climate and good air quality. 
The comfort standards vary as per the type of building i.e. residential or commercial (Prinsegate 
Chartered Surveyors, 2018). Sick Building Syndrome and associated symptoms are the major 
demerits of using artificial climatization systems. The acceptable thermal comfort for buildings with 
standard mechanical HVAC systems is significantly lower than the buildings with natural ventilation 
systems (Dear & Brager, 2002). It can provide convective and evaporative cooling of the human body. 
The sweat evaporation rate is higher if the speed of air ventilating a space increases. A comfort level 
of 27˚C can be achieved with air movement of 1m/s through a space at 30˚C. In general, an airspeed 
of 3 m/s is enough to ventilate the space comfortably. The upper recommended air velocity in o#ces 
is 1.5 m/s. Natural ventilation due to thermal di!erence allows a significant air exchange rate (5-
25 arc/h) for heat removal with minimal operation costs (Guedes, 2013). Usage benefits of natural 
ventilation include:

1 Fresh air introduction for odour and carbon dioxide dissipation
2 Fire control/ smoke clearance
3 Heat dissipation/ cooling
4 Provision of oxygen for fuel-burning devices
5 Control of inner humidity (Inside the space)

A theoretical case study of an existing o#ce building in Wolfsburg, Germany, is developed in 
order to prove the concept. The entire research process has been divided into two phases: design 
and evaluation. The first part involves redesigning of existing façade considering sustainable 
development using all possible passive measures. This paper focuses mainly on utilizing wind for 
natural ventilation using an optimized ventilation panel for unitized façades. 
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FIG. 1 Schematic research process

 1.2 LIMITATION

1 The optimized ventilation panel has been proposed for areas with higher wind speeds 
(Refer to section 5.1.). 

2 All the simulations have been done using the maximum wind speed of the area i.e. 25 m/s. Case 
1 has also been tested for a basic wind speed of 1m/s.

3 The simulations do not take into account the air movement due to temperature di!erence between 
the internal and external environment. 

2 LITERATURE REVIEW

 2.1 HUMAN COMFORT

The main human comfort categorization is thermal comfort, visual comfort, auditory comfort, 
olfactory comfort and hygienic comfort. Temperature is a key component to the experience of comfort 
in a space. The internal metabolic processes in human beings operate on a temperature range 
much smaller than outer temperatures. The dissipation of heat in this process due to human body 
metabolism must be released to surroundings. It varies from person to person, and it depends on 
various factors like genetics, sex, seasonality, diet etc. People may feel more overheated or warm, 
and this process becomes more di#cult when the external temperature is high. A balanced external 
temperature in relation to the human body is required for a smooth heat release. Various other 
factors which add up to thermal comfort include room temperature, relative humidity, air velocity, 
cloth insulation and colour of the space (Warren & Boduch, 2009) (Attila, 2019).
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Human perception of thermal comfort depends on other aspects rather than just air temperature. 
The mean radiant temperature entails averaging the temperatures of each surface in the room. 
Combined with the air temperature, this produces an overall measure, the mean operative 
temperature. In addition to this, the closeness of the human body to a particular surface also 
a!ects the overall experience. If the temperature of a ceiling hikes by 5˚C than the rest of the 
surfaces in a room, a person feels warmer, and if it goes down by 14˚C, then it feels colder. 
Similarly, if the temperature of a wall increases by 23˚C than the other surfaces, a person feels 
warmer, and if it drops by 10˚C then it feels colder. A sense of discomfort can be felt with the 
di!erence in temperature within a room or across the human body. As seen in Figure 2-A, a 
vertical air temperature di!erence from our feet to our head shouldn’t exceed 3˚C, otherwise 
the high temperature gradient highlights one part of the body as feeling notably warmer or 
colder than the other.

FIG. 2 A – Allowable temperature variances (Warren & Boduch, 2009) & B – Human comfort zone (Attila, 2019). 

Relative humidity plays a large part in conjugation with temperature to provide a sense of discomfort. 
High levels of relative humidity can work against the evaporative cooling e!ects of sweating and 
leave the body prone to overheating. Further, high levels of relative humidity in inclement winter 
weather produce a greater sense of cold. The human body cannot perceive di!erences in relative 
humidity levels within the range of 25% and 60%, which is the primary reason that this range is 
often cited as the baseline. When the humidity is too high, the moisture from the skin does not 
evaporate, and it gives an uncomfortable feeling. In case the humidity is too low, skin and mucous 
surfaces become drier, leading to complaints about dry nose, throat, eyes, and skin. It exacerbates the 
situation of eye strain due to working in an o#ce with a computer.

Air velocity also plays an important role in the perception of temperature. It helps the human body 
through evaporative cooling. Mechanisms of convection can further move the heat generated by 
metabolic processes from the skin into the surrounding air. This leads to continued cooling, and the 
process is more e!ective at higher air velocity. Generally, airflow slower than 100 feet per minute 
(0.5 m/s) feels either pleasant or goes unnoticed. The flow of air higher than that within an enclosed 
space can provoke distraction (up to 200 fpm or 1 m/s) and annoyance (above 200 fpm). 

In terms of colour perception, experiments have revealed that the rooms painted in hues 
between blue or green can feel colder than rooms with red or orange walls by as much as 3ºC 
(Warren & Boduch, 2009).
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 2.2 NATURAL VENTILATION.

It is the process of exchanging air between the outside and inside of a building. This can broadly be 
classified into two categories depending on the type of natural forces. Wind-driven ventilation & stack 
e!ect, the former is created by the pressure di!erence around the building and the latter is governed 
by the principle of temperature di!erence (E#cient Windows Collaborative, 2000). Figure 3 shows 
the various ways in which ventilation through a space can happen. Table 1 shows the e#ciency of 
opening for each case. Table 1 shows the e#ciency of opening for each case.

FIG. 3 Types of cross-ventilation possibilities (E#cient Windows Collaborative, 2000) 

OPENING HEIGHT AS A FRACTION OF WALL HEIGHT 1/3

OPENING WIDTH AS A FRACTION OF WALL HEIGHT 1/3 2/3 3/3

Case 1 Single opening 12-14% 13-17% 16-23%

Case 2 Two openings in the same wall - 22% 23%

Case 3 Two openings in adjacent walls 37-45% 37-45% 40-51%

Case 4 Two openings in opposite walls 35-42% 37-51% 47-65%

TABLE 1 Natural ventilation e#ciency of openings (E#cient Windows Collaborative, 2000) 

Table 1 describes the natural ventilation e#ciency of opening proportions as a fraction of wall height 
and width in terms of its most probable position on di!erent walls. The opening height has been 
taken consistently as one third, and it has been correlated with three opening width proportions. This 
provides an understanding of opening e#ciency under each size and type. 

Natural ventilation achieved through temperature di!erence can reach the human comfort level 
when the inside temperature is higher than the outer temperature, and the external diurnal 
temperature fluctuates by 10 ˚C or less (Guedes, 2013).  

 2.3 ABOUT RWIND

RWIND is a virtual wind tunnel software for product designers, engineers and architects. The parent 
company is Dlubal Software. It models the airflow around design concepts to help test ideas early in 
the development stage with precision. This software supports .stl and .vtp file formats as input. It is 
a powerful CFD simulation tool that reads minute openings. It automatically does meshing for the 
input 3D finite volume. It uses Open-FOAM numerical solver and it is widely used for CFD simulation 
(Dlubal Software GmbH, 2020). The software can be learned with the manual given on the software 
and website. A demo version of this software for 30 days is available on the Dlubal website. They 
don’t provide a student version. 
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3 METHODOLOGY

 3.1 SITE STUDY AND DESIGN REQUIREMENTS.

The project presets the case study of an o#ce building in Wolfsburg, Germany, whose front façade 
faces south. The project basically focuses on renovating the entire façade using a unitized façade 
system. The prominent wind direction for the location is west. An ample share of o#ce buildings 
faces prominent wind direction, and it has the potential of using natural ventilation for reducing 
HVAC loads. The site falls in wind zone 2 with a basic wind speed and velocity pressure of 25m/s 
and 0.39 kN/m2, respectively (Dlubal, 1987). The o#ce depth in wind direction on the second floor is 
around 17.5 m. The o#ce aims at providing a healthy working environment to workers, and at the 
same time, it also emphasizes the sustainability aspects. The minimum and maximum temperature 
for the location is -7˚C (December) and 27˚C (July). The average humidity of the area is 75% which 
can be considered on higher side (World Weather Online, 2020). The south façade receives the 
maximum solar radiation, whereas the west façade takes the second position. The optimized unitized 
ventilated panel needs to be designed in such a way that it cuts solar radiation, and at the same time, 
it also allows fresh air movement for natural ventilation.

 3.2 CRUCIAL DESIGN CONSIDERATIONS AND ASSESSMENT CRITERION.

The entire designing process needs a set of guidelines that could help to reach an optimal solution. 
The following are the standards:

1 In general, 5% of the floor area of the space is required for natural ventilation.
2 Cross ventilation is the best e!ective way which yields an e#ciency up to 65% (E#cient Windows 

Collaborative, 2000).
3 The volume of airflow is maximum when it hits the façade at 90 degrees.
4 The coe#cient of e!ectiveness depends on the wind angle and the relative size of entry and exit 

openings. It ranges from about 0.4 for wind hitting opening at 45˚ of incidence to 0.8 for winds hitting 
directly at 90˚ angle (Walker, 2016).

5 For o#ces (open-plan o#ces or private o#ce), required outdoor air supply ranges from 8.5 - 
10 L/s (ASHRAE Standard 62-2001, 2003) (NCBI, 1988).

6 For e!ective cross ventilation, the depth of the room should not exceed five times the height of the 
room (Bhatia, 2014).

7 Preferable room height is 2.7 m (WindowMaster, 1990).

FIG. 4 A – Standard for cross ventilation; B – Air supply rate for odour removal
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 3.3 DESIGN CONCEPT

The panel consists of glazed unit and automated projecting fin. Figure 5 (A) shows the position of 
the fin (plan) in the closed and open position. The fin acts as a kinetic façade with actuators helping 
it to close and open. The forward movement of fins results in increased length, thus creating a 
larger shadow on the glass panel, and it also allows air to flow inside the space at the same time. 
An operable window has been placed inside the fin for controlling the air movement (second barrier). 
It could be a standard, sliding, bottom-hung or parallel projecting window.  

The fin has a dual function. Figure 5 (B) shows the relationship between the catchment area of air 
and the solar shading length of the vertical fin. The 45˚ inclination of the fin to the façade provides an 
ideal or balanced condition where the catchment width is equal to the solar shading depth of the fin. 

In terms of detailing, the complete fin is an external identity that can be fitted to the unitized panel 
once the panel is installed on-site. The unitized panel leaves necessary supporting members so that 
the entire unit of automated fin could be fitted later in the construction stage. The whole fin module 
consists of 7 vertical fins/louvres, which have been designed for smooth interlocking. Three fins out 
of 7 don’t move, and they have been placed as on the vertices of an isosceles triangle. They have been 
fixed to a specially designed triangulated base plate having channels for fins to slide with the help of 
rollers. The three fixed fins basically provide stability to the structure, thus it makes the installation 
of the fin unit quite easy and precise. The actuators have been attached to the top and bottom for 
uniform movement controlled by a central operating device and sensors.  

FIG. 5 A – Fin concept; B – Fin inclination optimization
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FIG. 6 3D views - Optimized ventilation unitized panel with internal adjustable opening

4 EXPERIMENT

 4.1 MODEL DIMENSION – IDEAL ROOM SIZE FOR WIND SIMULATION

FIG. 7 Ideal room size for wind simulation concerning natural ventilation as per standards
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The room size has been designed, keeping in mind the natural cross-ventilation design 
considerations. The maximum allowable depth of the room can go up to five times the height of the 
space, and the openings for ventilation should be 5% of the total floor area of the space.

The opening type falls under case 4 of natural ventilation e#ciency. It does not follow the same 
proportions given in Table 1 as the simulation proportions have been derived from the design intent. 
If we compare the actual opening size of the model to the proportions given in the table, then it falls 
approximately between the second and third width proportion category. The natural ventilation 
e#ciency of the reference model should lie in the range of 37-65 %.  

 4.2 SOFTWARE CONSIDERATIONS FOR WIND SIMULATION

The software used for the simulation is RWIND by Dlubal Software, and the main motive of the entire 
process is to analyse wind distribution and wind speed inside standard space by varying opening 
of fins and using di!erent types of internal windows. The model will be analysed in a virtual wind 
tunnel setup, and the following figures show the size of the wind tunnel in relation to the model (as 
per the default setting of the software).

FIG. 8 Wind tunnel proportions with respect to the 3D model to be analysed

5 RESULTS

 5.1 AUTOMATED FIN (FULLY OPEN – 75MM GAP BETWEEN 
MOVABLE LOUVRES) - WITH NO INTERNAL WINDOW

The fully open fins allow a good amount of air to come in, and the air rushes through the slits. 
Figure 9-A shows the occurrence of the Venturi e!ect as a hike in air velocity can be noticed when it 
passes through the narrow spaces in the vertical fins. A hike of 11 units from 13 m/s can be noticed 
in that area. The approaching wind loses its velocity from 25 m/s to 13 m/s as it hits the façade 
or obstruction. This results in increase in wind pressure on the façade as per the conservation of 
energy and Bernoulli’s principle (NASA, 2010). The façade face line is the point where two physical 
phenomena occur i.e. the first is the decrease of wind velocity, and the second is the Venturi e!ect.  
The air from both sides of the fin converses and it increases the velocity of air up-to approximately 
14 m/s (maximum for the mid interior volume). The wind speed drastically drops as it reaches the 
façade, and it results in an increase in wind pressure. This analysis has been done for the basic wind 
speed that the façade receives i.e. 25 m/s. The analysis shows an upsurge in the direction of the 
air movement as it travels through the interior space. The outlet velocity of the air in this case is 12 
m/s. It is quite high, and air speed can indeed be controlled by varying the fin openings. The façade 
certainly needs an inner control system which could help to regulate the velocity of the air coming 
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inside from the external fins. The design works successfully in terms of air circulation and cross 
ventilation. All the simulations have been carried out by keeping the standard 3D room model at 
ground level. The maximum indoor and exit velocity for 1m/s basic wind speed is 0.76 m/s and 0.48 
m/s, respectively. The mid interior space attains an air velocity of 0.47 m/s, which is almost similar 
to the velocity of air leaving the space from the opposite direction.

FIG. 9 A – Venturi e!ect; B – Velocity field diagram at 2 m height; C – Streamlines representation of wind flow; D – Residual 
pressure graph & E – Volumetric velocity field representation with maximum internal value

 5.2 AUTOMATED FIN (FULLY OPEN) - WITH SIDE 
HUNG INTERNAL WINDOW - 30˚ TILT

The side-hung internal window diverges the airflow in one direction, thus creating a bulk stream of 
air movement on one side. This creates a narrow stream of air movement with higher air velocity, 
which could significantly disturb the interior in terms of air movement. The velocity of air for 
mid-volume of the interiors is approximately 16 m/s, and it shows an average velocity of around 
12 m/s even for the rear quarter portion of the interior volume. This option does not provide the 
desired distribution of air movement for the interiors.  
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FIG. 10 A - Velocity field diagram at 2 m height; B - Residual pressure graph; C - Streamlines representation of wind flow & D - 
Volumetric velocity field representation with maximum internal value

 5.3 AUTOMATED FIN (FULLY OPEN) - WITH PARALLEL PROJECTING 
INTERNAL WINDOW – 100MM (CLEAR DISTANCE)

The parallel projecting internal window diverges the airflow sideways in both directions, thus 
distributing the pressure equally on either side. Figure 12-A shows the three-way distribution of 
air by two window modules. The air from both the windows merges at the centre, and this e!ect 
helps in minimizing higher wind speed due to the Venturi e!ect. It avoids the direct flow of air 
into the interiors. The mid interior volume receives a maximum velocity of 12 m/s, but it exists on 
the upper level of the interior space. The distribution of air is even as compared to the previous 
options. There is a slight turbulence near the window, which can be controlled by regulating the 
opening of external fins and adjusting the projection of the internal window. The outlet air velocity, 
in this case, is 9 m/s. The residual pressure in this case reaches the desired value of 0.001 after 
approximately 450 iterations. 
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FIG. 11 A - Velocity field diagram at 2 m height; B - Residual pressure graph; C - Streamlines representation of air movement & 
D - Volumetric velocity field representation with maximum internal value

6 CONCLUSIONS

The proposed optimized ventilation panel design concept for unitized façade shows successful 
results in terms of capturing the wind flow. The 45˚ fin inclination to the façade provides the 
maximum intake possibilities of fresh air with a balanced solar shading depth of vertical fins. 
The wind velocity drops considerably as it strikes the façade, which results in an increase in wind 
pressure. The movement of air particles from larger space (outside) to the o#ce interior through 
narrow space between the fins help to maintain the consistency of air velocity (Venturi e!ect). 
The velocity in the fin gaps rises to compensate for the external air pressure. All the options provide 
enough air velocity inside the room for cross-ventilation. The third option with a parallel projecting 
window is the most suitable and preferable in terms of air velocity and distribution. 

The entire experiment leaves a scope of exploring the airflow inside the standard space using all 
possible window types like top hung, bottom-hung etc. It would also be interesting to know the e!ect 
of wind when it strikes the façade with some incident angle (perpendicular in this case). In addition 
to this, the e#ciency of the proposed system could also be analysed in terms of all four possibilities 
of natural ventilation. Apart from that, mechanical simulation software can also be deployed to 
analyse the capacity of actuators needed for smooth fin movement under allowable wind loads. 
Furthermore, it can also be analysed from the perspective of acoustics as it may produce noise due 
to air movement at higher wind speed through narrow fin openings. It also leaves an opportunity to 
explore the lower limit of wind velocity up to which the system works e!ectively. Lastly, the entire 
panel can also be evaluated for structural stability under di!erent live loads.  
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Abstract
The evaluation of di#erent façade qualities and conditioning concepts combined in an early stage requires realistic and holistic build-
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1 INTRODUCTION

Fast and accurate estimation of energy requirements is crucial for a successful and satisfying 
planning process. Climate simulations can be used to determine consumptions realistically and 
test energy-e#cient buildings with comprehensive technology concepts. This requires extensive 
and time-consuming input of detailed data. In plant engineering, there is often a lack of more 
precise inventory data. Their input into the model for each zone is very complex. Especially for the 
heat transfer systems in the zone, the orientation, power output and size must be modelled exactly, 
which has an e!ect on the demand values. It is also questionable how realistic the default values of 
standards are and which energetic di!erence a variation would make.

The e!ects of di!erent conditioning strategies and their influence on energy demand are 
often in question. The aim is to simplify and increase the realism of quick estimations of 
energy demand and their influence on the user comfort. It is of enormous importance to 
understand the interrelationships and interactions between conditioning systems (heating), façades 
and the building user. 

Since an estimation of the energy demand is of great importance, it must be investigated whether 
a detailed and thus time-consuming input of individual transfer strategies is necessary in order to 
estimate the energy demand and to improve user comfort. 

Usually, energetic demands are calculated via normative static calculations. Comfort is just 
measured by minimal values for heat transfer coe#cients. These calculation methods often do 
not justify innovative façade and transfer concepts in particular, since calculation approaches and 
characteristic values rarely exist for them. Additionally, both components are becoming increasingly 
dynamic and technical. Already in today’s standardisation, for example, simulation calculations of 
the summer thermal behaviour of double façades are provided in the standards, but this represents 
only a small part of the normative building certificates for the time being. Other evaluations are 
often static like the German DIN 18599 (DIN, 2018) and are known to deliver certain deviations 
of the requirement values. (Knissel & Loga, 2006) They also don’t fit today’s planning processes 
anymore, especially regarding BIM implementation and holistic approaches. For the preparation of 
the design planning, most of the people involved in the planning process already require extensive 
information about the envelope quality and the planned plants, although many concepts are still 
being considered in this phase. A simulation with consolidated assumptions at a low level of detail 
can provide a good start to the design process and will evolve over time.

2 METHODOLOGY

The basic goal is a simulation of a whole project within the software IDA ICE from EQUA. It is capable 
of evaluating energetic and comfort-oriented benchmarks in one run. For an easy start in every 
project, the influence of di!erent façade standards, room placements in the building, orientation in 
the room and their dependence are examined in IDA ICE. 

Comfort factors are used according to DIN EN ISO 7730 (E. I. DIN 2006) after investigations of Ole 
Fanger (Fanger 1972) established evaluation system. For this purpose, two quantities are used for 
evaluation, whereby the PMV (Predicted Mean Vote) is a temperature evaluation between cold (- 3) 
and hot (+ 3). A zero-rating is thermally optimal, even though, according to Mayer (Mayer 1998), 
the comfortable optimum is + 0.4. From the PMV, a percentage can be derived, which considers 
the general dissatisfaction with the considered thermal state, the PPD (Predicted Percentage of 
Dissatisfied). The general dissatisfaction is at least 5 %, with some sources assuming values of 
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up to 16 %. This type allows evaluating special room situations for a certain time and specific 
room-position. It is suitable for special analysis but no good representation for a quick evaluation. 
Classification of the thermal indoor climate as a function of the outside air temperature adaptation is 
also possible according to DIN EN 15251 (E. DIN 2007), by which the thermal state of the room over 
the course of the year can be evaluated and represented both optically and numerically. The latter is 
possible by using di!erent comfort categories and evaluating the fulfilled hours over the simulated 
annual course, as shown in Figure 1.

FIG. 1 Evaluation of the operative temperature curve according to DIN EN 15251 (E. DIN 2007) 

Therefore, the following five heating transfer types are implemented: 1. Ideal heating element, 
2. Floor heating, 3. Ceiling heating. 4. Ventilation heating and 5. Water-guided radiators with 
di!erent room positions. 

To validate these findings, comfort-influences are evaluated with the software “Autodesk CFD 2019”. 
This closer look at the di!erent heat transfer strategies allows conclusions of the detailed heat 
distribution in the room and is not typical in a usual planning process. Therefore, various positions 
and combinations of heating transfer types are analysed with di!erent façade qualities.

The analysis is limited to the parameter temperature and its distribution and expansion in the room. 
In addition, the above-mentioned systems are evaluated for di!erent insulation standards. Those 
were exemplarily created with characteristic values for the passive house, the EnEV 2014, the DIN 
4108-2 and an old building-standard.

All strategies are also analysed with regard to the influence of room size. Here, the options “standard 
room according to DIN 13791 (geometry B)” and to evaluate a huge di!erence “open-plan o#ce 
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for 7 to 8 people” are considered. Based on this, a total of 32 strategies were identified that had to 
be examined. DIN 13791 also contains the specifications for walls, including the density, thermal 
conductivity and thickness of each layer of the wall.

FIG. 2 Parameters for identifying the strategies to be analysed 

3 EXPERIMENT / RESEARCH

 3.1 SIMULATIONS IN IDA ICE

The dimensioning of the individual heat transfer systems are done iteratively on the basis of 
standards or presets of the simulation software IDA ICE from EQUA. For each transfer, as much 
energy is provided as it requires to realise the specified control setpoints for the average room 
temperature of 21 °C. 

In addition to the input of the individual room cubature and the corresponding transfers, numerous 
other building-specifics (UA= 1.36 (W/m²K), UW= 2.13 (W/m²K)) and zone-specific influences, such 
as weather data or user locations, plant-specific boundary conditions and structural conditions are 
considered in the simulation, and all are similar for the di!erent versions. 

The simulation of the various conditioning strategies is carried out dynamically for the di!erent 
rooms shown in Figure 3. The first set is simulated in a low standard building because of the strong 
influence of the façade. The results of the entire year 2018 are considered, as well as those of a cold 
design day (22 January 2018) for a closer examination. 

With regard to the energetic evaluation, the final energy requirements and especially the heating 
requirements of the di!erent variants are compared.
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The selection of the first three simulation rooms is based on their location within the building and 
orientation. The fourth simulation room was defined on the basis of DIN EN ISO 13791 Chapter 8.3.

FIG. 3 Floor plan with positioning of the selected rooms (Bewersdor! & Glanzner, 2018) 

 3.2 SIMULATIONS IN AUTODESK CFD 2019

The identified strategies described in chapter 2 are now examined with regard to thermal comfort, 
considering certain influencing factors.

Determination of comfort results – standard room:

For each of the 32 configurations, the results were shown using two evaluation options:

 – via the cumulative distribution of temperatures and its representation in cumulative curves 

 – about the comfort volume, which has been visualised using the isovolumic tool 

Figure 4 describes the comfort volume as an example for the scenario “Radiators in front of the outer 
wall in a standard room with an insulation standard according to DIN 4108-2”. The darker shade of 
green represents the limits of the lower temperature limit (15.97 °C), and the light green/yellowish 
shade represents the limits of the upper-temperature limit (20.97 °C). The volume between these two 
limits represents the volume of comfort.
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FIG. 4 Exemplary comfort volume 

Determination of comfort results - open-plan o#ce:
In general, the values for the comfort volume in an open-plan o#ce are higher than in a standard 
room. One reason is the influence of the window is lower than in the standard room compared to 
the room volume. On the other hand, the open-plan o#ce has a relatively larger area that acts as 
a wall to heated interiors. Similar to the principle of underfloor heating, a constant temperature 
is maintained by the surrounding surfaces from the initial stage. A less decisive but nevertheless 
existing reason for the higher comfort volumes is the air heated directly around the person in 
the room takes up less space in relative terms than in a standard room due to its own heat flow. 
(Bewersdor!, Silva, Gappisch, Goad, & Hannemann, 2019)

4 RESULTS

 4.1 RESULTS OF IDA ICE

Air heating is energetically advantageous in almost all room constellations, as the average air 
temperature is quickly reached without significantly warming the surrounding surfaces. That also 
indicates its lack of comfort because of the cold surfaces.
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ENERGY DEMAND

ROOM A 
CORNER ROOM (N)

ROOM B 
MIDDLE ROOM (W)

ROOM C 
CORNER ROOM (S)

ROOM D 
STANDARD ROOM (W)

low 4 4 4 2

5a, 5c 1 5b, 5c 4

5b 5a 5a 1

1 5b, 5c 1 5a, 5b, 5c

2 2 2 3

high 3 3 3 -

1. Ideal heating 2. Floor heating 3. Ceiling heating 4. Ventilation heating 5a. Water-guided radiators 5b. Water-guided radiators  
5c. Water-guided radiators

TABLE 1 Di!erences in final energy demand of di!erent heat transfer systems in a low standard building

The ideal heating element is located in the middle of the demand assessment like the radiators, 
whereby their positioning in the room plays a subordinate role. Surface heating has no advantages in 
terms of energy e#ciency as opposed to comfort. Just in the case of very small wall areas, underfloor 
heating in existing buildings can have a low demand.

 
COMFORT EVALUATION

ROOM A 
CORNER ROOM (N)

ROOM B 
MIDDLE ROOM (W)

ROOM C 
CORNER ROOM (S)

ROOM D 
STANDARD ROOM (W)

low 2 (11.5 %) 5a (12.8 %) 2 (11.56 %) 5a (11.9 %)

3 (11.8 %) 3 (12.5 %) 3 (11.7 %) 5b (12.1 %)

5b (18.5 %) 2 (12.9 %) 5a (17.3 %) 5c (12.2 %)

5c (18.5 %) 5b (13.3 %) 1 (19.5 %) 3 (12.8 %)

5a (19.2 %) 5c (13.4 %) 5b (20.1 %) 2 (13.4 %)

1 (19.4 %) 1 (15.5 %) 5c (20.2 %) 1 (14.4 %)

high 4 (23.7 %) 4 (16.5 %) 4 (23.8 %) 4 (14.9 %)

1. Ideal heating 2. Floor heating 3. Ceiling heating 4. Ventilation heating 5a. Water-guided radiators 5b. Water-guided radiators  
5c. Water-guided radiators

TABLE 2 Di!erences in comfort evaluation of di!erent heat transfer systems in a low standard building

Comfort-wise, surface heating systems and radiators are assumed to be beneficial. In a standard 
room with large windows on one side, radiators are beneficial on the comfort side. Otherwise, surface 
transfer systems are always more advantageous if the surface can introduce su#cient energy. 
The ideal heating system usually receives a medium rating, while air heating consistently receives 
the worst rating because it mainly heats the air but only slightly the surfaces.

A closer look at the energetic influences, as shown in Figure 5 for the critical northern corner 
room in winter confirms the previous results. In percentage terms, the values flatten slightly. 
Still, they have similar tendencies, whereby the absolute values show a higher demand for area 
transfer systems and, in this case, also an increase for radiators. Air heating is always below the 
ideal heating element.
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FIG. 5 Energy demand deviations of di!erent heat transfer systems in a northern corner room with di!erent hull standards 

 4.2 RESULTS OF AUTODESK

Standard room - factor insulation standard
In terms of the insulation standard, it can be concluded first that the better the insulation standard, 
the more consistent the temperatures are. This is also plausible with increasing insulation standard, 
on the one hand, the temperatures at the window are higher, and on the other hand, the required 
temperature level of the heating system is lower. The passive house, therefore, comes o! best: The 
comfort volume is the highest for each heating variant. If the insulation standard is reduced, the 
values of the comfort volume also decrease in principle. There are, however, a few exceptions to this: 

 – Underfloor heating and ventilation: The comfort volume for the insulation standard according to DIN 
4108 is lower than the old buildings.

 – Radiators on the outside wall: The comfort volume for the insulation standard according to EnEV is 
lower than for the insulation standard according to DIN 4108.

Standard room - factor heat transfer type
Looking now at the heating system, it is clearly visible that the ventilation system works 
most e!ectively in terms of a constant temperature profile; it consistently has the highest 
values for comfort volume.

The next best heating systems are underfloor heating and the radiator directly in front of the window. 
The idea of installing the radiator in front of the window or the external wall is based on the fact that 
the heat from the radiator can be transferred to the air with the low temperatures of the outside air 
directly at the point of origin so that no cold front can penetrate into the depth of the room. The fact 
that this concept ensures better comfort than a radiator in a separate place is also shown in the 
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overview. The radiator in front of the window even performs slightly better than the underfloor 
heating in the passive house variant, but the values of the comfort volume break down relatively 
strongly in relation to the old building. In a passive house, neither the low temperatures behind the 
outer wall have a major influence, nor does more heat from the radiator escape to the outside due 
to the high insulation standard. Accordingly, the heat from the radiator can compensate the low 
temperatures from the outside relatively well. The radiator on the sidewall has very low comfort 
values, which can be explained by the fact that there are very large temperature di!erences due to 
the arrangement of the outer wall and radiator in the room: the cold window front on one side and 
the hot radiator separates it in the middle of the sidewall.

FIG. 6 Overview of comfort volumes with associated average temperatures (standard room) 

Open-plan o#ce - factor insulation standard and heat transfer type:
With regard to the insulation standard, the higher the insulation standard, the more balanced are 
the room temperatures. In this case, the form of heating has changed in such a way that ventilation 
is no longer the most suitable method of heat supply but rather underfloor heating. The fact that 
ventilation is no longer performing so e!ectively is primarily due to the fact that the airflow can 
no longer fill the entire room evenly - especially not with the requirement to limit airspeeds to a 
level suitable for human wellbeing. Therefore, the variant with a radiator on the outer wall also 
performs better than the ventilation variant. The variant with a radiator installed on the side of the 
room takes last place.

Optimisation strategies
The standard variants described above were supplemented by further optimisation variants. These 
included in particular 

 – the installation density of the underfloor heating

 – the variation of the surface heating and

 – the infrared heating approach.
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Optimisation strategy - installation density of underfloor heating
Typical pipes of underfloor heating systems require a certain distance from each other. Capillary 
tube mats are an alternative; they have a small diameter and minimal distance between the pipes. 
This improves comfort due to the higher density of heat transfer.

Capillary tube mats consist of capillary tubes with a small tube diameter and are made of thermal 
plastic (mostly polyethylene). The main advantage of this system is to only need low temperatures 
(approx. 30 °C) to heat the room. This means the room’s temperature asymmetry is low and has 
no unpleasant e!ects on the users (more moderate temperatures and, therefore, more comfort). 
Furthermore, renewable heat sources such as geothermal or solar thermal energy are particularly 
suitable for achieving the low flow temperatures. Coupling them with a heat pump would make the 
renewable heat sources even more reliable and would also allow cooling in summer. Due to the low 
installation height (approx. 4 to 5 mm), this type of surface heating is also suitable for installation in 
plaster - it can therefore be installed on walls as well as in floors and can also be retrofitted.

The di!erent e!ects of the di!erent pipe diameters and installation densities are clearly visible. 
The conventional pipes need much higher temperatures; these are restricting the comfort volume, 
why they are left out in the iso volume. In the case of capillary tube mats, the tubes don’t show a 
major contribution to the level of discomfort. This also reflects the values of the comfort volumes: 
while the version with conventional tubes has a value of 78% by volume, the alternative with 
capillary tube mats has a value of almost 85% by volume, which is significantly higher.

The following surfaces were examined with regard to the location of the surface heating:

 – Strategy 1: Outer wall

 – Strategy 2: Floor + ceiling 

 – Strategy 3: Room half floor

 – Strategy 4: Room half floor + wall

 – Strategy 5: Room half floor + wall + ceiling

The main focus to create the variants was to identify the most e!ective position of the surface 
heating system in terms of thermal comfort. In the comfort volumes, there is a clear tendency for the 
heated surfaces to be oriented towards the window in order to achieve the highest comfort:

 – The “room half floor” variant with the orientation of the surfaces on the outer wall results in a 
comfort volume of just under 68% of the room volume, while the variant with a complementary 
heated floor half has a comfort volume of just 51%.

 – The “room half-floor + wall” variant shows similar values: the orientation towards the outer wall 
provides a comfort volume of 70 vol.%, the opposite orientation provides 52 vol.%.

All five variants mentioned above perform better than underfloor heating alone in the basic 
simulation. This confirms the objectives of achieving the largest possible surface area and locating 
the surfaces as close as possible to the outer wall are suitable to improve comfort. The most 
advantageous variant is number 4 (“room half-floor + wall”), with a comfort volume of 70 %. Here, 
the compromise of a large surface area proportion and a suitable alignment to the outer wall at 
the same time works best. The fact that ceiling heating - as a further increase in surface area - 
does not lead to better comfort because heat rises upwards, so the heat from the heated ceiling 
would only accumulate in the upper part of the room and could not contribute to a pleasant 
temperature distribution.
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If it’s not possible or desired to install surface heating in the room, infrared heating can be an 
alternative to conventional radiators. Infrared heating is an electric heating system that emits 
infrared rays, i.e. electromagnetic waves in a wavelength from 3 to 50 μm. Pure heat radiation is 
emitted so that all bodies in the room are heated equally - even over a long distance. Infrared heaters 
can directly heat the room surfaces through the heat radiation, which reduces the percentage of 
warm rising air. Infrared heating has a comfort volume of 68.6 % and thus performs significantly 
better than conventional heating systems with a comfort volume of only 50.2 %. With regard to 
energy consumption, it should be noted that infrared heating is operated as direct electric heating. 
It, therefore, requires the highest form of energy and can’t be operated with decentralised renewable 
heat, such as near-surface geothermal energy.

5 CONCLUSIONS

IDA ICE
The transfer technology with higher e#ciency is not always the most comfortable. By controlling the 
transfer units on the basis of the average room temperature and not the operative temperature, the 
air heating system has the lowest final energy requirement despite the poor surface temperatures 
of the enveloping surfaces. As the air heating solely heats surfaces to a limited extent, only little 
energy is lost in this way. The surface transfers show exactly the opposite e!ect and, in both 
cases, also behave inversely. In the case of large, unrenovated enveloping surface areas, an 
unrealistically large surface area is necessary to compensate for the losses. For this purpose, 
a simplified simulation (ideal heating element) for air heating systems in old buildings can be 
assumed to yield savings of up to - 6 %. For surface transfer systems, up to + 7 % should be added to 
the ideal calculation.

Autodesk
In conclusion, the simulative analysis described above states underfloor heating and ventilation 
are the most e!ective and e#cient ways of heating. At low necessary temperature di!erences, 
ventilation is optimal, suitable for a passive house or a very small room with a low heating load. 
Under other conditions, the aim is to achieve a high heating load through low-temperature 
di!erences and high volume flows, and, consequently, draughts can be expected. In these cases, 
underfloor heating is more suitable.

If underfloor or surface heating is chosen, variants with partial wall and floor equipped surface 
heating elements close to the window are particularly recommended. It is important to make the 
areas as large as possible.

If no wall heating is desired because appliances or pictures are to be installed in this area as well, 
underfloor heating can be used again, with the su#cient use of half of the floor area close to the 
window. So, material and installation costs could be minimised. However, this arrangement requires 
the other walls to be warm internal walls.
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Abstract
Buildings are expected to play a key role in the decarbonisation context by reducing their energy consumption and flexibly managing 
their demand. Existing studies on strategies for achieving a robust performance in buildings focus on energy conservation. Findings 
showing that the applied measures also a#ect a building’s demand-side management potential, and call for the study of strategies 
considering both energy conservation and flexibility. This o#ers the possibility of identifying alternatives that minimise the level of 
intervention in façades while enhancing the overall building performance. The aim of this study is to explore renovation alternatives 
for the German residential building stock to save energy and increase its demand-side management potential whilst ensuring a 
good performance of buildings under uncertain conditions. A representative multi-family home located in Munich is used as a case 
study. A full-factorial robust optimisation is conducted to analyse multiple combinations based on several design parameters and 
seven uncertainty scenarios, including climate change. The resulting renovation variants are assessed according to robustness and 
simplicity through over 200.000 simulations using TRNSYS/TRNLizard. The results show that an optimised renovation strategy aiming 
for robustness could increase demand-side management potential up to 122% and simultaneously reduce energy consumption by 
56%, compared to a non-optimised variant. This maximum performance improvement could be achieved in non-insulated buildings by 
integrating into the façade an insulation layer of 4cm, installing double-glazed windows, and replacing the heating system with under-
floor heating. Skipping the additional insulation would reduce energy consumption less (35%), but it would increase the building’s de-
mand-side management potential (129%). In contrast to the implementation of additional e#orts to meet the highest energy e"ciency, 
this would o#er an alternative for the renovation of buildings in which a passive upgrade of their constructive envelope is constrained 
(e.g. listed buildings) to boost decarbonisation through a more simple but robust refurbishment. 

Keywords
Building renovation, energy conservation, demand-side management, robust optimisation
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1 INTRODUCTION

At the 2015 climate conference, a decision was reached to reduce global greenhouse gas emissions 
to a naturally degradable level until 2050. To this end, Germany aims to contribute with ambitious 
climate goals for 2030, including reducing its emissions by 55%, compared to 1990 (BMU 2019). 
However, Germany’s reduction of emissions has been stagnating in the last years, putting at risk the 
ability to meet emission goals for 2030. Therefore, there is a need for developing further strategies 
able to unlock potentials for reducing additional emissions.

The building sector is one of the key contributors to greenhouse gas emissions. Thus, buildings are 
expected to play a key role in the decarbonisation context by reducing their energy consumption 
and flexibly managing their demand. According to (BMU 2019), about 30% of carbon emissions in 
Germany are due to the operation of buildings. Even though a significant 44% reduction in emissions 
has been achieved in Germany between 1990 and 2018, a further reduction of 67% is required 
to meet its climate goals by 2030. To this e!ect, savings may be primarily achieved through the 
renovation of the existing building stock rather than from new buildings, as around two-thirds of the 
existing German buildings are still lowly insulated.

 1.1 ROBUSTNESS OPTIMISATION AND ENERGY CONSERVATION

Robustness is defined as a building’s ability to perform well under a wide range of uncertain conditions 
(Chalupnik, Wynn, & Clarkson 2013; Olewnik et al. 2004). Robust optimisation (RO) analysis can be 
used to study renovation strategies for enhancing a building’s robust performance.

A literature review based on a selection of ten studies (Table 1) shows that RO analyses commonly 
address the potential optimising e!ect of upgrading the constructive envelope as a basic passive 
means and its optimum combination with active systems. Thus, nine of the reviewed studies 
consider wall insulation as a variable for their parameter analysis, while all of them include the 
windows. In addition, seven studies evaluate the e!ect of unexpected user behaviour and the impacts 
of climate change. With regard to the analysis method, a full-factorial optimisation approach is 
applied in eight of the ten studies. This approach consists of analysing all possible combinations of 
the selected design parameters and their defined values (Chlela et al. 2007). Furthermore, RO studies 
mainly focus on energy conservation and use the energy demand of the building as a metric to 
assess the optimisation of the building performance. In half of the reviewed studies, some additional 
optimisation objective (comfort, costs, CO2) is also considered, using a Pareto-front or a weighted 
objective function to identify the optimum parameter combinations.

The outcomes of the studies suggest a high impact of usage and climate scenarios on the 
optimisation objectives. These studies also show that performing RO contributes to significantly 
reduce the performance gap. In most studies, simplicity outperformed high-tech solutions due to 
their higher robustness towards changing conditions.

 1.2 ROBUSTNESS OPTIMISATION AND ENERGY FLEXIBILITY

In addition to developing robust renovation strategies for energy conservation, there is an increasing 
call for energy flexibility in the building sector. Energy flexibility of buildings can be defined as “the 
ability to manage its demand and generation according to local climate conditions, user needs and grid 
requirements” (Jensen et al., 2017). The expansion of renewable energies increases the demand for 
short-term balancing power. Buildings can provide this balancing power by flexibly managing their 
demand. Aligning demand to the volatile energy generation can minimise the required amount of 
residual load and can therefore contribute to reducing carbon emissions (Hausladen et al. 2014).
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(Hausladen et al. 2014) analyse the potential of the German building stock for flexibly managing its 
energy demand to participate in demand-side management (DSM) actions in the power grid without 
compromising the thermal comfort of building users. DSM potentials are identified in residential- 
and o#ce buildings. Heavy constructions with thermal systems of high inertia show the maximum 
levels of DSM potential. Di!erences are shown between existing and new buildings. While existing 
buildings can provide high DSM potentials but only for a short period of time (< 2 hours), new 
buildings tend to have lower DSM potentials, but these potentials can be used during longer periods 
of time (> 24 hours in some cases). This suggests that especially existing buildings may be able to 
support the mitigation of peak loads, while new buildings could be suitable for shifting loads on a 
multi-day timescale. Based on these results (Auer et al. 2017) addresses the coupling of the German 
building stock with the power sector by studying the impact of the electrification of the thermal 
demand of buildings and thereby the use of their DSM potentials on the future development of the 
national power system. Their results show that buildings acting as thermal storage components of 
the power system (based on the use of the thermal mass of buildings and electricity-driven thermal 
systems, e.g. heat pumps) could enable the integration of a higher share of renewable energies in the 
grid and the reduction of CO2 emissions.

 1.3 RESEARCH GAP

As mentioned above, studies have shown that robust optimisation can support reducing the 
performance gap in buildings. However, current studies in RO mainly focus on basic passive means 
aiming at energy conservation. The results of the cited studies on DSM of buildings indicate that 
these measures also a!ect a building’s DSM potential. This calls for the study of refurbishment 
strategies considering both energy conservation and flexibility in robust optimisation, aiming 
to address decarbonisation of the building stock and the power sector. Furthermore, it can be 
hypothesised that this holistic approach, in turn, o!ers the possibility of identifying renovation 
alternatives that minimise the level of intervention in façades while enhancing the overall 
building performance.

Thus, this study performs a RO on an exemplary case study to analyse renovation strategies for 
the German residential building stock aiming to save energy while increasing its DSM potential. 
Moreover, options for buildings where the renovation of their envelope is limited or highly 
complex are identified.

SOURCE OPTIMISATION  
OBJECTIVE

DESIGN  
PARAMETERS

UNCERTAINTY  
SCENARIOS

(Auer & Endres 2017) Comfort a   b   c   d   e   _ 1   _   _   _   _

(Maderspacher 2017)
(Buso et al. 2015)

Energy demand, Costs a   _   _   d   _   f _   _   3   _   5

(Endres et al. 2019) Energy demand _   b   _   d   _   f _   2   _   _   _

(Auer et al. 2013) Energy demand a   _   _   d   e   _ _   _   3   _   _

(Chinazzo, Rastogi, & Andersen 2015) Energy demand, CO2 a   _   _   d   e   _ 1   2   3   4   _

(Kotireddy, Hoes, & Hensen 2015) Energy demand a   b   _   d   _   f _   _   3   _   _

(Van Gelder, Janssen, & Roels 2014) Energy demand, Comfort a   _   c   d   e   f 1   2   3   _   _

(Kotireddy, Hoes, & Hensen 2017) Energy demand, Costs a   _   c   d   _   f _   2   _   _   _

(Kotireddy, Hoes, & Hensen 2019) Energy demand, Comfort a   b   c   d   e   _ 1   2   3   _   _

a: Insulation; b: Thermal Mass; c: Ventilation; d: Glazing; e: Geometry; f: Shading
1: Usage; 2: Occupancy; 3: Climate; 4: Technology; 5: Policy

TABLE 1 Literature analysis of studies that performed a robust optimisation in building performance simulation
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2 METHODOLOGY

A parametric simulation study is conducted to examine the robust optimisation potential of 
refurbishment measures. A representative multi-family home located in Munich is modelled as a 
case study using TRNSYS and TRNLizard. TRNSYS is a transient simulation tool for thermal systems 
widely used to evaluate the performance of buildings. TRNLizard is a tool that allows combining 
the use of TRNSYS and the parametrisation features of the Grasshopper environment (Frenzel & 
Hiller 2014). The focus of the parametric study lies on the heating period, represented by four “type 
days” to simplify simulation e!orts. A full-factorial robust optimisation for energy consumption 
and DSM potential is performed, covering the most influential design parameters under seven 
uncertainty scenarios.

 2.1 CASE STUDY AND ANALYSIS PERIOD

The model’s geometry, orientation, and boundary conditions are adopted from (Auer et al. 2017). 
The chosen zone represents a typical flat in an apartment block, with windows at the Eastern, 
Western and Southern façade. Ceiling, floor and Northern wall are considered adiabatic. A typical 
floor area of 110 m2 and a window-to-wall ratio of 14 % are selected for this residential typology 
(Auer et al. 2017; Loga et al. 2015). Radiators are considered as the thermal system of the base 
case, due to their predominant use in the residential building stock (Auer et al. 2017). Nonetheless, 
for the studied variants in the RO, the integration of underfloor heating is set as a required 
refurbishment measure to activate the buildings’ thermal mass. This is based on the results of 
(Hausladen et al. 2014), showing that the highly-inertial thermal systems in combination with 
the building mass leads to higher levels of DSM potential. Since cooling systems only account for 
0.9% of the energy consumption in the German residential building stock (Graichen et al. 2011), 
this study focuses on the heating period, considering that it provides a su#cient estimation of 
the annual potential. 

Four “type days” are selected form the typical meteorological year (TMY) to represent the heating 
period in order to simplify simulation e!orts. Each type day corresponds to a typical daily climatic 
profile based on average weather conditions. Thus, the selected type day “very cold” represents days 
with mean ambient temperature less than -5 °C; “cold” -5 - 0 °C, “cool” 0 - 4.5 °C, and “moderate” 
4.5 - 13 °C. The solar radiation profile is also considered in the selection. Based on this, the heating 
period is assumed as a succession of these type days, in which each consecutive day from the TMY is 
replaced by the corresponding type day according to the mean ambient temperature.

The model has been checked for plausibility by assessing the annual specific energy demand of 
di!erent building age classes’ simulation results and comparing them to literature data. The results 
lie within the expected range and indicate a properly-working model. 

 2.2 UNCERTAINTY SCENARIOS AND ROBUSTNESS INDICATOR

In addition to design parameters (e.g. insulation), the robustness concept includes uncertainties in 
operation as well as external uncertainties. The RO approach seeks to find an optimum setup, which 
performs well over a wide range of future scenarios. In this study, a full-factorial RO based on seven 
uncertainty scenarios (S1-7) and several design parameters (see 3.1) is conducted by simulating all 
possible combinations as shown in section 3.2. The base case described above is used to compare 
the new performance of each building variant after applying the di!erent combinations, in order to 
assess their robustness.
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The assumed uncertainty scenarios are classified into “user”, “building use”, “climate” and 
”planning”, being implemented as follows:

 – User: Represents the impact of the building user. Building performance is highly sensitive to the 
user’s ventilation behaviour. Hence, two di!erent ventilation-patterns are introduced as user 
scenarios, varying from the minimum value of provision of fresh air in the base case: (S1) user who 
does not ventilate at all; (S2) user who is continuously tilting the window, causing a constant air 
change rate of 1.5 h-1. 

 – Building use: Represents a di!erent usage from the original building use. Thus, (S3) conversion of 
the residential into an o#ce space is considered through a rise in the model’s internal gains by 20 
W/m2, resembling the gains of a densely populated o#ce.

 – Climate: Represents changes in the external climatic conditions. Therefore, climate change is taken 
into account over the typical lifespan of a residential building by implementing climate scenarios 
for (S4) 2050 and (S5) 2080. These weather files are generated based on a methodology developed in 
(Jentsch, Bahaj, & James 2008), using a morphing approach to convert EnergyPlus Weather (EPW) 
files of current conditions to future scenarios based on the International Panel for Climate Change’s 
medium-high emission scenario (Nakicenovic & Swart 2000). 

 – Planning: Represents uncertainties in the planning, construction and renovation of a building. 
As mentioned above, DSM potential is especially sensitive to the available building’s thermal mass. 
Historical preservation regulations or refurbishment constraints may require internal instead of 
external insulation, causing a significant decrease in the available thermal mass. Thus, di!erent 
positions of the wall insulation are used to exemplify planning uncertainty: (S6) at external surface 
and (S7) at internal surface. 

In the RO approach, each variant’s quality is assessed by a performance indicator through an 
optimisation goal function. In each implemented scenario, this function integrates the individual 
variant’s performance values associated with the considered optimisation objectives (energy demand 
and DSM potential in this study) into one single indicator. In this study, the minmax-regret indicator 
is used, which corresponds to a performance-oriented method. To obtain this indicator, the 
di!erence between the local best case is calculated for each variant in each scenario. The resulting 
performance di!erence (performance regret) is then summed up over all scenarios. The variant with 
the lowest performance regret is selected as a robust optimum. Thus, the minmax-regret approach 
aims at minimising the maximum performance regret to perform close to the optimum in all 
scenarios (Averbakh, 2000).

 2.3 DSM ESTIMATION

DSM consists of controlling the energy demand to shift loads over certain periods. Aligning the 
demand to the volatile energy generation can minimise the required amount of residual load 
(Hausladen et al. 2014). In this sense, electrical loads can be shifted to operate during peak 
generation hours, and to reduce the demand during low generation periods. Load management can 
therefore allow for e#cient use of the available production and grid infrastructure and maximises 
utilisation of renewable technologies.

In this study, the method in (Hausladen et al. 2014) for estimating DSM potentials is implemented. 
This method examines DSM potential of buildings taking both thermal storage and installed power 
into account. A transient thermal dynamic simulation is used for modelling the system due to 
the complex physical processes. DSM is assessed as the electrical load that can be shifted when 
switching the thermal systems on or o!. To ensure thermal comfort, the fluctuation of the indoor 
temperature is limited within a comfort band of 20°C to 24°C (based on EN 16798-1’s Indoor Thermal 
Environment Category II, normal level of expectation). Thus, a base simulation with constant heating 
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setpoint (22°C) is respectively compared to a full-load operation and a deactivation of the heating 
system. For each case (activation and deactivation), the DSM potentials are the integral of the power 
between the base simulation and DSM simulation for the period during which the temperature stays 
within the comfort band.

3 EXPERIMENT

In this study TRNLizard is used for the parametric simulation using TRNSYS. TRNLizard is an 
interface between TRNSYS and the graphic programming environment Grasshopper (Frenzel & Hiller 
2014). TRNLizard allows transferring input data related to geometry and other parameters to the 
TRNSYS simulation engine by creating simulation files based on predefined templates. The pre-
written simulation files are launched via a command-line argument. TRNLizard’s components 
can be adapted and extended due to its open-source configuration, written in the programming 
language Python. In this study, various adaptations have been implemented in order to perform the 
robust optimisation study.

 3.1 DESIGN PARAMETERS

For the parametric analysis, a pre-selection of the most sensitive design parameters for a building’s 
robust performance is conducted, to simplify simulation e!orts. A preliminary estimation of 
parameter sensitivity is conducted by a one-at-a-time (OAT) analysis. The OAT analysis is a local 
sensitivity analysis method often used in building energy simulation (Wei 2013). In OAT, a single 
parameter is varied for a set of discrete steps. For each parameter, the former adaptations are 
reset, thus providing comparable conditions. The impact on one or more objectives is recorded to 
determine the sensitivity of each parameter. Although OAT is limited in providing accurate sensitivity 
data, it is time-e#cient and provides enough level of detail to screen the parameters that will later be 
used in the RO. The parameters are selected according to the following constraints: (a) Comparable to 
the studies of (Auer et al. 2017; Hausladen et al. 2014); (b) Influenceable in the planning process, (c) 
Compatible with the DSM calculation method, (d) Compatible with the framework of the case study.

The parameter step values are selected to cover the majority of building standards present in 
the German residential building stock. Values are selected according to the di!erent age classes 
identified in (Loga et al. 2015). The parameters in Table 2 are assessed in the parameter screening. 
Fig. 1 shows the cumulative normalised sensitivity of the parameters on energy demand and DSM 
potential derived from the OAT study. “Wall construction” is most influential, having a significant 
impact on energy demand. This parameter is followed by “screed thickness”, and “coverage” (position 
of pipes within the active layer with respect to the surface facing the room), the impacts of which 
are more pronounced on DSM potential. The impact of “window constructions” mostly a!ects 
energy demand. All other examined parameters are considered to have a minor impact (cumulated 
normalised sensitivity below 0.5) and are therefore excluded from the RO.

PARAMETER VALUE 1 VALUE 2 VALUE 3 VALUE 4

External wall insulation 0 cm [UEw = 1.2] 4 cm [UEw = 0.6] 14 cm [UEw = 0.238] 28 cm [UEw = 0.12]

Window construction Single pane glazing 
[Uw = 2.2]

Double pane glazing 
[Uw = 1.2]

Double pane thermal 
glazing [Uw = 0.9]

Triple pane thermal 
glazing [Uw = 0.6]

Screed thickness 5 cm 8 cm 11 cm 15 cm

Active-layer coverage 3 cm 5 cm 8 cm 11 cm

External shading 0 % 25 % 50 % 75 %

Internal shading 0 % 25 % 50 % 75 %

>>>
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Infi ltration 0.42 0.39 0.21 0.15

Heat recovery 0 % 25 % 50 % 75 %

TABLE 2 Assessed parameters in the study. Selected parameters are highlighted

FIG. 1 Parameter sensitivity to energy consumption and DSM potential. Parameter selection is highlighted. 

 3.2 FULL-FACTORIAL STUDY

A full-factorial study is performed for the parameters and values selected in section 3.1. A set of 
values is defi ned for each design parameter and all combinations across the defi ned parameters 
and values are computed. Hence, if there are n values for x stages, nx runs are conducted (Chlela 
et al. 2007). In this study, four discrete steps are assessed for each parameter, resulting in a total 
of 256 parameter combinations. Infeasible variants are sorted out to simplify simulation e! orts, 
resulting in a total of 160 parameter combinations. The scenarios described in section 2.2. are used 
in the RO to represent uncertainty. Thus, seven scenarios (S1-7) are combined with the 160 
parameter combinations.

After setting up all variations, the calculation of DSM potential is integrated as the last step into the 
full-factorial RO. DSM potential is assessed individually for each time step and requires separate 
simulations for the deactivation and activation of the heating system. An hourly time resolution is 
chosen for this study, resulting in 48 DSM simulations for one type day. For each scenario up to 193 
simulations (including a base simulation and the activation/deactivation simulations) were required. 
All in all, a total of 216.160 simulations were conducted for the RO study, taking into account all 
parameter combinations, scenarios and DSM simulations. Even though a full-factorial study is time-
intensive, its general applicability and self-verifying nature enable it to be the best fi t for the RO of 
energy demand and DSM potential.

 3.3 SIMULATION

Initial estimations suggested a required simulation time as high as 35 days for all 216.160 variants. 
Therefore, a parallelisation method (Figure 2) for the use of TRNYS and TRNlizard was developed to 
be able to reduce the simulation time in the study by more than 80% on an eight-core PC, compared 
to standard TRNLizard-TRNSYS simulations. This method consists of a custom library programmed 
in Python. By using this method, TRNlizard generates the simulation templates and provides the 
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instructions to the Python program, which then writes the simulation fi les according to predefi ned 
instructions. To read and write TRNSYS simulation fi les, the developed python library allows working 
with TRNSYS .d18 and .b18 fi les (respectively “input” and “building description” fi les) in Python as 
well as starting TRNSYS simulations via command-line arguments. The library is designed to fi nd 
and replace certain passages in the base TRNSYS fi les and thereby modify the specifi cation of each 
simulation according to predefi ned instructions.

FIG. 2 Parallelisation methodology

 3.4 POST-PROCESSING

After the simulation phase, post-processing of the results is automated using Python. The main 
post-processing steps are: (1) calculation of the fi nal-energy demand; (2) extrapolation of the annual 
DSM potential; (3) calculation of the performance indicator (minmax-regret indicator); and (4) the 
selection of the optima. 

– Step 1: The assessment of the fi nal energy demand is based on the calculation of the electricity 
consumption for heating required from a heat pump. To this end, a COP curve for the heat pump 
(Wolf 2016) is used to convert the useful-energy demand to fi nal-energy demand. Inlet temperatures 
of 55°C for radiators and 35°C for underfl oor heating systems are adopted.

– Step 2: For the post-processing of the DSM potential, all simulated hourly potentials are aggregated 
to a single metric to enable interpretation and enhance the applicability of the resulting data. Thus, 
for each type day an average DSM potential is calculated fi rst (encompassing both activation and 
deactivation potential). After that, an annual DSM potential is extrapolated by multiplying each daily 
aggregation by its yearly occurrence (proportion of type days, see section 2.1). 

– Step 3: The minmax-regret indicator (see section 2.2.) is calculated in the post-processing by 
assessing both the fi nal-energy demand and the annual DSM potential in each scenario. Based on 
this, a single metric is generated by normalising the minmax-regret indicator of energy demand and 
DSM potential and joining them in a weighted function.

– Step 4: The optimal variants of the resulting set are identifi ed by computing a Pareto-front of the 
performance indicators for energy demand and DSM potential. A Pareto-front is a form of multi-
criteria optimisation, where a set of optima is output, being the non-dominated solutions (variants 
where one optimisation objective cannot be improved without impairing the other; see e.g. Fig. 3). 
Non-optimised variants are calculated for each energy standard to evaluate the improvements. 
The confi guration of these variants is according to the building-age classes. The classes are derived 
from a survey of the German residential building stock, subdividing it into eleven age-classes 
(Loga et al. 2015). In a previous study, these have been grouped into four energy standards (Auer 
et al. 2017): (R1) buildings built before 1978, (R2) buildings built after 1978 according to the former 
German thermal protection regulation (Wärmeschutzverordnung), (R3) buildings built according to 
the current German energy standard (EnEV), (R4) Passivhaus standard.
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4 RESULTS

For each considered building-age class, specific optimised refurbishment strategies are generated. 
These strategies include up to three refurbishment measures, considered as a part of a three-step 
intervention: (M1) replacement of the thermal system; (M2) replacement of windows; and (M3) 
addition of insulation to the external wall. The simulation results on the building performance 
resulting from the strategies are shown for each intervention step in Fig. 3-5, respectively. Each 
subsequent intervention step in the strategy incorporates the previous implemented measure.

The representation on Fig. 3-5 consists of scatter plots, which visualise the performance of each 
variant with regard to annual electricity demand for activation-based and deactivation-based 
DSM potential. Pareto-optimal solutions are marked in the scatter plot and define the Pareto-front 
(red line). These variants correspond to the non-dominated solutions. The colour scale indicates 
the robustness of each optimised variant. A small indicator value indicates high robustness in all 
scenarios. The points in black in the scatter plots represent the non-optimised case (base case) for 
each building-age class (R1-R4). These cases are compared to their resulting optimised variants 
(A-D), which o!er the highest robustness under consideration of climate change and the other 
assumed uncertainties. Non-optimised and optimised cases are represented in the images in the 
form of house symbols. The colours of the wall and windows represent the respective constructive 
energy standards listed in the legend. The legend also includes a reference to the underfloor heating 
system. The amount of grey surface represents the screed thickness, while the position of the yellow 
surfaces shows the coverage of the pipes within the floor.

Thus, the resulting specific measures M1 to M3 from the RO analysis, which constitute the renovation 
strategies of each building-age class to achieve their optimised variants A-D are:

 – M1: Variant A-D: screed thickness of 14cm and a coverage of 11cm

 – M2: Variant A: double-pane thermal-protection glazing; B-D: triple-pane thermal-protection glazing

 – M3: Variant A: 4cm external insulation; B: 14cm external insulation; C-D 28cm external insulation

The optimisation results under refurbishment through M1 (Fig. 3) show that replacing 
radiators with an optimised heat transfer system improves DSM up to 124% (R1→A) and reduce 
energy consumption by a maximum of 28% (R4→D). Results also show that DSM improvements 
lower with declining building age (or rather with higher energy-e#cient building standard). Thus, the 
cases of a building of EnEV (R3→C) and Passivhaus standard (R4→D) respectively achieve a 41% and 
45% lower improvement than non-insulated buildings. In contrast to this, all building-age classes 
show a uniform reduction in energy demand by about one fourth. This is due to the increment in 
annual COP by using lower inlet temperatures. An optimum heat transfer system configuration has 
been identified for underfloor heating at a screed thickness of 14cm and coverage of 11cm. 

The optimisation results under refurbishment through M1+M2 (Fig. 4) show that replacing the 
windows alongside the heat transfer system would increase DSM potential up to 129% and 
simultaneously reduce energy consumption by 35% (R1→A). In line with the previous findings in 
Fig. 3, the maximum DSM improvement can be achieved in non-insulated buildings. Higher energy-
e#ciency standards achieve fewer improvements in DSM potential (up to 44 % in case R3→C). 
Improvements in energy consumption decrease with higher energy-e#ciency too. EnEV standard 
buildings achieve 6% less energy reduction than non-insulated buildings (R3→C vs. R1→A). In case 
M1+M2, the highest refurbishment e#ciency is achieved in non-insulated buildings by installing an 
underfloor heating system with a 14cm-thickness screed and coverage of 11cm, and double-paned 
thermal-protection windows.
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The optimisation results under refurbishment through M1+M2+M3 (Fig. 5) show that a deep-
renovation of the building envelope (insulation + windows) alongside the incorporation of an 
underfl oor heating system would increase DSM potential up to 122% and simultaneously reduce 
energy consumption by 56% (R1→A). In line with previous fi ndings in Fig. 4, renovated non-insulated 
buildings achieve the highest DSM improvements. Buildings with higher energy e#  ciency improve 
their DSM potential to a lower extent after renovation (up to 51% in case R2→B). This also applies 
with regard to energy consumption. The highest reduction of 56% is achievable in non-insulated 
buildings, while buildings with better energy standards achieve only half of this energy reduction 
by simultaneously using more than three times as much insulation material. Therefore, the highest 
refurbishment e#  ciency can be achieved in non-insulated buildings by integrating an underfl oor 
heating system with a screed thickness of 14cm and coverage of 11cm, installing double-glazed 
thermal-protection windows, and adding a 4cm -layer of external insulation.

FIG. 3 Robust renovation step 1 (heating upgrade). R1–4: reference variants with radiators. A–D: optimum renovated variants with 
underfl oor heating (screed thickness 14cm and coverage 11cm in all four energy standards).

FIG. 4 Robust optimisation step 2 (heating & window upgrade). R1-4: reference variants with radiators. A-D: optimum renovated 
variants with underfl oor heating (screed thickness 14cm, coverage 11cm) and replaced windows (A: double-pane thermal glazing, 
B-D: triple-pane thermal glazing). 
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FIG. 5 Robust optimisation step 3 (heating, window & insulation upgrade). R1-4: reference variants with radiators. A-D: optimised 
variants with underfl oor heating (screed thickness 14cm, coverage 11cm) and upgraded envelope (A: 4cm insulation on external 
walls and double-pane windows, B: 14 cm insulation on external walls and double-pane thermal windows, C-D: 28 cm insulation 
on external walls and triple-pane thermal windows. 

5 CONCLUSION

In this study, a full-factorial robust optimisation focused on enhancing energy e#  ciency and 
fl exibility was performed on the case of a representative multi-family home located in Munich. 
Several extensions have been developed for TRNLizard (TRNSYS’ Grasshopper interface), integrating 
an advanced parallelisation methodology, which reduced simulation time for the 216.160 variants 
by 82%. Four di! erent e#  ciency standards, according to building-age classes, were considered as 
base cases for the defi nition of optimum renovation strategies in each situation, aiming for robust 
building performance.

The highest improvement potential resulted from the refurbishment of buildings classifi ed as 
non-insulated (built before 1978). Thus, upgrading their envelope with an insulation layer of 4cm 
and double-glazed windows, and exchanging the heating system by underfl oor heating, showed 
an improvement of DSM potential of 122% and simultaneous reduction of energy consumption by 
56%. Skipping the additional insulation would reduce energy consumption less (35%), but it would 
increase the building’s DSM potential (129%), o! ering an alternative for the renovation of buildings in 
which a passive upgrade of their constructive envelope is constrained (e.g. listed buildings).

In addition, the analysis showed that the achievable improvements in energy demand and DSM 
potential diminish when renovating a base case towards higher energy-e#  ciency standards, despite 
additional renovation e! orts (more insulation, triple glazing). These results suggest that simple 
refurbishment actions based on moderate e! orts in existing buildings could contribute the most to 
the goal of decarbonising the building stock.
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Abstract
Hybrid photovoltaic/thermal (PVT) systems combine electric and thermal energy generation and provide noiseless operation and 
space-saving features. As the e"ciency of photovoltaic (PV) panels increases at low surface temperatures, this paper suggests combin-
ing the PVT panel with a radiant cooling and heating panel in one system. A thermal storage tank fluidly connects the heat-exchanging 
pipes at the back of the PVT system and radiant panel. The upper portion of the tank feeds the radiant panel and the lower portion of 
the tank is connected to the PVT system. The proposed device is expected to function in connection with a heat pump that feeds the 
thermal storage. Using the dynamic thermal simulation software Polysun, the performance of the proposed façade-integrated device 
was investigated while considering the surface temperatures and energy production in the moderate climatic condition of the city of 
Munich. The results indicate a substantial impact on the e"ciency of the PV module with an increase of up to 35% in the electricity 
production of the PV due to the lowered surface temperature. The obtained results contribute to façade-supported cooling/heating and 
electricity generation through the novel coupling and integration of PV, PVT, and radiant cooling elements.
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Abstract
Abstract: Using conventional engineering solutions, the rising performance requirements for building envelopes lead to ever increas-
ing thickness of façade build-ups consuming valuable floor area. For the new o"ce building development ‘Obere Waldplätze 12’ (OWP 
12) on the outskirts of Stuttgart, in direct vicinity to a highly frequented 4-lane feeder road, the boundary conditions require high noise 
insulation and a very e#ective thermal envelope. Adopting a standard design strategy, sound insulation is achieved by adding weight 
to the exterior building parts. For this o"ce building a light and slim, highly insulating building skin has been developed using engi-
neering principles of a di#erent approach. The resulting façade system is surprisingly simple yet highly e#ective. In laboratory testing 
its prototype elements are showing significant improvement in performance of several properties in comparison to conventional 
solutions. The elements are slim, can be applied in high-rise curtain walls and show an insulation quality unprecedented in lightweight 
façade construction. This paper is outlining the project boundary conditions for the system development from target definition, 
engineering concept and material research to trial and design proofing phase. For this light-house project, the first adoption of this 
state-of-the-art high-performance façade is currently being manufactured. Installation is starting early 2021 and the building will go 
into operation by the end of the same year.

Keywords
Super-slim façade, area e"cient curtain wall, energy e"cient façade, simplified envelope build-up, design for disassembly, Su-
per-insulating façade, sound absorption with innovative material properties, vacuum insulation panels (VIP) elements in multi-layer 
configuration

FIG. 1 Visualization of the project ‘Obere Waldplätze 12’ (OWP12), Stuttgart: new o#ce building façade with first adaptation of an 
ultra-insulating curtain wall
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1 INTRODUCTION

 1.1 RELEVANT PARAMETERS OF ENVELOPE PERFORMANCE

Modern building envelope designs are faced with numerous requirements such as thermal 
insulation, sound insulation, fire resistance or daylighting, which are increasingly di#cult 
to combine without drastically increasing the build-up thickness of the façade construction. 
The national energy e#ciency ordinance of Germany ‘Energieeinsparverordnung EnEV’ 
(Bundesregierung, 2013), with its latest version of 2014 is making steps to further decrease the 
energy usage of buildings. The next stage of this development is the 2021 replacement of the EnEV 
by a European-wide standard for low energy buildings in new construction, which poses even stricter 
requirements for new building construction. Consequently, the heat transfer coe#cient Ucw through 
the exterior building skin has become a key parameter to meet the energy e#ciency standards. 
Ucw-values of 0,5 W/m²K or lower for the overall façade performance are now common in the mission 
books for construction projects.

Another parameter of increasing importance for the quality of an envelope system is the insulation 
from exterior airborne noise. The market need for optimized noise control of building skins is caused 
by two tendencies of the real estate business, namely building sites of residential developments, 
which are more commonly situated in city areas that are exposed to high levels of tra#c or 
commercial noise sources. At the same time, this inner-city residential construction is often using 
the typology of high-rise buildings, which - for the purpose of an economic construction process - is 
demanding modular, light-weight curtain wall façades. A well-known example of noise-exposed 
urban residential developments is the Hafencity in Hamburg, where luxury apartment towers face 
the noisy activity of Germany’s largest container terminal at night.

Looking at the noise emission charts issued by German municipalities for building projects, sound 
levels of 65 dB to 75 dB (see fig. 2) during night-time are a frequently occurring boundary condition 
for the envelope design. Noise impact on residents is not simply a question of higher or lower living 
comfort in their homes. It has been identified as a medical cause for irreversible cardiovascular 
damage of residents when exposed to its source for an extended period as for example it is stated 
in the ‘Hamburger Leitfaden Lärm in der Bauleitplanung 2010’ (Behörde für Stadtentwicklung und 
Umwelt, Freie Hansestadt Hamburg, 2010)

 1.2 THE ENERGY-NOISE PERFORMANCE CONFLICT

Noise reduction capability of a building envelope is conventionally achieved by adding mass to the 
building parts – a characteristic which is ironically directly opposed to the necessity of achieving a 
low heat conductivity within the façade construction. Thermal insulation layers characteristically are 
low-density panels or boards and require airy, light materials like wools or foams with the capability 
of encasing resting air cushions inside their micro-cavities (Sprengard, Treml, & Holm, 2014).

To combine the thermal and acoustic insulation in a building façade, the standard engineering 
design approach is to fulfil every requirement (structural, thermal, acoustical) in separate layers, 
which are then only added together. The result of this non-integrated approach is commonly a façade 
build-up of 450 mm thickness or more - using up valuable floor area.
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 1.3 INNOVATION GAP

Using light-weight materials, conventional curtain wall façades are slim but do not exceed 45 dB – 
46 dB noise reduction levels installed on site. Double skin façades with technical enhancements 
of the cavity can go up to 48 dB – 50 dB, but they are complex, expensive, and less suited for use in 
residential buildings. Alternative or more innovative solutions are not available on the market; thus, 
a façade system that fulfils all challenges of insulation integrated in a single functional layer could, if 
developed, find demand from the building industry.

2 INTEGRATED SOLUTION

In 2016 the German project management firm Drees & Sommer decided to acquire and develop the 
plot ‘Obere Waldplätze 12’ (project name later referred to as OWP12) in the vicinity of its Stuttgart 
head-quarter o#ce campus and construct a new building with o#ces, functional spaces for public 
receptions, conference, and meetings. The building plot is a narrow stretch bordering to the South 
the 4-lane Autobahn 81, one of the main feeder roads for Stuttgart’s commuter tra#c. The long south 
façade is facing high noise emission levels (LrT) of up to 75 dB (see fig. 2). Noise control through the 
façade was, therefore a key requirement in the design of the building.

FIG. 2 Plot of the Obere Waldplätze 12 (OWP12) o#ce building project with noise emission levels along the Autobahn 81 south of 
the plot, (source: OWP12 emission noise concept design documentation) 

With a client coming from the building engineering industry, the project is aimed at creating a 
reference building of applied technological innovation, using new design and construction methods. 
The design goals, including development targets for the building façades are therefore defined by the 
investor and the engineering teams as below:

 – High sound insulation of up to 48 dB for the façade with regards to user comfort and 
healthy building design

 – High energy e#ciency of the façade to achieve the plus-energy target of the project

 – Building-integrated photovoltaics in the façade surfaces for green electricity to contribute to 
the plus-energy target

 – Fully modular construction and prefabrication, façade installation without external sca!olding

 – Usage of design for disassembly principles and Cradle to Cradle guidelines for non-
toxic material content
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 – Slim and light façade construction as economic solution with regards to area e#ciency 
and construction cost

 – Simple but innovative technical solutions as prototypes that are ready for a wider market application

 – Engineering design which is applicable for high-rise façade construction using only ‘A’-rated fire 
resistance insulation layers

 – Fully digital twin modelling and BIM application during planning and execution

The design team must adopt an integrated approach for the engineering solution, with early 
involvement of material science and technology, material testing, façade technology and 
manufacturing, building physics and façade engineering to deliver timely results. Looking at 
a construction deadline and budgetary goals of an actual building site, the systematic choices 
for the engineering development of the façade have to consider market availability of materials 
and buildability of the design, aiming at simplified technical solutions and using as many 
standardized parts as possible.

Although numerical simulation of sound insulation for material samples is possible with specialized 
software, it is determined that for su#cient accuracy and reliable design proofing of façade parts in 
the OWP12 project, laboratory testing of physical mock-ups is inevitable and must include time and 
resources for repeat-testing of alternative configurations. Quality gates for testing are hierarchically 
defined as: fire performance rating, thermal insulation, sound attenuation and others (e.g. standard 
façade testing such as dynamic waterproof testing).

The façade production costs are consequently defined as a parameter that is continuously monitored 
during the design development. The cost target is set at an average of below 900 Euro/m² for 
manufacturing and installation, including integrated equipment such as sun-shading blinds. 
For cost control, the total number of parts, the number of di!erent parts, the number of materials and 
the overall system complexity are continuously reduced and simplified in the process.

3 DEVELOPMENT OF THE ENGINEERING SOLUTION

During a one-year research process, the engineering team evaluated innovative façade technologies 
and material combinations for a promising, integrated solution. It is intended to gain valuable know-
how early in the engineering process by involving the curtain-wall industry. Inside an industry-
partnering model, the client and the engineering team invited several manufacturers to further 
develop preliminary engineering concepts for an ultra-slim curtain wall façade. Finally, a prototype 
system of the R&D laboratory of FKN façades GmbH, Neuenstein was identified as a promising 
technological basis and selected for full development into a functional, modular façade of the OWP12 
o#ce building project.

 3.1 INSULATION MATERIAL CHOICE

Early research in insulation technology clearly showed that the usage of vacuum insulation 
panels (VIP) in the façade provided the best possibility for a drastically e!ective reduction of the 
thermal layer. Although VIP panels have been readily available on the market for years, the focus 
of their application in building construction today is based purely on the thermal performance 
characteristics. However, the principle of evacuated cavities as a noise barrier is very intriguing, as 
sound waves do not travel through a vacuum. 

Research on custom made elements tested with ‘low’ vacuum conditions (100 kPa to 3 kPa) shows 
that with an increase of the vacuum to values above 80% in relation to the atmospheric pressure 
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(pressure at sea-level = 0% vacuum), the sound insulation of the panel starts to rise exponentially 
(Dance & Walters, 2014).

Studies on VIP panel’s airborne noise transmission properties in 2007 by experimental testing 
reveals that the ‘naked’ panels show continuously rising sound attenuation up to a frequency 
of 1000 Hz. The sound transfer reduction then drastically drops to a minimum at approx. 
3100 Hz. Combined with di!erent material boards into multi-layered configurations, however, 
the sound attenuation of the hybrids continuously rises with an only insignificant drop at approx. 
2000 Hz (Gudelji, 2007, p. 18 Fig 28); (Maysenhölder, 2009, p. 6 !). 

Therefore, one key factor for higher noise insulation of elements with VIP panel inlays is clearly the 
combination of the VIP with other actively contributing materials into multi-layered configurations. 
Several material properties such as thickness and density, elasticity, the connection between the 
layers as well as the influence of framing and supports need to be considered as well.

 3.2 PRELIMINARY ENGINEERING CONCEPT

The preliminary engineering concept is developed by using non-proprietary façade components, 
which allows any standard profile system to be used in the further development. The relevant multi-
layered insulation barriers are designed inside a 90 mm aluminium frame. It can be fabricated into 
a fully unitized curtain wall by using standard tools and connectors. The layers between the profile 
frames are made up from a combination of di!erent high-performance insulation materials with a 
preliminary configuration of the panel, as listed in Table 1.

LAYER DESCRIPTION BUILD-UP THICKNESS (mm)

Cover layer: HT safety glass 6

Mineral insulation material, silicon dioxide board 
 → thermal transfer value λ (design value) = 0,021 W/(mK)

30

VIP insulation material, evacuated silica block 
 → λ (peak) = 0.007 W/(mK) 
 → λ (condensate min.) = 0.020 W/(mK)

30

Mineral insulation material, silicon dioxide board 
 → thermal transfer value λ (design value) = 0.021 W/(mK)

20

Gypsum fibre panel 9.5

Cover layer: Aluminium sheet metal panel, powder-coated 3

TABLE 1 Regular element panel build-up – preliminary calculation model

The preliminary façade panel configuration is used for simulation models as well as for the first 
performance test mock-ups. These small material mock-ups are sent to undergo the milestone tests 
of fire safety at the laboratory of the Rosenheim Institute of Window Technology IfT Rosenheim (IfT 
Rosenheim , 2018) and material fire behaviour classification as per DIN EN 13501-1:2010-01 at the 
Braunschweig University of Technology building material institute (iBMB, TU Braunschweig, 2018). 
The test reports of both institutes result in a material fire rating classification regarding combustion 
(A2 = no contribution to combustion), smoke development (s1 = low smoke development), melting or 
dripping (d0 = no dripping of burning particles) of the combined panel: 
      A2-s1,d0

This classification is important for the further development of the system, from a prototype 
into a market-ready façade application. The usage of curtain wall façades is especially viable in 
high-rise construction where all economic advantages of a modular façade can be used and fire 
regulations require the installation of fire-rated ‘A’-class materials solely. Any other rating result 
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of this innovative panel configuration could not be accepted for lack of market readiness of the 
curtain wall system.

 3.3 CONSOLIDATED SYSTEM DESIGN - THERMAL PERFORMANCE

The preliminary panel configuration is further developed into a customized technical façade design 
for the o#ce building project ‘Obere Waldplätze 12’, Stuttgart (OWP12). In the process, a market 
available profile system is specified to be used in the execution design, and tools and processes are 
adapted to it (here: Schüco USC Façade, type no 331980).

The technical description of the fully functional façade is as follows:

 – Fully unitized façade system based on a 90 mm system profile with thermally broken frames

 – System with structurally enhanced mullion to the exterior which also serves as the guiding rail for 
sun shading system and support of the integrated photovoltaic (PV) panels

 – Element size with connectors at split mullion every 2.700 mm, structural mullion every 
1.350 mm (see Fig. 3)

 – Element height 4.050 mm (see Fig. 4)

 – Each element is divided into one opaque half (1.350 mm) manufactured as a highly insulating panel 
and one half (1.350 mm) with room high, transparent fixed glazing (see fig. 3)

 – Triple insulating glass with Ug = approx. 0,7 W/m2K with fall protection requirements

 – Selected elements are equipped with an opaque panel opening sash for comfort ventilation, approx. 
250 mm wide x 2.050 mm high (see Fig. 3)

 – Spandrel section with opaque glazing elements at the exterior, connected at the interior to the 
concrete floor-slab and fully filled with mineral fibre insulation

 – Elements are fixed at 3 points by adjustable bracket consoles on the concrete slab 
of the superstructure

 – South facing façade parts are equipped with integrated photovoltaic panels with anti-
reflective surface structure

 – Glazed element parts are equipped with a highly e!ective exterior sun shading system using 
motorized Venetian blinds

FIG. 3 Façade with BIPV horizontal section | fixed glazing with opening sash (left) – specific panel build-up (right) 
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During the technical design process within the engineering development of FKN Façade GmbH, 
Neuenstein, the specific project requirement values are adapted, and a consolidated façade build-up 
is defined for the OWP12 project to the following layer configuration:

LAYER DESCRIPTION BUILD-UP THICKNESS (mm)

Exterior cover layer: Aluminium sheet metal panel, powder-coated 2

2nd cover layer: flat steel panel, galvanized 3

Mineral insulation material, silicon dioxide board  
 → thermal transfer value λ (design value)

20

VIP insulation material, evacuated silica block 
 → λ (peak) = 0.007 W/(mK) 
 → λ (condensate min.) = 0.020 W/(mK)

30

Gypsum fibre panels 10 mm + 15 mm 25

Interior cover layer: Aluminium sheet metal panel, powder-coated 2.5

TABLE 2 Regular element panel build-up – specific façade model for OWP12 project

This consolidated, specific façade build-up is further used for simulation of thermal bridges and 
calculation of the overall thermal system performance as per DIN EN ISO 10077-1:2018 and DIN 
EN 12631:2018. For the Ucw calculation, several di!erent façade sections of the specific project are 
selected as described in tables 3.

NUMBER, ELEMENT TYPE DESCRIPTION U-VALUE CALCULATED (W/m2K)

N1, combination element panel and glass, width = 2.700 mm 0.53

N2, glass element, width 1.350 mm 0.73

N3, panel element, width 1.350 mm 0.33

N4, glass element with opening sash panel, width 1.350 mm 0.82

S1, combination element panel and glass, width = 2.700 mm 0.52

S2, glass element, width 1.350 mm 0.72

S3, panel element, width 1.350 mm 0.32

TABLE 3 U-value calculation for di!erent sections of the specific façade configuration

From the above-listed sections, the calculation results of N1 and S1 best represent the overall 
system performance with a window to wall ratio of approx. 50% glazed elements and 50% panels. 
The thermal transfer value of this specific build-up can be defined at approx. 0.52 W/m2K (FKN 
Fassaden Neuenstein, 2020).

FIG. 4 Simulation model (extract) for di!erent façade types and situation in the project OWP12
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The system, as applied for the o#ce building project OWP12, has not been designed to reach its full 
potential since the requirements of energy e#ciency for this building project are already over-
achieved. When making full use of every layer inside the 90 mm frame system, the overall thermal 
transfer value can be further decreased to as low as Ucw = 0,41 W/m²K (FKN Fassaden Neuenstein, 
2020). In comparison, a conventional insulation layer made from mineral fibre, would need to be 
at least 250 mm thick.

 3.4 SOUND INSULATION FROM AIRBORNE NOISE

In mechanical engineering, VIP panels have been used successfully for sound attenuation purpose, 
for example, for noise reduction in medical equipment. However, this usage of VIP in building 
construction is not common practice. Theoretical data shows that a reduction of the internal pressure 
in a test element cavity to 10% of the atmospheric pressure or 10.13 kPa (90% relative vacuum) 
already yields significant improvement of the sound attenuation above 250 Hz. A ‘high’ vacuum 
as per physical definition below 100 mPa internal pressure is not necessary for an e!ective usage 
of VIP elements in noise control for building parts (Maysen-Hölder, 2009). Market available VIP 
elements that comply with the regulatory approval no Z-23.11-1662 of the DIBT (Deutsches Institut 
für Bautechnik) must not exceed an internal pressure of 0.5 kPa at the time of delivery, equalling per 
definition a ‘medium’ vacuum at 3 kPa to 100 mPa (DIBt Deutsches Institut für Bautechnik, 2017). 
Their degree of evacuation or relative vacuum is as high as 99.5% and therefore fully e!ective for 
sound attenuation purposes in the OWP12 ultra-slim façade.

The technical solution for the noise transfer reduction is based on the principle of mass-spring-
mass acoustic absorption. The multi-layer panel configuration is using a compensation strategy for 
weak links within the resonant frequencies of its combined material layers. As every construction 
material has its individual resonance frequency depending on its weight, a balanced combination of 
di!erent masses, separated by acoustically weak materials or adhesive layers omits the performance 
fall-o! that homogeneous constructions typically show at a specific frequency (see Fig 5). Regarding 
the improvement of sound insulation within deep frequencies like tra#c noise, the sound transfer 
between adjacent material shells can be reduced to an optimized level without adding weight to the 
system. An ‘asymmetrical’ configuration of the layers is found to be best performing, also the order in 
which materials with di!erent elasticity characteristics are mounted has an influence on the overall 
performance in testing.

Resulting from this research, the specific façade build-up as shown in table 2) is developed into 
a façade prototype element for performance testing in the laboratories of the Testing Centre for 
Building Parts, Traunstein (PfB Prüfzentrum für Bauelemente, 2020). Several di!erent acoustic 
performance parameters are checked, but the relevant method for design proofing of this innovative 
development is based on airborne sound reduction tests performed as per standard DIN EN ISO 
10140-2 : 2010-12 and DIN EN ISO 717-1 : 2013-06.

Testing sample build-up for 1-axis elements (only panel part) and 2-axis testing 
(combined panel and glass)

 – 1-axis: total surface area of curtain wall section: 6.05 m², width: 1.55 m, height: 3.9 m

 – 2-axis: total surface area of curtain wall section: 11.31 m², width: 2.9 m, height: 3.9 m

 – Simulation of the floor connection, no simulation of the ceiling connection

 – Fixed glazing part with Triple insulating glass build-up:  
Laminated safety glass (LSG) 66.2 SI/SPACER 14 mm/Float 6 mm/SPACER 14 mm/ LSG 66.2 SI

 – Simulated PV module mounted at the exterior with glass build-up: 
Laminated safety glass (LSG) from 2x 6 mm Float and 1.52 mm PVB-lamination foil
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 – Panel build-up as per specific façade design seen in Table 2)

EMISSION FREQUENCY (Hz) SOUND REDUCTION LEVEL (dB)  
2-AXIS ELEMENT  
(COMBINED PANEL AND GLASS)

SOUND REDUCTION LEVEL (dB)  
1-AXIS ELEMENT (PANEL) 

400 45.9 52.1

500 48.0 53.4

630 49.6 54.2

800 50.1 55.5

1000 51.0 55.3

1250 51.8 55.7

1600 52.1 58.2

2000 51.0 59.5

2500 51.7 60.5

3150 54.9 63.3

TABLE 4 Testing results (extract) for 2-axis elements and 1-axis elements

Consolidated testing result for 2-axis element (combined panel and glass):
     Rw (C; Ctr) = 50 (-1; -5) dB

Consolidated testing result for 1-axis element (panel):

     Rw (C; Ctr) = 55 (-1; -5) dB

The test of the isolated panel section in the performance mock-up shows high measurement results 
for the selected configuration of materials inside the profile spacing. Conventional panels made 
from light-weight materials are often the weak link in the sound transfer reduction, having a lower 
performance than acoustic insulating glass. 

This innovative panel combination, however, proofs to test at levels of 55 dB for noise reduction (Rw). 
This is due to the multi-layered combination of plate and panel materials which, in a mass-spring-
system, compensates their individual acoustic weakness caused by the typical resonance frequency 
of each panel. The test results confirm the theoretically expected improved sound insulation, 
particularly in the low-frequency range (PfB Prüfzentrum für Bauelemente, 2020).

Considering a panel thickness of only 90 mm, the potential of this engineering solution becomes 
evident: Compared to a conventional façade with similar noise reduction capabilities (for example: 
220 mm concrete wall for a 53 dB reduction installed on site), this high-performance panel 
achieves a 60% reduction in building parts thickness and a 75% reduction of material weight 
(500 kg/m2 for a concrete wall in comparison to approx. 110 kg/m2 average weight for the ultra-
slim façade, see Fig. 6)
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FIG. 5 Testing results (graph) for sound transfer reduction [dB] in relation to the frequency [Hz]  
             left: 1-axis system, right: 2-axis system

For the specific project OWP12, the laboratory test result of 50 dB as a combination of fixed glazing 
and opaque panel is fully compliant with the project goals (requirement 48 dB installed on-site).

4 RESULTS

While conventional curtain wall façades with single glass layer configuration are not exceeding 
45 dB-46 dB sound level reduction installed on-site, the prototype configuration of this ultra-slim 
curtain wall is showing to reach 48 dB to 50 dB. With further optimization e.g. better sound insulation 
glazing or an adjusted window to wall ratio, even performance values of 52 dB noise reduction are 
plausible – all of which can be achieved based on a 90 mm façade profile section. The 6 dB-7 dB 
di!erence equal a reduction in sound energy by 50% compared to the performance of a conventional 
curtain wall skin. This is a huge step of improvement for this ultra-slim façade which provides new 
freedom and opportunity for designers and investors alike.

Any conventional façade achieving the same qualities would be in comparison approx. 500 mm deep. 
This new system requires merely 90 mm for the insulation layers + 120 mm for structural sti!ener 
– totally 210 mm – 250 mm total façade build-up. This equals a reduction of 55% for the façade 
construction area. On a typical floor plan, this area gained along the façade parameter amounts 
up to 25 m2 per floor or 250 m2-400 m2 for an average high-rise building development. The area 
gained directly generates additional revenue and represents a noticeable economic o!set in 
the first investment as well as in operation and energy costs alike – added value for developers 
and building owners.
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FIG. 6 Comparison of the net floor area gain (green arrow) by the application of ultra-slim façade systems

left: concrete window wall 
Ucw = 0.7 W/m2K

middle: lightweight exterior wall 
Ucw = 0.7 W/m2K

right: ultra-slim façade 
Ucw = 0.4-0.5 W/m2K

5 CONCLUSIONS AND OUTLOOK

In simulation and testing this state-of-the-art prototype façade is showing unprecedented 
performance results considering its ultra-slim configuration. The target costs of the façade 
development, as stated in the methodology part, have been met and first elements are currently 
being produced by FKN façades GmbH Neuenstein, Germany. Installation on site will start at the 
beginning of 2021. Testing and optimization of the curtain wall system will continue during the first 
years of operation and the production feedback as well as the long-term operation experience will 
influence further development steps of the system.

The usage of VIP insulation in modular façade construction will be further developed as the 
prefabrication process of façade manufacturers provides an appropriate framework of precision, 
quality control and customization that are necessary for handling and installation of the relatively 
delicate vacuum elements. Although the system is simple and very slim, this innovative curtain wall 
façade sets new standards for thermal and acoustic insulation, simply by applying an optimized 
combination of material characteristics. 

Simplicity and performance – in this ultra-slim modular system, the two qualities are not opposing 
characteristics but - in combination - make this façade a trendsetting economic innovation for 
the building industry.
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Abstract
Aiming at a climate-neutral energy system, the need for on-site supply and consumption of renewable energy is becoming increasingly 
relevant. Sector-coupling energy management utilising heat pumps and optimised control can enhance the local consumption of de-
central renewable electricity. This study evaluates the potential of energy management on that enhancement in multi-family buildings 
and how much impact di#erent parameters have on this potential. To this end, a case study consisting of two exemplary residential 
apartments with di#erent orientation located in Potsdam (Germany) is simulated for the month of October, an optimisation algorithm 
for energy management is implemented, and results are evaluated based on two main indicators for energy management potential: 
one representing the relative di#erence in autarky between fix setpoint and optimised operation and the other, analogue, the relative 
di#erence in self-consumption. Among the examined parameters, the analysis suggests a high relevance of the constructive standard 
and its resulting heating demand. This is based upon a change in the indicator values regarding self-consumption and autarky from 
respectively 24 and 17 % in a base case scenario with an original building state to 0 % for both indicators in a variant with a passive 
house standard. Limiting the envelope area used for PV to the roof area results in a relevant reduction of the energy management 
potential revealed by a decrease of the self-consumption and autarky indicator to 16 and 5 %. Moreover, only a small di#erence in the 
energy management potential was identified when the control definition of the prediction horizon was changed from 48 to 24 hours, 
meaning that most of the flexibility from the heating operation can be exploited within a one-day horizon. The detailed results present-
ed can potentially support decision making and economic estimations in projects related to building renovation and integration of PV 
technology at a local level.

Keywords
Sector coupling, building mass, photovoltaic power, energy management, energy flexibility
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1 INTRODUCTION

With the goal of a fossil-free energy system, balancing energy supply and demand at a local scale 
with high on-site renewable production gains more and more importance. All components of the 
local energy system with the capacity to regulate loads are suitable to be considered for that balance. 
These components are not limited to the electricity sector but extend to the heating sector via sector-
coupling devices such as heat pumps. Thus, the sector interaction has increased attention to the 
building stock from electricity suppliers and network operators (Zander et al. 2017).

The building sector in Germany is responsible for a large part of the national energy consumption 
and related carbon emissions (Umweltbundesamt n.d). Besides renovation actions, the integration 
of renewable energies accounts for means to decarbonise the built environment. Studies 
addressing the load-management capacity of buildings have shown considerable potential for 
achieving flexibility for a renewable energy-based system through the building stock (Hausladen 
et al. 2014; Auer et al. 2017). This potential is based on the electrification of the heating demand 
in buildings and the use of their thermal mass as an energy storage component. Combining 
such potential with the goal of a local near-zero energy balance gives rise to the need for further 
researching energy management and control in buildings for the successful use of locally produced 
photovoltaic (PV) power.

This topic has been addressed in a number of studies focussing on single-family houses (Weniger 
et al. 2015, Beer et al. 2016, Kramer et al. 2017). In order to complement this research, the present 
study deals with the case of residential multi-family buildings, for which there is still a need for more 
investigation as a promising study case with a relatively large PV surface. The objective includes, on 
the one hand, knowing the magnitude of the e!ect of energy management in this type of buildings 
through an optimised operation of their thermal systems to enhance the consumption of locally 
produced photovoltaic energy. On the other hand, it is strived to gain more insight into the relevance 
of di!erent parameters influencing the mentioned e!ect by energy management.

Influencing parameters can range from passive aspects to active systems and control definitions. 
With regard to the first category, Hausladen et al. (2014) show that the constructive characteristics 
of the building and the level of insulation of the envelope influence the load-management potential 
of the building. In the field of indoor thermal comfort, broader thermal comfort bands have shown 
potential for energy savings (Dear und Brager 2002), influencing the energy performance of 
buildings. These findings suggest that the limits of the indoor temperature can potentially have an 
impact on the e!ect of energy management, too. Thus, the expectations of users in terms of indoor 
environmental conditions could play a significant role in the use of the building mass as a resource 
for energy storage, as the shifting heating loads results in changing indoor temperatures.

In relation to parameters linked to active systems, the study by Weniger et al. (2015) identifies heat 
pump-related loads in addition to household loads (e.g. lighting and home appliances) amongst 
the factors influencing autarky and self-consumption of solar energy. Moreover, the study e-Mobilie 
has identified a high shifting potential by the batteries of an electric vehicle, complementary to the 
flexibility o!ered by heat pumps, by using integrated energy management. The control of the heat-
pump and the loading of the battery is implemented according to the performance of the installed 
photovoltaic system. This study shows that energy management is able to increase in single-family 
houses their self-consumption rate of renewable energy produced on-site (Beer et al. 2016).

Optimised control strategies for energy management aim to predict fluctuating renewable 
power generation and accordingly adapt flexible demand. To this end, the defined time horizon 
for specifying the prediction period can have an impact on the energy management potential. 
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To study optimised control strategies in a system with multiple components and the integration 
of building mass as storage, Kramer et al. (2017) implement a distributed model predictive control 
approach in order to manage the residual load of multiple buildings. This approach di!ers from 
the one implemented for single houses, in which the management of energy relates to only 
one residential unit.

In this framework, the present study quantifies how much impact di!erent features have on 
the potential for enhancing the consumption of locally produced photovoltaic power by means 
of energy management. To carry out the analysis in a holistic manner, parameters of the three 
mentioned categories are addressed. In addition to the objectives described above, this work aims to 
contribute valuable data and findings to support the decision making in the development of future 
studies and the application of energy management in real cases.

2 METHODOLOGY

To address the objective of the study, a parametric analysis using simulation models is conducted. 
Two residential apartments located in Potsdam, Germany, modelled as single thermal zones are 
used as a case study (see section 3). A base model is compared to a number of variants, each 
corresponding to a change of one of the analysed parameters included in the base model. Simulation 
results are evaluated according to predefined indicators. This section explains the overall modelling 
approach and its di!erent constituent parts. The selected parameters considered in this study are 
described as well. Furthermore, the simulation variants are shown, and the parametric analysis is 
introduced. Finally, the indicators defined for the evaluation of results are presented, followed by an 
explanation of the implementation of the optimised energy management in the simulations.

 2.1 OVERALL MODEL STRUCTURE

The overall modelling approach developed within the project Cleanvelope is applied for this analysis 
(Bogischef et al. 2019). This approach consists of the articulation of two models integrated into one 
consistent work flow: a micro-climate model and a district-wide energy system and its optimisation. 
The latter model includes all relevant aspects required for the present analysis, which are integrated 
through a newly scripted python-code in the following three layers: (i) consumption, (ii) production, 
(iii) control. These three layers relate to the above mentioned key categories addressed by the 
selected parameters. Thus, the program is able to model di!erent types of consumers and producers 
and uses optimisation methods for coupling these two sides. The script enables modelling a system 
at a district scale and is hence suitable for this study on two representative thermal zones (see case 
study in section 3). The reduced magnitude of the two-zone model allows for taking advantage of a 
shorter required computation time compared to more complex cases. Figure 1 gives an overview of 
the model components, which are explained in more detail below.
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FIG. 1 Model components

Consumers: This model part covers the representation of both the thermal behaviour (space heating) 
and the electrical load profiles. The thermal behaviour of each thermal zone is represented via a 
Resistance-Capacitance model (RC model) (Fig. 2). The topology approach of the RC-model and its 
parametrisation are based on the procedure described in VDI 6007-1:2015-06 with two relevant 
capacitances: one representing the sum of external building components and the non-adiabatic 
internal components; and the other representing the internal components. Deviating from the 
original VDI approach, the model represents a whole apartment instead of a room as a thermal zone. 
It is regarded as a necessary simplification in order to reduce the total number of model instances 
as well as an adequate compromise between modelling a whole building as a single zone and a 
room-wise approach (Hausladen et al. 2014). The implementation of the RC-model builds upon the 
continuous time-state-space formulation of its dynamic equations that is discretised by applying the 
cont2discrete function of the signal package (Virtanen et al. 2020). This results in a discrete system 
description for each thermal zone i and time instance k (Equation 1). This description features the 
MPC-typical distinction between uncontrollable inputs, also named disturbances, and controllable 
variables. The disturbance vector (Equation 2) consists, on the one hand, of the heating loads such as 
internal gains by people, machines and solar gains (sorted and summed into parameters reflecting 
the location where they become e!ective within the RC-model). On the other hand, this disturbance 
vector also includes the equivalent outdoor temperature (air temperature altered by longwave and 
shortwave radiation e!ects) and the ventilation air temperature. The controllable variables are 
considered in vector ui (Equation 3) and correspond to the heating and cooling demand. Moreover, xi 
represents the state vector (Equation 4), which consists of the temperatures of the summed external 
and the summed internal building components (walls, windows, floor and ceiling) at the respective 
locations in Figure 2, and the zone air temperature (Tz). Finally, Ai, Bi and Ci are matrices based on 
the parametrisation of the RC-model (see VDI 6007-1:2015-06 for more detail). The developed RC 
model has been validated based on the examples attached to VDI 6007-1:2015-06, which this norm 
provides for that purpose.
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FIG. 2 RC-model of a thermal zone

The energy demand calculated by the thermal model is translated into an electrical load profi le by 
modelling the operation of a heat pump (see below, Producers). This profi le is extended by taking into 
account a total electrical load profi le from lighting and appliances representative for households. 
This complementary profi le is modelled following the norm VDI 4655-1:2019-09. According to 
this guideline, the load profi le for a household is dependent on the annual demand, which the 
norm suggests to be set to 3000 kWh/household for multi-family buildings independent from the 
number of inhabitants, and the parameters climate zone, outdoor temperature (defi ning the season), 
cloudiness and day of the week. It should be highlighted that this method results in identical load 
profi les for both apartments because the climate and total annual demand are the same.

Producers: Besides local renewable electricity production via photovoltaic panels installed at the 
building envelope, a heat pump is considered in the model serving as a monovalent heat producer 
and as the element that is enabling sector- coupling. The PV generation is calculated externally in 
TRNSYS using Type-190d (Klein et al. 2017, S. 119–132), whereas the heat pump performance is 
implemented as a part of the model. With the aim of simplifi cation, the representation chosen for the 
ground-source heat pump is a time-independent e#  ciency factor, taken as the Seasonal Coe#  cient 
of Performance (SCOP). Thus, possible time lags resulting from capacities or further supply-side 
losses between generator and usage are neglected. Furthermore, the system is not aiming at autarky 
and therefore, electricity import from the grid is allowed without any power limit.

Control: The control feature consists of an optimisation that employs the prediction of inputs known 
as model predictive control (MPC). It does not aim at a global optimisation of the whole time period 
simulated but at an optimal operation that considers a limited amount of future time steps Np. 
This optimisation is then repeated with a defi ned update horizon tupdate which results in a so-called 
receding horizon, which is characteristic of the MPC approach. Thus, only the values within this 
update horizon are implemented. The values for the remaining time steps within the prediction 
horizon located outside the update interval are part of the current optimisation run, but they are not 



 302 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  E!ect of Energy Management and Influencing Parameters in Local PV Use

fixed prior to the respective iteration. This reflects the fact that uncertainty is included in predictions 
and is reduced in near future compared to time steps further ahead. Within the study at hand, 
uncertainty is not a focus. Therefore, inputs and model outputs are assumed to be deterministic, and 
time resolution ∆t is set to 1 h. The optimisation is executed utilising the python packages of Pyomo 
(Hart et al. 2011), and Gurobi (Gurobi Optimization 2020) is set as the solver. An objective function and 
constraints are required for the implementation of the optimisation. The ones implemented in this 
study are described in section 2.5.

 2.2 ANALYSED PARAMETERS

For the parametric analysis performed in this study, a total of six parameters (P1-P6), covering 
the three key categories mentioned above (Passive aspects; Active systems; Control definitions) 
are selected. The relevance of these parameters for the purpose of this study has been identified 
according to the literature on this topic cited in the introduction. For each parameter, two alternative 
configurations are taken into account:

 – P1 - Building age/state: original and new/renovated. This parameter is considered to study the 
e!ect of the energy demand profile of di!erent building e#ciency standards and the corresponding 
constructive composition of the building envelope and available thermal mass. Thus, original 
is represented by a constructive standard corresponding to a German building built between 
1958 and 1968, and new/renovated a passive-house building as representative of a nearly-zero 
energy standard (see details in section 3).

 – P2 - User profile: normal and moderate level of expectation. This parameter is selected to evaluate 
the influence of di!erent user preferences in terms of thermal comfort and shiftable loads from a 
varying operation of the set- point temperatures of the heating system. Hence, normal and moderate 
level of expectation are respectively based on the indoor environment categories II and III according 
to the current European standard EN 16798-1. The former is represented by an acceptable range of 
indoor temperatures for heating between 20 and 25 °C, while users related to the latter would accept 
a wider range from 18 to 25 °C.

 – P3 - Heating power: 100 % and 50 % of the total installed heating capacity of the heat pump required 
to cover the heating demand of the case study. This parameter and its two configurations are used 
as a simplified representation and comparison of the load profile of a monovalent and a bivalent 
operation of a heat pump. The installed heating capacity for monovalent and bivalent is respectively 
set to 45 and 23 W/m² based on a calculation of the design heat load using the above considered 
building age/state original.

 – P4 - PV panel surface: roof and southern façade, and roof-only. These alternatives represent 
di!erent extents of envelope usage for PV power production and are defined to study their di!erent 
opportunities for energy flexibility. For the case study used in this analysis roof and southern façade 
corresponds to a total PV panel surface of 39.2 m² and an installed peak power of 5.9 kWp per zone, 
while 20 m² and 3 kWp per zone are considered for roof-only.

 – P5 - Time horizon: 24 and 48 hours. This parameter represents the period of time in the future 
that the optimisation algorithm takes into account during the processing of forecast information 
(e.g. climate conditions or expected energy demand and PV power production) in order to regulate the 
operation of the heating systems. These two configurations are selected to analyse the impact of their 
resulting optimisation controls.

 – P6 - Optimisation mode: collective and individual optimisation. The analysis of this parameter aims 
at evaluating the impact of a regulation of the heating system in the residential units (and in turn 
their energy consumption) as a part of a centralised strategy in comparison to a case, in which the 
energy management strategies are separately defined and implemented in each unit.
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 2.3 VARIANTS AND PARAMETRIC ANALYSIS

Table 2 shows the scenario variants analysed in this study. V0 corresponds to the base case 
scenario. The other variants are defined by taking the base case and changing the configuration 
of one focus parameter. Important to mention is that each scenario is twofold simulated: without 
energy management by considering a constant setpoint temperature for the heating system of 
22.5 °C (named fixed in the result tables); and with energy management (named opti in the result 
tables), which results in a varying setpoint temperature of the heating system by the optimisation. 
The regulation of the set temperature is allowed only within the limits of the comfort band defined by 
the two configurations of parameter P2 as specified in each variant.

CATEGORIES PASSIVE ASPECTS ACTIVE SYSTEMS CONTROL DEFINITIONS

PARAMETERS P1 P2 P3 P4 P5 P6

 
BASE CASE

BUILDING AGE/STATE 
UNIT 1          UNIT 2

USER  
PROFILE

HEATING 
POWER

PV PANEL 
SURFACE

TIME  
HORIZON

OPTIMISA-
TION

V0 Original Original Normal 
expectation

100% Roof % + 
Façade S

48 h Collective

Variants Focus Parameter change compared to base case

V1 P1 = Renovated = = = = =

V2 P2 Renovated Renovated = = = = =

V3 P3 = = Moderate 
expectation

= = = =

V4 P4 = = = 50 % = = =

V5 P5 = = = = Roof = =

V6 P6 = = = = = 24 h =

V7 P7 = = = = = = Individual

TABLE 1 Simulated variants. Each scenario is simulated without and with energy management: constant 22.5 °C (fixed) and 
varying Tset heating (opti), respectively.

 2.4 INDICATORS

To evaluate the e!ect of energy management and the influence of the selected parameters on the 
use of on-site photovoltaic energy, the indicators autarky and self-consumption are used (Equations 
5 to 14). Autarky refers to the ratio of consumed photovoltaic energy to total electricity consumption. 
Self-consumption represents the ratio of used photovoltaic energy to total on-site power production. 
Both indicators are calculated upon summed energy values for the whole of the simulation time 
period with N time steps. These indicators are considered to be useful as a reference for economic 
(energy costs) and ecological (carbon emissions) considerations.
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The potential of energy management is then quantifi ed by comparing a simulation implementing 
energy management to a simulation using a fi xed set temperature for each variant. Thus, the 
di! erence in autarky and self-consumption is set in relation to the values of the simulation 
using the fi xed set temperature, and this relative di! erence is used as a measure for 
energy management potential.

 2.5 IMPLEMENTATION OF THE OPTIMISATION: 
OBJECTIVE AND CONSTRAINTS

To implement the optimised energy management in the simulated variants, an objective function is 
defi ned (equation 15). Thus, the objective of each iteration of the optimisation is set to minimising the 
use of electricity from the grid, Wimport, which in turn corresponds to maximising the indicator autarky 
described above. Excluding multi-objective optimisation based on its more complex character 
that is not regarded as necessary in the context of this study, the other option left, is setting the 
objective on self-consumption. The reason for the decision against this option lies in a non-trivial 
implementation, also here, because additional terms in the objective function would have been 
required to prohibit not-desirable excess heating from surplus PV energy. The objective function 
is further subject to defi ned constraints, of which the most important ones, regarding comfort 
criteria, are shown below.

The fi rst constraint (Equation 16) ensures that the electrical balance of the system is respected at 
each time step. This equation is supplemented by a binary variable which additionally ensures 
that only one of Wimport (k) and Wsurplus (k) can take a non-zero value in a given time step. The second 
and third constraint (Equation 17,18) serve the purpose to prevent discomfort due to rapid zone 
temperature changes by limiting temperature drifts to a maximum of ΔTmax. = 2 K/h (based on DIN 
EN ISO 7730:2006). Finally, the fourth and fi fth constraint set a minimum value for the average zone 
temperature TZ,avg of all time steps Np within the prediction horizon (Equation 19,20). This is based 
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on the aim of not causing a better performance of optimised variants by just lowering the zone 
temperatures. This last constraint comes in two forms: considering past temperatures and including 
the temperature to be implemented in the current update time step; and considering the predicted 
temperatures for future time steps of the current optimisation horizon. The reason for this set up is 
that applying only the last consideration does not ensure the defi ned limited average temperature 
is kept. In addition, the second consideration is a valuable extension for the fi rst one in order to not 
create a schedule with too low temperatures that cannot be counterbalanced by later above-average 
temperatures, which would lead to simulation errors.

3 EXPERIMENT / RESEARCH

This section gives details on the confi guration of the case study of the present parametric 
analysis. The case study consists of two thermal zones as a representation of two typical 
residential units of a multi-family apartment building. Table 1, and fi gures 3 and 4 summarise the 
boundary conditions assumed.

The case study is considered to be located in Potsdam, Germany. This location has been selected in 
line with the criteria of the German Meteorological Service (DWD), which sets the climate of Potsdam 
as the reference in energy e#  ciency certifi cates for buildings in Germany (DWD n.d.). Thus, the 
climate profi le corresponding to the DWD Test Reference Year Normal of this city is implemented 
in the simulations. Moreover, the analysis is carried out on the shoulder season (October), during 
which exists a combination of heating demand and a relevant level of solar radiation and, therefore, 
photovoltaic power production. The potential of energy management aiming at high autarky and self-
consumption is therefore highest in this season and the e! ect of single parameters can be observed.

ELEMENT STANDARD 1958-68 PASSIVE HOUSE STANDARD

External wall Plaster + Brick + Plaster; UEW: 1.2 W/m²K 
Window-to-wall ratio 14 %

Plaster + Brick + Ext. insulation + Plaster UEW: 
0.12 W/m²K Window-to-wall ratio 14 %

Windows Double glazing; Ug 2.65 W/m²K; g: 0.65 
Frame fraction: 30 %; Uf: 2 W/m²K

Triple glazing; Ug: 0.72 W/m²K; g: 0.5 
Frame fraction: 30 %; Uf: 0.8 W/m²K

Thermal bridges 0.10 W/m²K 0.02 W/m²K

Infi ltration 0.42 h-1 0.15 h-1

Ventilation Natural; hygienic ACR 0.47 h-1 Mechanical; hygienic ACR 0.47 h-1

Heat recovery - 75 % e#  ciency

Floor / ceiling Flooring + Screed + Sound insulation + Concrete + Plaster; UIF: 0.98 W/m²K;UIC: 1.14 W/m²K

Internal walls Plaster + Brick + Plaster; UIW: 1.6 W/m²K

>>>
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Internal gains People: 5 W/m²; Appliances: 3 W/m²; Lighting: 4.5 W/m²; Weighted schedules in Fig. 4

Heating system Geothermal heat pump (SCOP = 3.7) + Radiators (55/45 as inlet/outlet temperatures)

PV system Polycrystalline panels (module e#ciency 15.46 %), inclination/orientation: roof: 30 °/S; façade: 90 °/
façade orientation

Climate Potsdam (Germany) - DWD Test Reference Year Normal

TABLE 2 Boundary conditions in case study

FIG. 3 Case study layout FIG. 4 Weighted schedule per hour for internal gains (EN 16798-1)

The study by Auer et al. (2017) is used as a basis for the geometrical and constructive specification 
of the units. As mentioned in section 2.2 (Selected parameters), for the original state of the units 
a representative standard related to a building age 1958-68 is assumed (P1a). This configuration 
is applied for the base case, while an upgrade to passive house standard is assumed as an 
approximation for a renovation to a nearly-zero energy building in one of the simulated variants (see 
2.3 Variants and parametric analysis). Hence, each unit is represented in the simulation model as 
a single zone with 110 m² floor surface and 286 m³ room volume. Unit 1 and unit 2 are respectively 
oriented to West- North-South and East-North-South to take into account di!erences in terms of 
solar gains and, thus, their possible impact on the energy management plan of each apartment. 
Internal walls are also modelled and their thermal capacitance (kJ/K) is added to the zones to 
take them into account as a part of the available building mass. The thermal capacitance (kJ/K) 
of the room air and furniture is additionally taken into account as a part of the internal masses 
by multiplying the room volume (in m³) by a factor of 12. This assumption is based on the values 
reported by Lizana et al. (2019), Klein et al. (2017) and Johra & Heiselberg (2017). Internal gains 
are represented based on specific values and schedules for residential apartments, according to 
DIN EN 16789-1:2015-07. As this norm requires a detailed calculation of the internal gains due to 
lighting and therefore does not provide a specific value, a simplified assumption for this type of 
heat gains is made based on the German norm EnEV (DIN V 4108-6:2003-06), which approximates 
the total internal gains to 5 W/m². Therefore, the assumed specific values for internal gains in W/
m² floor area are 5 for people, 3 for appliances, and 4.5 for lighting. These values are implemented 
following the corresponding weighted schedules represented in figure 4. The resulting daily 
average of internal gains is 5.25 W/m², lying around the cited value from EnEV. With regard to active 
systems, mechanical ventilation with heat recovery (75 % e#ciency) is considered in the renovated 
state, whereas for the original state natural ventilation is assumed. In both cases, the ventilation 
rate has been set to 0.47 h-1 as the minimum amount of fresh air to be provided based on DIN 
1946-6. Considering that infiltration rates (set to 0.42 and 0.15 h-1 respectively) already provide 
part of the required air change, only the remaining part is supplied via mechanical or natural 
ventilation. A combination of a geothermal heat pump (SCOP = 3.7) with radiators (55/45 as inlet/
outlet temperatures) is considered as heating system, representing the link between the electric 
and the thermal sides. As a photovoltaic system, standard polycrystalline panels covering 80 % of 
the focus surface (external southern wall and/or roof according to the above defined parameter 
settings P4a and P4b) are assumed. The attribution of the roof area to the zones is done by equally 
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dividing a typical total roof area of the selected building typology of 500 m² by its total number of 
apartments (20 apartments).

The thermal model of the case study has been checked for plausibility. For this, two exemplary 
values of annual heating consumption of a building with same typology and age group (MFH_E 1958-
68) from the TABULA study by (Loga et al. 2015, p. 87, 113, 120) were used as a reference: one of them 
considering the performance of the building under a generic climate profile for Germany (based 
on DIN V 18599-10:2018-09 and DIN V 4108-6:2003-06, and with similar characteristics as the one 
adopted in this analysis for Potsdam); and a second one applying the climate profile of Mannheim. 
These values were respectively compared to the results of annual energy demand for heating of the 
base case using the RC model and the DWD climate profiles for Potsdam and Mannheim. In both 
cases, the heating values laid close to each by approximately 11 %, with the simulated values 
being higher. This deviation may be due to slight di!erences in the assumed boundary conditions 
(e.g. internal gains, or the rate of outdoor surface to floor surface).

4 RESULTS

The results of this study are shown in figure 5, structured in the following way: On the upper left 
side, the energy management potential is quantified for each variant. This potential is based on the 
di!erence in self-consumption and autarky values between fix set point and optimised heating as 
described in section 2.4 (see Equations 13,14), relative to fix set-point values (100 %). These relative 
values are supplemented by the upper right graph, where the outcome of the optimised versions is 
shown separately in order to give insight into the level of autarky and self-consumption reached in 
each variant. The bottom graphs highlight the e!ect of changing the parameters in the variants by 
giving the results as relative to the base case for each upper graph, respectively.

Regarding the quantification of energy management potential, the top-left graph in figure 5 shows 
that all variants o!er potential through energy management with the exception of V2 (setting the 
building standard of both apartments to a renovated state). This potential ranges between 5 and 17 
% based on autarky as an indicator and between 15 and 24 % based on self-consumption. The graph 
further shows that all of the parameter variations lead to equal or lower potentials compared to the 
base case meaning that the parameter set of the base case constitutes the most promising conditions 
for energy management among the simulated cases. Moreover, the parameters di!er in whether they 
result in a higher e!ect on autarky or on self-consumption, which underpins the additional value of 
examining both indicators.

The results in the top-right graph in figure 5 give additional information on the levels of autarky and 
self-consumption reached in each variant. All of the studied variants lie within the range 35 to 89 
% regarding self-consumption and a more compact range in case of autarky values, spanning from 
32 to 51 %. It should be mentioned that self-consumption in the base case is already high, with 
70 % compared to single-family buildings without heat pumps or electric vehicles where typical 
annual values lie within 30-40 %.

Results on the e!ect of the single influencing parameters are based upon the top-left graph of figure 
5 and described and discussed in the following.
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FIG. 5 Results. Note: relative values in the bottom graphs are calculated using the base case values in the respective upper graph 
as the references. The references are represented in the upper graphs through horizontal lines.

The parameter building state has a high impact on the optimisation potential of the 
energy management, which matches the expectations. The e!ect on self-consumption is more 
pronounced if compared to the other variants. Comparing the values of V1 and V2 to the base case 
reveals that a higher decrease takes place when also the second zone is renovated. Hence, the 
flexibility that is made available by one apartment of the original building state procures a higher 
share of self-consumption and autarky improvement. Under the boundary conditions of this case 
study, the conclusion can be drawn that surplus PV energy from the attributed PV surface area of two 
apartments can already be exploited to a high extent by energy management of one apartment with 
original building state. Furthermore, optimisation potential is reduced to zero when both apartments 
feature a renovated building standard because there is no heat demand, thus no shifting potential, in 
October (see results of V2 in Table 3).

The second parameter analysed, the user profile, leads to less optimisation potential and self-
consumption than in the base case. Only autarky increases by 1 %. This is counter-intuitive because 
the comfort band in V3 is broader, and expectations are that this opens up higher opportunities for 
energy management. An explanation for this can be the lower total amount of consumed heating 
energy because of the 1 °C lower average temperature. A second reason can be identified by a 
detailed analysis of the variables’ time series that reveals the zone temperature never goes down to 
its lower limit. An explanation could be that the constraints for the minimum average temperature 
are set too tight, i.e. that the time horizon for the average is too short relative to the time the thermal 
mass takes to cool down from the point in time where the upper zone temperature level was reached. 
Close attention should therefore be paid to the limiting conditions of a strict minimum average 
temperature, and it has to be checked in further simulations whether another time horizon for the 
average or lower average values deliver further insights.
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Changing the parameter heating power of the heat pump to 50 % of its value in the base case has 
a negative impact on both self-consumption and autarky optimisation potential but not in the 
same relative magnitude as the nominal power of the heat pump is reduced in variant V4. It can be 
concluded that other factors lead to a limit in the optimisation potential prior to the power limit of 
the heat pump during the major part of the time. Nevertheless, the conclusion to be drawn from this 
parameter variation is that by choosing a bivalent system instead of a monovalent heat pump as heat 
producer the energy management potential decreases.

Expectations on the e!ect of the parameter PV surface are met by the results. The PV surface directly 
a!ects the available energy for local usage and thus also the quantities that the relative values 
refer to. In V5 with only roof-installed PV, self-consumption of PV reaches 89 % just by supplying 
the household electricity demand, and as a consequence, little energy is left for the exploitation via 
heat demand flexibility. The high value of self-consumption goes hand in hand with a low value 
of optimisation potential of 16 %. Improving autarky by energy management even decreases to 
5 %. The e!ect of the PV area on the results is valuable as a benchmark for the other parameters 
and, additionally, delivers the quantitative basis for how much more relevant energy management 
becomes when more than just roof areas of the building envelope are used for PV.

Considering the prediction horizon, the shortening from 48 h to 24 h (V6) reveals the expected 
tendency to less energy management potential than in the base case, but the e!ect is not very 
pronounced. The value decreases from 24 % in the base case to 21 % in V6, regarding self-
consumption, and for autarky, an even smaller di!erence can be observed. The results here suggest 
that most of the potential can be exploited by shifting the heat demand only within the time-period 
of 24 hours, which is a valuable finding for future simulations with similar boundary conditions 
because limiting the prediction horizon to 24 h reduces the computation time.  
The last parameter variation analysed, regarding the optimisation mode, leads to slightly higher 
resulting indicator values in a separate optimisation mode than in the base case with cooperation. 
This can be explained by choosing to use two rather identical zones combined with the e!ect of 
a higher total heating demand. Findings may be di!erent if the diversity of the zones is more 
pronounced. Diversity e!ects could result from individual household electricity profiles, di!erent 
comfort band limits or disturbance profiles like solar irradiation. 
By basing all of these findings on indicators chosen to be relative values, it has to be mentioned 
that some of the optimised variants result in a higher absolute heating demand Qheating (see V4, 
V5, V7 in table 3 in the appendix). This is regarded as a side-e!ect that has to be kept in mind, 
but the indicators are still suitable when focusing on high local consumption of local renewable 
energy and little grid imported electricity consumption. Moreover, within this study minimising 
electricity import from the grid in order to maximise autarky was set as the only objective and 
reason to support energy management. A more holistic approach has to extend this goal by other 
complementary goals of energy management like grid support which can lead to a higher relevance 
of energy management measures.

5 CONCLUSIONS

In this study, the potential of energy management via utilisation of the building mass as storage for 
local PV gains and the impact of di!erent parameters on this potential were analysed. A case study 
consisting of two exemplary residential apartments with di!erent orientation located in Potsdam 
was simulated for the month of October, an optimisation algorithm for energy management was 
implemented, and results were evaluated based on the indicators autarky and self-consumption. 
All the simulated variants revealed optimisation potential through energy management ranging 
from 5 to 24 %, relative to autarky and self-consumption values of the simulation with fix setpoint 
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temperatures (the only exception being the variant with the building state of both apartments set 
to renovated). Besides the quantification of the energy management potential, the study analysed 
the impact of di!erent parameters on this potential. An interesting finding is that the di!erence in 
energy management potential with a prediction horizon of 48 h compared to one of 24 h is small, 
and thus the shifting of the heating demand is mainly beneficial within 24 h. Another finding is that 
implementing energy management in one of two unrenovated apartments with PV surfaces already 
exploits a major part of the potential. This study is seen as the first step of identifying promising 
use cases for energy management and next steps include gaining more insights by adding further 
indicators from the economic and ecological domain.
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APPENDIX A TABLE 3: RESULTS OF THE SIMULATED VARIANTS

V0 FIXED 
[KWH]

V0 
 OPTI [KWH]

V0 
DIFF [%]

- - V1  
FIXED 
[KWH]

V1  
OPTI [KWH]

V1  
DIFF [%]

V1vsV0 
OPTI- 

OPTI [%]

V1vsV0  
DIFF- 

DIFF [%]

Qheating 1091 1088 -0.3 - - 547 534 -2.4 -50.9 -

Wconsumpt,HeatPump 295 294 -0.3 - - 148 144 -2.4 -50.9 -

Wconsumpt,addelec 514 514 0.0 - - 514 514 0.0 0.0 -

Wconsumpt,total 809 808 -0.1 - - 662 658 -0.5 -18.5 -

Wgen,PV 586 586 0.0 - - 586 586 0.0 0.0 -

Wimport 539 400 -25.9 - - 424 330 -22.2 -17.5 -

Wsurplus 316 177 -43.9 - - 348 257 -26.1 45% -

self-consumption 46% 70% 24% - - 41% 56% 15% -20% -35%

autarky 33% 51% 17% - - 36% 50% 14% -1% -19%

V2  
FIXED 
[KWH]

V2  
OPTI [KWH]

V2  
DIFF [%]

V2vsV0 
OPTI- 

OPTI [%]

V2vsV0 
DIFF-DIFF 

[%]

V3  
FIXED 
[KWH]

V3  
OPTI [KWH]

V3  
DIFF [%]

V3vsV0 
OPTI- 

OPTI [%]

V3vsV0 
DIFF-DIFF 

[%]

Qheating 4 0 -95.8 -100.0 - 869 802 -7.7 -26.2 -

Wconsumpt,HeatPump 1 0 -95.8 -100.0 - 235 217 -7.7 -26.2 -

Wconsumpt,addelec 514 514 0.0 0.0 - 514 514 0.0 0.0 -

Wconsumpt,total 515 514 -0.2 -36.4 - 749 731 -2.4 -9.5 -

Wgen,PV 586 586 0.0 0.0 - 586 586 0.0 0.0 -

Wimport 310 309 -0.1 -22.6 - 493 355 -28.0 -11.1 -

Wsurplus 380 381 0.2 115% - 330 210 -36.4 18% -

self-consumption 35% 35% 0% -50% -101% 44% 64% 20% -8% -14%

autarky 40% 40% 0% -21% -100% 34% 51% 17% 2% 0%

V4  
FIXED 
[KWH]

V4  
OPTI [KWH]

V4  
DIFF [%]

V4vsV0 
OPTI- 

OPTI [%]

V4vsV0 
DIFF-DIFF 

[%]

V5  
FIXED 
[KWH]

V5  
OPTI [KWH]

V5  
DIFF [%]

V5vsV0 
OPTI- 

OPTI [%]

V5vsV0 
DIFF-DIFF 

[%]

Qheating 1091 1119 2.6 2.9 - 1091 1177 7.9 8.2 -

Wconsumpt,HeatPump 295 302 2.6 2.9 - 295 318 7.9 8.2 -

Wconsumpt,addelec 514 514 0.0 0.0 - 514 514 0.0 0.0 -

Wconsumpt,total 809 817 0.9 1.0 - 809 832 2.9 3.0 -

Wgen,PV 586 586 0.0 0.0 - 298 298 0.0 -49.1 -

Wimport 539 458 -15.0 14.7 - 592 567 -4.2 41.9 -

Wsurplus 316 228 -28.0 28% - 81 33 -59.5 -81% -

self-consumption 46% 61% 15% -12% -36% 73% 89% 16% 28% -32%

autarky 33% 44% 11% -13% -39% 27% 32% 5% -37% -71%

V6  
FIXED 
[KWH]

V6  
OPTI [KWH]

V6  
DIFF [%]

V6vsV0 
OPTI- 

OPTI [%]

V6vsV0 
DIFF-DIFF 

[%]

V7  
FIXED 
[KWH]

V7  
OPTI [KWH]

V7  
DIFF [%]

V7vsV0 
OPTI- 

OPTI [%]

V7vsV0 
DIFF-DIFF 

[%]

Qheating 1091 1044 -4.3 -4.0 - 1091 1112 1.9 2.2 -

Wconsumpt,HeatPump 295 282 -4.3 -4.0 - 295 300 1.9 2.2 -

Wconsumpt,addelec 514 514 0.0 0.0 - 514 514 0.0 0.0 -

Wconsumpt,total 809 796 -1.6 -1.5 - 809 815 0.7 0.8 -

Wgen,PV 586 586 0.0 0.0 - 586 586 0.0 0.0 -

Wimport 539 402 -25.6 0.5 - 540 398 -26.3 -0.5 -

Wsurplus 316 191 -39.6 8% - 317 169 -46.6 -5% -

self-consumption 46% 67% 21% -3% -10% 46% 71% 25% 2% 6%

autarky 33% 50% 16% -2% -6% 33% 51% 18% 1% 4%
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Abstract
Among a number of passive solar control solutions, internal shading systems can be considered as a “simple” one, as buildings often 
see these being fitted for glare control or privacy reasons. Although these systems are typically regarded to have a limited e#ect in the 
reduction of building solar gains and are often neglected by the building energy modellers, recent product development showed that 
a good level of performance can actually be provided by internal blinds when carefully selected and specified in combination with 
the glazing. The initial review work carried out identified the complexity of the physics involved, highlighting a number of simulation 
limitations among some common whole-building energy modelling software. As a result, an alternative design work flow approach 
is proposed as part of the current research. This is based on combining detailed internal shading simulations to ISO 15099 with the 
whole-building energy model, aiming to increase the accuracy of the final results as well as to allow the required flexibility to the en-
velope designers to explore optimal solutions. This shift in the approach to internal shading design aims to relocate the scope of these 
systems from the internal fit-out package to the external performing envelope, leading to holistic building skin solutions engineered 
that work as e#ectively as possible by using readily available technologies, in line with the dogma: “Do more with less”. Further col-
laboration by façade, sustainability and MEP engineers as well as software developers and product manufacturers is also encouraged 
towards this aim.

Keywords
Façade engineering, building envelope design, energy modelling, energy performance, solar heat gain coe"cient, total solar transmit-
tance, blinds, internal shading, reference glazing, switchable glazing, IES VE, EnergyPlus, Honeybee, Grasshopper, ISO 15099, EN 14501, 
EN ISO 52022
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1 INTRODUCTION

A growing architectural interest towards highly transparent building envelopes developed over 
the past decades across major global countries. However, recent energy policies are imposing 
increasingly tighter performance limits, particularly in those regions where mitigation of solar gains 
is of key importance to target carbon emission reductions, which pose serious challenges to the 
realisation of fully glazed buildings in the way these have been conceived up to the current times. 
This calls for a holistically coordinated building skin design approach implemented early on projects, 
one that allows e#cient façade solutions to be developed for designs that would otherwise have 
never reach compliance.

The benefits of passive solar control design measures are well recognised within the industry by 
both designers and investors; however, these might sometimes limit the design possibilities by 
strongly a!ecting the appearance of the building or by introducing additional complexity to the 
envelope package, possibly leading to increased capital and maintenance costs. Among all the 
passive solar control solutions, internal blind systems can be considered as a “simple” one, as 
buildings often see these being fitted for glare control or privacy reasons. Although these systems 
are typically regarded to have a limited e!ect in the reduction of building solar gains and are often 
neglected by the building energy modellers, recent product development showed that a good level of 
performance could actually be provided by these systems when carefully selected and specified in 
combination with the glazing. 

In an e!ort to seek simple but e!ective design solutions that make use of already available resources 
towards increased performance, internal shading system are attracting the attention of designers, 
who can rely on them to achieve energy-e#cient buildings with reduced compromises on exterior 
aesthetics and glass clarity as well as sometimes limiting impact on capital. 

The object of this research is to encourage a shift in the approach to internal shading design, aiming 
to relocate its scope from the internal fit-out package to the external performing envelope. This 
would result in holistic building skin solutions engineered to work as e!ectively as possible by using 
readily available technologies, in line with the dogma:” Do more with less”.

2 BACKGROUND 

 2.1 INTERNAL BLINDS MODELLING

Currently in the UK, glass and blind performance are not typically specified together. Blinds tend to 
get specified independently from the glazing in varying ways depending on the modelling software 
used by the MEP engineer. 

For glazed elements, the most common metric used in consideration of the energy analysis of 
a building is the total solar energy transmission (g-value) or Solar Heat Gain Coe#cient (SHGC). 
SHGC defines the ratio of the internal heat gain passing through the building component and the 
incident solar radiation. The solar heat gain inside the room is the combination of the transmitted 
incident radiation passing through a fenestration system and a percentage of the absorbed solar 
radiation that is re-emitted inside the room. This percentage is also referred to as ‘inward flowing 
fraction’. The solar heat gain coe#cient of a transparent or semi-transparent element of a building is 
calculated as (Kohler, Shukla & Rawal, 2017):
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     SHGC=Ts+N ∗ As   ( 1 )
Where: 

 – Ts Solar transmission

 – As  Solar absorption 

 – N Inward flowing fraction 

On the other hand, a fenestration system that combines two layers of protection against solar 
radiation, such as a glazing construction with internal blinds, can be more complex to calculate due 
to the physical interactions between the layers. Depending on the colour, surface finish and geometry 
of the blind, some percentage of radiation is reflected back out from the blind hitting the glass again 
with a part of it being transmitted directly to the outside. The phenomenon of returning a portion 
of the beam radiation back to its source is called retro-reflection and can be an important factor 
when calculating the performance of internal blinds, as heat reflected back from the glass leads to 
increased indoor heat gain (Yunyang, Peng, Jiachen & Ying, 2015). The solar radiation absorbed by 
the blind causes the blind to heat up, and part of it is re-emitted inside the room by convection and 
longwave radiation. The longwave radiation can also be trapped between the glass and the internal 
shade and heat the air within this space.

For the purpose of blind specification and characterisation of performance, BS EN ISO 52022-3:2017 
and ISO 15099 standards describe a methodology for estimating the gtot or τs, respectively, meaning 
the total solar energy transmittance of a system that combines a glazing construction and a shading 
device (external, internal or interstitial). These standards cover all types of solar protection devices 
parallel to the glass (±15o), such as louvres, Venetian blinds and roller blinds. The methodology 
is based on normal incidence of radiation but does not consider an angular dependence of 
transmittance and reflectance of the materials. 

According to ISO 15099, the total solar energy transmittance, τs, is calculated by the di!erence 
between the net heat flow rate into the indoor environment with and without radiation. The net heat 
flow depends on the thermo-optical interaction between the layers of the system (glass and blind), 
meaning that the layers exchange heat with each other and the indoor environment by conduction, 
convection and thermal radiation, and they absorb, transmit and reflect solar radiation. Other 
parameters that a!ect the net heat flow rate are openings of the blind or gaps on the perimeter that 
cause airflow between the blind cavity and the indoor environment. The calculation of the net heat 
flow density is an iterative process and is described in more detail in ISO 15099. 

There is a variety of simulation tools on the market that are certified to comply with the 
above standards. For compliance with BS EN ISO 52022, WinSLT and VITRAGES DÉCISION are 
available on the market. For compliance with ISO 15099, Berkeley Lab WINDOW and ES-SO ESBO 
Light are also available.

From a whole-building performance standpoint, established energy simulation tools, such as IES 
VE (Integrated Environmental Solutions Virtual Environment) and EnergyPlus, consider the e!ect 
of internal blinds based on the interaction of the transmitted short-wave and longwave (re-emitted) 
radiation with the internal room surfaces. IES VE is a widely used simulation tool for building 
energy calculations and it is accredited in several countries for energy certifications. Internal 
shading devices are considered by specifying a Shading Coe#cient (SC) and a Short-Wave Radiant 
Fraction (SWRF) factor for the blind. According to IES technical manual and clarification from the 
IES development team, the SC factor specifies the reduction of the short-wave component of solar 
radiation passing through the glazing construction. This means that a blind with SC factor of 1 
provides no shading, while a value of 0 defines perfect shading. The SWRF factor specifies the 
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percentage of the room heat gain that passes through the glass and blind constructions as short-
wave radiation. For homogeneous di!using roller blinds, IES VE Constructions Database User Guide 
recommends calculating these factors as follows:

     SC=T+0.87 ∗ A  ( 2 )

     SWRF=T / SC   ( 3 )

Where: 

 – T Solar transmittance of the blind

 – A Solar absorptance of the blind

The suggested formulas are only based on properties of the blind, suggesting that the phenomenon 
of the retro-reflection between glass and blind might not be considered. Further to this, the internal 
blind is not considered to a!ect the longwave radiation and convective heat transfer from the glazing 
to the room. This can lead to inaccurate assessments in the calculation of the blind performance, 
especially in the case of high-performance reflective blinds. 

On the other hand, the software appears to manage the internal re-emission phenomenon more 
accurately. Experimental measurements (Klems & Kelley, 1995) found that the inward flowing 
fraction depends on the temperature of the blind and the surrounding surfaces and the temperature 
and state of motion of the adjacent air cavity. Inward flowing fraction for a double-glazing system 
with an internal (non-metallic) blind was measured at 0.85±0.01 and for a double-glazing system 
with an internal Venetian blind at 0.86±0.06. This explains the suggested value of 0.87 in (3).

 2.2 SENSITIVITY CHECKS

As part of the initial background research, the total solar energy transmittance through a system 
with double glazing and an internal blind was calculated firstly following the methodology described 
in IES VE technical manual (as an example of a whole building energy modelling tool) and then to 
ISO 15099 (using the tool WINDOW7.7). This was aimed at comparing the e!ects of the di!erent 
approaches for calculating the solar heat gain inside a room.

A window of 1x1m was assumed with a blind 50mm behind the glass and 10mm gaps on the 
perimeter of the blind (top, bottom, left and right). Since IES VE and WINDOW 7.7 calculate the e!ect 
of internal blinds in di!erent ways, in both cases, this comparison assumes a theoretical surface 
right behind the internal shading device. In this way, we can calculate the total solar radiation that is 
transmitted through the system before it passes through the theoretical surface and hits the internal 
surfaces of the room. 

BLIND NAME Ts Rs (front & back) E (front & back) OPENNESS 
FACTOR

White blind 0.171 0.727 0.784 0.030

Charcoal blind 0.040 0.041 0.804 0.030

Golden low-e blind 0.062 0.409 0.147 0.059

TABLE 1 Blind properties

Table 2 gives the total solar energy transmission through the glass and blind system assuming 
incident radiation as per reference conditions of BS EN ISO 52022-3. Glass properties according to 
reference Glass C of BS EN 14501:2005.  
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BLIND NAME IES VE METHODOLOGY ISO 15099 (WINDOW LBNL) DISCREPANCY

White blind 68.2 91.8 35%

Charcoal blind 153.4 164.4 7%

Golden low-e blind 106.8 132.3 24%

TABLE 2 Total solar energy transmission (W/m2) 

Results show that the more reflective the blind is, the larger the error of the total solar 
energy transmission calculated with these two methods. The white blind is highly reflective, 
which means that the phenomenon of retro-reflection has a larger e!ect on the total solar 
energy transmission compared with the charcoal blind, which mainly reduces solar heat gains 
through absorption rather than reflection. 

A separate assessment was also carried out to investigate the correlation between gtot results 
(calculated to ISO 15099) and cavity ventilation. The analysis is based on a combination of a low-e 
IGU and a white blind and involves two scenarios: Unvented cavity (no gaps to the perimeter); Vented 
cavity (20mm gap around perimeter). 

COMBINATION UNVENTED CAVITY VENTED CAVITY DEVIATION

Low-e & white blind 0.267 0.292 9.4%

TABLE 3 gtot, for unvented and vented cavities 

Results show that the vented cavity yields higher gtot values. This can be explained due to the higher 
internal convective heat transfer coe#cient caused by the air velocity, which increases the amount 
of heat dissipated towards the inner space. To conclude, gaps on the perimeter of the blind can be 
important for the gtot calculation of the blind system. It is thus important that calculations done by 
the supplier and the engineer are consistent in terms of cavity ventilation state.

3 PROPOSED WORK FLOW APPROACH

From the background research carried out, it emerged that there is a risk for the current whole 
building energy modelling tools to provide a number of limitations that would not allow the right 
flexibility for exploring internal blinds design solutions in a detailed manner. 

An alternative work flow approach is investigated where blinds are instead modelled in combination 
with glazing constructions separately by Façade Engineering experts and then introduced into the 
energy model calculations (by the MEP engineer) as simplified profiles.
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FIG. 1 Work fl ow outline

4 ANALYSIS

 4.1 gtot CALCULATION METHOD

The gtot of a glass and blind construction can be either preliminarily assessed based on a set of 
reference glazing types (A, B, C and D) from EN 14501, or calculated in detail for the project-specifi c 
build-up through modelling tools based on ISO 15099 equations. 

European blind suppliers typically provide gtot performance of their products in association with the 
standard glazing types according to EN 14501. Suppliers also typically provide a set shading factors 
Fc for each EN 14501 glazing type; This is a metric that shows the e#  ciency of the blind towards a 
glazing construction: 

A series of gtot calculations were performed on two di! erent blind products to assess whether the 
Fc values provided by the manufacturer (based on standardised glazing) do vary according to the 
di! erent coating products that might be considered for a project. 

A glazing construction of 3m (high) x 1.5m (wide) has been assumed. Glazing constructions have 
the following build-up: 6mm clear glass – 16mm Argon gas EN 673 – 6mm clear glass. This study 
considers a range of both low-e and high-performance glass coatings to compare them against 
standard glazing C and D, representing respectively a low-e coated IGU and a High Performance 
coated IGU. The blind is located 50mm behind the glass and allows no gaps at top and bottom, 
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only 10mm on the left and right side, allowing limited amount of ventilation through the cavity. 
Calculations have been performed with WINDOW 7.7. Boundary conditions for internal and external 
temperatures, convective heat transfer coe#cients and incident radiation flow rate are according 
to BS EN ISO 52022-3 (reference conditions). Results are compared for two blind products (a white 
reflective blind and a dark charcoal blind, - properties as per Table 1) in combination with the 
standard glazing types C & D and with a set of coatings available on the market. 

A dashed line was plotted in each graph aimed at representing the performance of the blind across 
a wider g-value range. This means that the inclination of this line is equal to the Fc factor relative to 
the standard glazing type for each case considered. 

COMBINATION gglass (EN 14501) gtot (ISO 15099) Fc

1. Glass C & white blind 0.59 0.28 0.48

2. Glass D & white blind 0.32 0.11 0.35

3. Glass C & charcoal blind 0.59 0.51 0.87

4. Glass D & charcoal blind 0.32 0.31 0.94

TABLE 4 Glass and blind combinations

FIG. 2 gtot vs gglass graph for a white blind in combination with low-e coatings
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FIG. 3 gtot vs gglass graph for a white blind in combination with high-performance coatings

FIG. 4 gtot vs gglass graph for a charcoal blind in combination with low-e coatings
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FIG. 5 gtot vs gglass graph for a charcoal blind in combination with high-performance coatings

A general good correlation of the various coating products to the reference dashed lines was found, 
particularly for higher g-value ranges. A greater di!erence was observed in Combination 1 and 2 
(White blind), where, at the lower end of the g-value range, the gtot calculated for the specific coating 
combinations appeared to diverge from the dashed reference line by a maximum of 18%. This is 
believed to be due to the complex reflection interaction between the white blind and the coating, 
which might vary depending on the specific spectral properties of the glass. This phenomenon was 
less influent in the dark blind calculations due to their lower reflectivity. 

Analysis results show that reference glazing Fc lines values can be a useful tool during preliminary 
design exercises for predicting the performance of the blind+glass system. However, it should be 
bared in mind that these do not take into account any ventilation phenomenon and might require 
further detailed calculations, particularly for lower g-value glass products.

 4.2 ENERGY MODELLING APPROACH

The traditional way of modelling internal blinds is by setting the glazing g-value and modelling 
internal shading separately by specifying its optical properties (transmittance, reflectance and 
emissivity). A simplified case study was conducted in a Rhino+Grasshopper environment by using 
Honeybee v0.065 plug-in (EnergyPlus based simulation engine) to compare energy simulation results 
from the traditional modelling approach against the ‘Switchable’ glazing approach, as described in 
the proposed work flow approach (Section 3). In one case, blind components were added to the model 
in the traditional way (Method A); In the other case (Method B), the e!ect of the blind was simulated 
by using a fictional ‘Switchable’ glazing construction with a g-value varying between gglass (i.e. blind 
raised) and gtot (i.e. blind lowered). Both cases assumed blinds to be deployed (or glass properties 
to be switched) in case of incident radiation > 350KW/m2. The model consisted of a single thermal 
zone, 6m wide, 9m deep and 4.1m high. The façade comprises 3m high double glazing and an 
opaque spandrel panel at the top of 1.1m height. Glass properties are according to reference glazing 
C (refer to Table 3). Glass framing is assumed to cover 5% of the total glazing area. Spandrel panel 
U-value is assumed at 0.5 W/m2K. Adiabatic properties are attributed to all faces of the box except 
for the externally exposed façade surface. 
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FIG. 6 Shoebox model

The energy model is run for a South orientated façade using IWEC EPW weather file 037760, which 
represents a typical year at London Gatwick airport based on measured climate data. Cooling 
loads are calculated as ideal air loads with fixed ventilation. The modelling parameters of the shoe 
box simulation are based on guidance for typical o#ce space conditions, such as CIBSE Guide A. 
The assumptions are given below. 

PARAMETER VALUE SCHEDULE

Cooling setpoint 24oC Monday to Friday 8am to 6pm

Façade air infiltration 0.15 ACH Constant

Mechanical ventilation 10 L/s per person Monday to Friday 7am to 7pm

Occupant density 0.1 m2 per person Monday to Friday 7am to 7pm

TABLE 5 Energy model assumptions 

The analysis is performed for white and charcoal blind colours with properties as per Table 1. The gtot 
value that represents the closed state of the switchable glazing is calculated with WINDOW 7.7: 

STATE gtot

Open (or light) state 0.59

Closed (or dark) state - white blind 0.28

Closed (or dark) state - charcoal blind 0.51

TABLE 6 Switchable glazing inputs 

Cooling loads are extracted and compared for a summer period starting from 15th May and up 
until 15th September.  
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FIG. 7 Summer cooling load according to Methods A & B

Results from Method A calculations show greater cooling load reductions being achieved by both 
the blind types compared to Method B. Additionally, it is noted that simulations carried out based 
on Method A show a greater cooling load reduction for the charcoal blind compared to the white 
blind, despite a higher gtot value (0.51 vs 0.28). On the other hand, results from Method B show 
a greater cooling load reduction o!ered by the white blind compared to the charcoal blind (24% 
vs 10%, respectively), which appears consistent with the di!erence in the gtot values of the two 
blind types analysed. 

EnergyPlus accounts for inter-reflections between the interior shades and the glass (EnergyPlus, 
2015), a fact which explains the di!erence in results observed between Methods A and B for the 
white blind. However, when looking at the inward flowing portion of the short-wave radiation that 
is absorbed by the blind, EnergyPlus assumes that all absorbed energy by the blind immediately 
flows inside the room through a convection mechanism (Winkelmann, 2001). Hence there might be 
no portion of the absorbed radiation that is re-radiated from the blind as longwave radiation. This 
potentially shows a weakness of Method A to capture the inward flowing heat distribution inside 
the room and could explain the reason the charcoal blind shows greater cooling load reduction 
compared with the white blind. 

Limitations have been identified with the traditional method (Method A) to capture the e!ect of 
internal blinds on the cooling loads, particularly for highly absorbent elements. On the other hand, 
the ‘Switchable’ glazing method (Method B) yields more consistent results that could be used both for 
preliminary shoebox modelling studies as well as MEP whole building energy calculations.

 4.3 CONCLUSIONS AND FUTURE OUTLOOKS

Internal shading systems are identified as an opportunity to bring additional performance from 
an already available “simple” resource that often forms part of the building envelope but is not 
designed/specified to contribute to its e#ciency. The findings of this study showed a number 
of limitations to the approach to internal blinds modelling within traditional whole building 
energy modelling tools, which might risk not allow designers the flexibility to explore comprehensive, 
high-performance design solutions. 

Further work will have to be considered to: Carry out detailed methodology validation tests; Conduct 
physical testing on internal shading systems to reduce performance simulation gap; Refine the 
building energy modelling coordination process; Investigate ways of implementing glare reduction 
parameters and detailed operational controls; Carry out comparative assessments against complex 
solar control façade solutions (e.g. CCF) considering performance, embodied carbon and cost. Further 
collaboration by Façade, Sustainability and MEP engineers, as well as software developers and 
product manufacturers, should be pursued in a jointed e!ort towards increasingly holistic building 
skin design solutions that use the available resources and technologies responsibly and e!ectively, 
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believed to lead the industry to develop further system technologies towards a competitive market, 
encouraging investors to consider their integration within the project base façade specification. 
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Abstract
Tall buildings are increasingly built worldwide due to significant economic benefits in dense urban land use. But super-slender tall 
buildings are very susceptible to wind excitation. Tuned Mass Damper (TMD) and distributed-Multiple Tuned Mass Damper (d-MTMD) 
have been widely investigated passively and actively and proven to be e"cient solutions to mitigate the structure vibration. However, 
they both need additional mass and huge installation space near the top of the building. In this contribution, a new semi-active distrib-
uted-Multiple Tuned Façade Damper (d-MTFD) is investigated that employs the mass of the outer skin of a Double-Skin Façade (DSF) as 
damping mass. The outer skin of DSF at the upper storeys of the building are parallel moveable to the inner skin fixed on the primary 
structure. A design criterion besides the damping of the primary structure vibration is that the relative displacement of the outer skin 
with respect to the inner skin fixed on the primary structure should not be too large. Otherwise, it makes the occupants feel uncom-
fortable and imposes too high constructional demands. Therefore, on-o# ground-hook control is investigated, where the two control 
objectives are optimized using genetic algorithms. One control objective is to minimize the peak top floor acceleration, and the other 
control objective is to reduce the maximum peak relative displacement of all the moveable outer skins. This multi-objective optimization 
results in a Pareto Front, which allows choosing controller settings that yield a good trade-o# between both objectives. The approach 
has been first validated in a simulation with a 306 m benchmark building for a wind speed of 13,5 m/s at 10 m above ground level with 
a return period of 10 years. Acceptable peak top floor accelerations for hotel usage and a maximal displacement between the primary 
structure and the moveable outer skin less than ± 0.5 m could be achieved despite the presence of rolling friction. The variable damping 
coe"cients for the on-o# ground-hook control can be realized by means of a stepper motor in each moveable DSF element which acts 
as a generator using customized power electronics for energy harvesting. An open research question is if the harvested energy will be 
su"cient for enabling a self-sustainable operation of the embedded control system and power electronics. Further validations will be 
carried out in Hardware-in-the-Loop (HiL) simulations in which a currently built prototype of one moveable DSF element will be physi-
cally connected to the simulation of the benchmark building.

Keywords
Moveable façade, double-skin façade (DSF), energy harvesting, wind-induced vibration, semi-active vibration control, super-slender 
tall building, distributed-Multiple Tuned Façade Damper (d-MTFD), multi-objective optimization, Genetic Algorithm (GA), ground-hook 
control



 328 APRIL 9TH 2021 – MUNICH   POWERSKIN CONFERENCE  |  PROCEEDINGS

  Design of Moveable Façade Elements for Energy Harvesting and Vibration Control of Super Slender Tall Buildings under Wind Excitation

1 INTRODUCTION

With our limited ground space and always increasing population in big cities, high-rise buildings 
give us a solution, which can provide more living space on a fixed amount of land. More and 
more super-slender tall buildings have been built around the world. Slender structures are very 
susceptible to dynamic wind excitation. Di!erent methods have been proposed to mitigate the 
wind-induced motion, see e.g. (Altay, Annika, & Klinkel, 2017), (Jafari & Alipour, 2020). Tuned 
Liquid Damper (TLD) and Liquid Tuned Mass Damper (TMD) have been proven to be very e!ective 
for reducing structural vibrations. However, large additional mass and huge installation space 
are required. A new concept using fully active vibration control without any additional mass is 
investigated by the research group from the University of Stuttgart (Weidner, Ste!en, & Sobek, 
2019). Wind loads can be compensated by parallel actuation of actuator-incorporated columns, thus 
reducing the overall wind-induced structural deflection. This concept is quite suitable for lightweight 
structures, but continuous operating energy supply for the actuators is needed for vibration control. 
In this paper, the existing mass of Double-Skin Façade (DSF) is used as damping mass instead of the 
additional mass for traditional TMD, and semi-active control is implemented to reduce not only the 
structural vibration but also the façade vibration. The energy harvesting technique is used to convert 
the vibrational energy to electrical energy as the power source for semi-active control.

The DSF is an e#cient solution for tall buildings, which allows for natural ventilation and natural 
lightening. By using DSF, air-conditioning energy usage can be significantly reduced (Oldfield, 
Trabucco, & Wood, 2009). DSF reduce also the additional heating requirement in winter and 
cooling requirement in summer largely (Weller, Fahrion, Horn, & Pfuhl, 2014). The advantage of 
energy saving has been greatly explored. Its structural potential also has been studied for the use of 
vibration control. Kareem first proposed an approach of using moveable building claddings to isolate 
dynamic wind loads from the structural system, which is similar to the concept of base isolation 
for buildings under earthquake excitation (Kareem, 1994). Moon further developed this approach 
by using DSF (Moon, 2009) and the TMD/DSF damping (DSFD) interaction system (Moon, 2016). 
We also investigated the energy harvesting potential of this approach (Zhang, Schauer, & Bleicher, 
2019). In Moon´s approach, wind loads act on the moveable façade and are transferred to the 
primary structure via springs and dampers. However, if the moveable façades are perpendicularly 
connected and the system is under seismic load, the seismic loads will act directly on the primary 
structure and be transferred to the moveable façades. This system is called d-MTMD, where the 
moveable façade mass functions as damping mass. For d-MTMD under seismic excitation, the 
tuning of the connection is di!erent from that of the façade isolation. Many studies have been 
carried out to investigate and optimize the vibration mitigation performance of d-MTMD with 
perpendicularly moveable façades (Barone, Palmeri, & Khetawat, 2015), (Fu & Zhang, 2016), (Pipitone, 
Barone, & Palmeri, 2018). 

Distributed-Multiple Tuned Façade Damping System (d-MTFD) with innovative parallel moveable 
connections is proposed by (Zhang, Schauer, Wernicke, Wul!, & Bleicher, 2020), and its performance 
for reducing wind-induced oscillation has been intensively studied. Using parallel connection, the 
façade is fixed in the direction perpendicular to the primary structure but moveable in the direction 
parallel to the primary structure. The wind-induced structure vibration causes the parallel moveable 
façades to vibrate, which in turn damp the structure motion. Therefore, a d-MTFD system under 
wind excitation behaves like a d-MTMD system under seismic excitation (Rahmani & Könke, 2019). 
By Moon’s approach using a perpendicular connection, the moveable DSF’s outer skin begins to 
oscillate first; then the oscillation transmits to the primary structure, so making the transmission 
as small as possible is the design objective. The di!erence between parallel and perpendicular 
connection of DSFs is illustrated in Fig. 1. The treatment of the corner is also conceptually presented. 
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In the approach of parallel connection, the movement of the outer skin is covered at the corners, 
as shown in Fig. 1. 

FIG. 1 Concept of the moveable DSF using a perpendicular connection (left section) and a parallel connection (right section) 

In this paper, the proposed d-MTFD system with parallel movable connections is further developed 
and investigated. To realize that the façade’s outer skin is parallel moveable, it is mounted on a guide 
rail system which brings primarily rolling friction to the system. The sliding friction can be neglected 
compared with the rolling friction. So, the inevitable rolling friction ffri,i between the moveable 
façade’s outer skin and fi xed inner skin is considered in this paper, as shown in Fig. 1. With 
consideration of the rolling friction, the d-MTFD system is further optimized with multi-objective 
Genetic Algorithms (GA) based on two defi ned optimization objectives: reducing the peak top fl oor 
acceleration and controlling the maximum peak relative displacement of all the moveable outer 
skins (cf. Section 3). On-o!  ground-hook control is implemented as one form of semi-active control. 
The variable damping coe#  cients for the on-o!  ground-hook control can be realized by means of 
stepper motors which act as generators using customized power electronics for energy harvesting. 
Its energy harvesting potential is estimated by a moveable façade element equipped with a stepper 
motor and electronic system at the top fl oor of the building. The investigation of this system is based 
on a wind direction perpendicular to the front of the building, which only activates the moveable 
façade element on the windward and leeward sides of the building. When the wind blows at di! erent 
angles towards the building, it can be decomposed to be perpendicular to the building façade in two 
directions, which activates all the moveable façade elements. However, investigation in one direction 
is su#  cient for the focus of our research questions.

2 SYSTEM MODELLING

As shown in Fig. 1, the weight of the parallel moveable DSF’s outer skins on each side of di! erent 
storeys is 0.5 mf,i, and the connection is modelled by introducing the façade connection sti! ness 
0.5 kf,i, the façade connection damping coe#  cient 0.5 cf,i and the rolling friction 0.5 ffri,i, where 
the subscript i is used to distinguish di! erent storeys installed with moveable DSF’s outer skin. 
Therefore, the outer skin weight at di! erent storeys is mf,i, and the connection is modelled as kf,i, cf,i

and ffri,i, where i=1,2,…,nf. The upper nf storeys are installed with the parallel moveable outer skin. Fig. 
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2 illustrates the model of a n storey high building with its upper nf storeys using parallel moveable 
outer skin. m1,m2,…,mn are the weights of the building storeys and fw,1, fw,2,…, fw,n are the across-wind 
loads due to vortex shedding. xi (i=1,2,…,n) and xf,i (i=1,2,…,nf) indicates respectively the absolute 
structural displacement of di! erent storeys and absolute façade displacement of the upper nf storeys. 
The model equations given in (Zhang, Schauer, Wernicke, Wul! , & Bleicher, 2020) have been extended 
by considering the rolling friction.

FIG. 2 d-MTFD system modelling with rolling friction 

A Coulomb friction model is assumed for the rolling friction, which can be written in the form 
of Eq. (1) as follows:

where μr is the coe#  cient of rolling friction and N = mfg is the normal contact force. In the rolling 
case, Coulomb’s law only considers the direction of the relative velocity of the façade at each fl oor 
xfr,i, not its magnitude. The rolling friction is opposite the direction of the relative velocity xfr,i. Modal 
reduction (Zhang, Schauer, Wernicke, Wul! , & Bleicher, 2020) is carried out to reduce the model 
complexity, which speeds up the optimization of the system introduced in the next section. Wind 
loads only excite the lower modes, mainly the fi rst mode, because of the phenomenon of lock-in in 
vortex-induced vibration. Therefore, cutting o!  the higher modes in modal space can save a lot of 
simulation time without much loss in the results’ accuracy. 

3 MULTI-OBJECTIVE GA OPTIMIZED SEMI-ACTIVE CONTROL

The d-MTFD system is optimized using a multi-objective Genetic Algorithm (GA). GA is based on 
the biological principle of optimization through natural selection. This method relies on genetic 
operations such as elitism, replication, crossover, and mutation. In GA, a population consisting 
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of many system solutions with di! erent parameter values compete to minimize the defi ned 
fi tness functions (two defi ned objectives), and the successful parameter values are propagated 
to the next generations through a set of genetic rules. For multi-objective optimization, there 
is a trade-o!  between the defi ned objectives. Therefore, a Pareto Front will be generated, 
which plots all non-inferior results. The multi-objective GA optimization is integrated into the 
optimization toolbox of MATLAB.

Two objectives are defi ned in the fi tness function to optimize the d-MTFD system. The fi rst objective 
is to minimize the peak top fl oor acceleration, i.e. min(|| ẍn ||∞), which is an important design criterion 
for high-rise building to ensure its serviceability under strong wind excitation. The limits for the 
perceptible acceleration based on di! erent use of the building can be found in (Sarkisian, 2016). For a 
ten year return wind period, the limited acceleration for the use of an apartment is 0.118-0.147 m/s2; 
for a hotel, it is 0.147-0.196 m/s2; and for an o#  ce, it is 0.196-0.245 m/s2. The second objective is to 
minimize the peak relative displacement of moveable façades and primary structure at the upper 
nf storeys, i.e. min(||[xfr,1,xfr,2, ∙∙∙, xfr,nf]

T ||∞). There are still no regulations for the limitation of the required 
parallel movement of the movable outer skin. However, out of consideration of construction di#  culty 
and the comfort of the occupants, it is desirable to keep the façade parallel movement as small as 
possible. As a remark, design codes like ETAG 002, DIN 18008 and EN 13830 need to be considered 
for the detailed design of the façade elements. These further structural-physical requirements must 
be further ensured but are not the focus of the current research.

The optimization parameters for the semi-active d-MTFD system need to be defi ned before running 
the algorithm. In a semi-active d-MTFD system, the parameters, which can be optimized, are the 
constant sti! ness coe#  cients kf,i, the varying damping coe#  cients cf,i of the connections and the 
number nf of upper storeys that are equipped with parallel moveable façade. The rolling friction ffri,i is 
related to the rolling friction coe#  cient μr, which depends on the material of the contact surface and 
the radius of the roller. In this paper, the system is investigated by considering μr= 0, and reasonable 
values μr=0.005 and μr=0.01. As the wind load excite primary the fi rst mode of the system, the entire 
façade connections can be tuned to the fi rst natural frequency of the primary structure. Hence, the 
sti! ness coe#  cients at all the storeys can be calculated as:

in which ω1 is the fi rst natural angular frequency of the primary structure and mf,i is the 
moveable DSF outer skin mass at storey i, which can be estimated by its area Af,i (both sides) 
and area density ρA.

Ground-hook semi-active control is implemented by using a stepper motor as a variable damper. 
The ground-hook control is altered from the original skyhook control. Skyhook control is developed 
to reduce the vibration of the so-called sprung mass, i.e. the damping mass. Therefore, skyhook 
control can be implied to reduce the response of vehicles, but it is not suitable for motion control of 
high-rise buildings. The ground-hook control is thus developed which aims to reduce the vibration 
of the so-called unsprung mass, i.e. the building structure (Demetriou, Nikitas, & Tsavdaridis, 
2016). For a simple TMD system, ground-hook control has been applied to reduce the structural 
response (Koo, Ahmadian, Setareh, & Murray, 2004). In this paper, Velocity Based Ground-hook (VBG) 
control is implied in the d-TMFD system. The on-o!  VBG control logic can be summarized in the 
following equations:
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The corresponding on-o!  façade damping coe#  cients can be calculated as:

The on-o!  damping ratio ξlow,1 and ξhigh,1 at the lowest fl oor, the on-o!  damping ratio ξlow,nf and ξhigh,nf 

at the highest fl oor and the on-o!  damping ratios of three evenly distributed fl oors in between 
are selected as the optimization parameters of GA. The searching scope of the damping ratio is 
set up based on the reference optimum damping ratio ξref of a single TMD system (Den Hartog, 
1985). The upper and lower boundary of the searching scope also considers whether the damping 
coe#  cients can be practically achieved by stepper motors later. Piecewise linear interpolation is 
used respectively to determine the on-o!  damping ratios of fl oors between the selected optimized 
damping ratio. The upper nf fl oors installed with moveable façade is also used as a parameter. There 
is a total of eleven optimization parameters in the GA, as shown in Fig. 3.

FIG. 3 Optimization parameters of semi-active d-MTFD system 

4 RESULTS FOR BENCHMARK BUILDING

In this paper, the model of a 76-storey 306m high benchmark building with an aspect ratio of 7.3 is 
installed with the parallel moveable façades in the upper storeys for analysis. Yang et al. described 
all the details and the mathematical model of this benchmark building (Yang, Agrawal,, Samali, & Wu, 
2004). The fi rst fi ve natural frequencies of this building are 0.160, 0.765, 1.992, 3.790 and 6.395 Hz. 
The structure damping ratio has been taken from the benchmark building using Rayleigh´s 
approach and is 0.01 for the fi rst fi ve modes. Its slenderness makes the building sensitive to wind 
excitation. The across-wind loads acting on this benchmark building are measured from the wind 
tunnel test based on a scaled model (Samali, Kwok, Wood, & Yang, 2004). The referenced mean 
wind velocity of 13.5m/s at 10 m above ground level with a return period of 10 years represents the 
serviceability level winds at which occupant’s comfort is an important design criterion.
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FIG. 4 Pareto Front of multi-objective GA optimized on-o!  VBG semi-active d-MTFD system with di! erent rolling friction 
coe#  cient (left); Peak façade relative displacement at di! erent storeys for Case 1 (right) 

The upper nf storeys of this benchmark model are installed with the parallel moveable DSF. 
The searching scope of nf is set between 5 and 30. The weight of 50 moveable DSF’s outer skin 
elements (25 elements coupled on each side) of each storey is 30 t, calculated in Section 5. As all 
these connections at upper nf storeys are tuned to the structure´s fi rst natural frequency ω1=0.16, 
all the sti! ness coe#  cient can be calculated based on the Eq. (2). The reference façade damping 
ratio ξref can be calculated as 0.055 when the upper 30 storeys are installed with d-MTFD system. 
The searching scope of all the selected damping ratio to be optimized is set between 0.004 and 0.15. 
The population size of the GA is set to 150 and then evolved for 50 generations. The optimized results 
of a semi-active d-MTFD system with a rolling friction ratio of 0.0, 0.005 and 0.01 are presented 
in the Pareto Front, as shown in Fig. 4 (left). As observed from the plotted Pareto Front, a trade-
o!  between these two objectives always exists. The inevitable rolling friction has a big infl uence 
on this system. A large rolling friction coe#  cient can result in a weakened function of reducing 
peak fl oor acceleration.

Case 1 with the rolling friction ration of 0.005 is chosen for further analysis, as shown in Fig. 4 
(left). There are no regulations for the movable outer skin about the maximum allowable parallel 
movement. ±0.5 m maximum façade displacement is selected as the limitation. Case 1 has satisfi ed 
this limitation. The peak façade relative displacement at di! erent storeys of Case 1 is plotted in 
Fig. 4 (right). Due to the existence of the rolling friction, the moveable façades at lower storeys 
have di#  culties to overcome the friction. Therefore, the lower storeys have a smaller contribution 
to damp the structural motion. By adding the upper nf storeys with moveable parameter as an 
optimization parameter, non-functional or less functional lower storeys can be automatically deleted 
during the optimization. In the optimized Case 1 with nf =29, the peak façade relative displacements 
at upper storeys are optimized to almost the same value, proving that using piecewise linear 
interpolation is reasonable.

The uncontrolled benchmark building with a fi xed façade under the same wind excitation is 
compared to Case 1. The (1) peak top fl oor displacement ||x76 || ∞, (2) Root Mean Square (RMS) value 
of top fl oor displacement x76

rms, (3) peak top fl oor acceleration || ẍ76 || ∞ (4) RMS value of top fl oor 
acceleration ẍ76

rms, (5) peak top fl oor façade relative displacement ||xfr,nf || ∞, and (6) RMS value of top 
fl oor façade relative displacement xfr,nf

rms are listed in Table 1.

SYSTEM FIXED FAÇADE VBG (CASE 1)

|| x76 || ∞ (m) 0.346 0.321 (-7.23%)

x76
rms (m) 0.116 0.087 (-25.00%)

>>>
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|| ẍ76 || ∞ (m/s2) 0.269 0.195 (-27.51%)

ẍ76
rms (m/s2) 0.104 0.068 (-34.62%)

||xfr,nf ||∞ (m) / 0.483

xfr,n
frms (m) / 0.139

TABLE 1 Comparison of structure with Fixed façade and VBG (Case 1) 

As shown in Table 1, compared with the uncontrolled structure with fi xed façade, Case 1 has better 
vibration damping performance. For top fl oor displacement and acceleration, the reduction 
percentage compared with the structure with fi xed façade are also listed in Table 1. For the top 
fl oor displacement, the design requirement h/500 (h = 306 m is the height of the building) is easy 
to meet even without an extra damping system. Therefore, the top fl oor displacement is not chosen 
as an optimization objective. The top fl oor acceleration becomes more dominant in the design of 
tall buildings under wind excitation. The structure with a fi xed façade does not meet the design 
requirement; with VBG semi-active control, Case 1 is on the edge of the design limit as a hotel. 

To estimate whether autonomous operation of the semi-active control is possible, the 
average dissipated power in the damper units (stepper motors) for the entire building is 
calculated based on Eq. (5):

where T is the total simulation time of 10 minutes. For the selected Case 1, the average dissipated 
power is 1.09 kW with consideration of rolling friction. About 40% of the dissipated power can be 
estimated to be harvested with consideration of the energy harvesting circuit consumption, copper 
loss and parasitic damping loss (Shen, Zhu, Xu, & Zhu, 2018). Therefore, the average harvested power 
is estimated at 0.436 kW. An open research question is if this limited energy output will be su#  cient 
for enabling a self-sustainable operation of the embedded control system and power electronics.

5 MOVEABLE DOUBLE-SKIN FAÇADE ELEMENT 
AND DEVELOPMENT OF A PROTOTYPE

After di! erent possible methods of integrating all the mechatronic components in a moveable 
double-skin façade element have been investigated, the preferred solution is proposed and developed 
together with Josef Gartner GmbH. The detailed section is shown in Fig. 5. The fi xed inner skin of the 
proposed system, which is made of an aluminium unitized element, is mounted to the fl oor ceiling. 
The movable outer skin is connected to the fi xed inner skin using smooth-running guide rails at 
the top and bottom. The damper unit, which means the stepper motor with corresponding control 
and energy harvesting circuit, and the blind are in the cavity and mounted to the fi xed inner skin. 
The moveable double-skin façade element is to be completely pre-assembled in the factory and 
then mounted as a unit.
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FIG. 5 Details of the proposed moveable double-skin façade element 

Based on this proposed solution, a prototype is developed to test the d-MTFD system. A rendering of 
the current prototype is shown in Fig. 6. In the benchmark building, the height of the DSF element 
at the top fl oor is 4.5 m. However, considering the possibility of transport and installation in the lab 
at BTU Cottbus - Senftenberg, a façade element with a height of 2.8 m and a width of 2.6 m was 
designed, which corresponds to a 4.5 m × 1.6 m same area sized façade element at the top fl oor 
of the benchmark building. If the corners of the benchmark building are not cut, each side of the 
benchmark building is 42 m long. This results in 25 elements with a width of 1.6 m on each side and 
50 elements in total on each storey. The total length of the moveable façade elements at one side is 
then 40m leaving 1m space at each corner of the building for the unhindered façade movement.

The weight of the moveable outer skin of the prototype, including the weight of the guide rail system, 
is approximately 600 kg. This 600 kg element is taken out of the building simulation as hardware-in-
the-loop (HiL). On the top fl oor, the remaining 49 moveable façade elements are still running in the 
simulation. Details about HiL are given in Section 6. 

The prototype consists of a base frame and a building frame, as shown in Fig. 6. The building frame 
can slide on the base frame through rollers with low friction. The building actuator works together 
with the building spring system to ensure that the motion of the building frame reproduces the 
motion of the top fl oor of the 76-storey high benchmark building under wind excitation precisely. 
The fi xed inner skin of the DSF is mounted on the building frame, and the moveable outer skin is 
connected to the fi xed inner skin through smooth-running lower and upper guide rails. Therefore, 
the outer skin is parallel moveable, and its motion is limited to ±500 mm. The damper unit, which 
consists of the stepper motor with corresponding power electronics, is installed in the connection 
to realize energy harvesting and semi-active control. The sti! ness of the spring system in the 
connection is determined using Eq. (2), but is based on the real mass of the moveable outer skin. 
The stepper motor is the core element in the damper unit, which works as a generator to harvest 
energy and as a variable damper to realize semi-active control. The components of the damper 
unit for semi-active control are illustrated in Fig. 7. The relative movement of the outer skin is 
transmitted to the stepper motor through motion transmission and converter (rack and pinion). 
Through an encoder, the relative movement of the outer skin is measured. The building movement 
is measured by the inertial sensor. Based on the measured information from the encoder and the 
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inertial sensor, the ground-hook semi-active control algorithm in the embedded system can adapt 
the control signals of the power electronics so that the optimized, time-varying damping coe#  cient 
can be realized by the stepper motor. The force sensor in the motion transmission is only used for 
testing the prototype using hardware-in-the-loop simulation (cf. Section 6). A great advantage of this 
implemented control concept is that each façade element is an independent mechatronic vibration 
damper with control and sensors. No information exchange between the façade elements is required 
for e#  cient damping.

FIG. 6 Rendering of the developed prototype to test the system 

FIG. 7 Components of the damper unit 

6 HARDWARE-IN-THE-LOOP CONCEPT

After production, the prototype will be tested using hardware-in-the-loop (HiL) simulations. 
The 76-storey high benchmark building under wind excitation will be completely simulated with one 
missing façade element. This missing 600 kg façade element mounted on the moving building frame 
will be physically presented as this prototype (i.e. hardware), as described in Section 5. The diagram 
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of the HiL simulation is illustrated in Fig. 8. The hardware part (prototype) in this illustration is a 
top view. To consider the infl uence of the moveable outer skin on the simulated building dynamics, 
the interaction force between the moveable outer skin and the fi xed inner skin need to be measured 
using a force sensor and will be fed back to the simulation model. To make the motion of the 
building frame similar to the top fl oor motion of the benchmark building in the simulation, a 
linear–quadratic regulator (LQR) controller with rolling friction compensation will be used to control 
the building actuator.

FIG. 8 Hardware in the Loop (HiL) simulation 

7 DISCUSSION AND CONCLUSIONS

In this paper, the innovative d-MTFD with consideration of rolling friction is studied using optimized 
on-o!  ground-hook semi-active control. Multi-objective GA is used to fi nd the optimum parameters 
to reduce the building acceleration and to reduce the maximum relative displacement of the entire 
parallel moveable outer skin, which ensures the serviceability of the system. By implementing 
the optimized VBG semi-active control, despite the presence of rolling friction, acceptable peak 
top fl oor accelerations for hotel usage and a maximal displacement between the structure and the 
moveable outer skin of less than ± 0.5 m can be achieved. The prototype for the d-MTFD system 
and the planned HiL simulation based on the built prototype are introduced. The energy harvesting 
performance and vibration damping performance will be validated based on the real prototype after 
production using HiL simulation. Autonomous semi-active control is foreseen.
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