TUTI

Combating User-Behaviour Variations
with Robustness in Building Design

A Study of Two Existing German Office Buildings

M.Sc. ClimaDesign
Department of Architecture at the Technical University of Munich

Supervised by Lisa Nanz, M.Sc.
Department of Building Technology and Climate Responsive Design
Dipl.-Ing. Tobias Fiedler
Transsolar Klimaengineering GmbH.

Submitted by Lakshmishree Venu Gopal
Rheinsburgstralle
70197 Stuttgart

Submitted on Munich, 02.10.2018






Acknowledgement

Dedicated to my parents.

This master thesis was only possible with the constant support of Tobias Fiedler, Vu

Hoang, Lisa Nanz, Thomas Auer and Transsolar Klimaengineering GmbH.



Lakshmishree Venu Gopal

Declaration of Authorship

| confirm that thisMast er 6s thesis is my own work and
sources and materials used. This thesis was not previously presented to another exam

board and has not been published

Lakshmishree Venu Gopal

02.10.2018, Stuttgart

Erklarung

Ich versichere hiermit, dass ich die von mir eingereichte Abschlussarbeit
selbststandig verfasst und keine anderen als die angegebenen Quellen und Hilfsmittel

benutzt habe.

Lakshmishree Venu Gopal

02.10.2018, Stuttgart



Combating User-Behaviour Variations with Robustness in Building Design

Abstract

Motivation: In the current design practice, many assumptions about the building operation
are considered by the complex dynamic computer simulations to estimate building
performance. But occupant behaviour is one of the most fluctuating boundary conditions
that has a significanti nf | uence on a b uAhotisticsaubos tomekletheo r manc e .
regularly expected variations in occupant behaviour and, in turn, reduce Performance Gap
is to design robust buildings. Robustness in building performance is the ability of the
building to withstand variations without significantly affecting its performance in terms of
energy consumption or thermal comfort. In simpler terms, robustness is the stability and
reliability of a buildingd performance. An evaluation of robustness of constructed buildings
can provide insights about the practical implications of their design decisions and support

the theoretical studies of building robustness and robust optimization.

Methodology: An uncertainty analysis of variable user behaviour of two constructed office
buildings in Germany was done to compare their performance robustness in terms of
energy consumption as well as thermal comfort. A Post Occupancy evaluation and a
behaviour analysis was conducted. The offices of four occupants in each building were
monitored and their interaction with the building was studied.

Conclusion: The observed behaviour of the occupants of these two buildings does not
match the assumed behaviour used for BP simulations. This can lead to inaccurate energy
demand consumption predictions. The behaviour analysis found that occupant behaviour
is inconsistent and unpredictable. For example, the measured CO2 levels when windows
were opened ranged from 400-2000 ppm; Automatic shading controls were often
overridden by 80% of the sample group; Decentralized mechanical ventilation systems

were under used because the occupants may not know how to operate it.

The theoretical robustness analysis found that the more robust building had smaller
windows, higher thermal mass, automated shading systems and slightly higher room
volume had a lower overall heating and cooling energy demand. The parameters that most
influence energy demand (amongst those than can be altered by an occupant) are:
thermostat set point temperatures, shading, CO2 threshold and number of occupants. It
was found that a two degree increase in the heating setpoint could double the heating
energy demand. In conclusion, the findings indicate that a more robust building can
perform better in combating the regular variations caused by occupants than a sensitive

one.
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1 Introduction

1.1 Motivation

"Observations throughout the world make it clear that climate change is occurring,
and rigorous scientific research demonstrates that the greenhouse gases emitted by
human activities are the primary driver." (NASA, a statement from 18 scientific

associations 2009).

Globally, buildings account for 30% of the total greenhouse gas emission (Levine
2007). The power production industry reduced carbon emissions by 17% since 2012, while
the building sector increased by 5% in the UK (Committee on Climate Change UK 2016).

An important part of successfully designing energy efficient buildings is their
accurate energy performance predictions. Findings from studies such as PROBE (Post
Occupancy Review of Buildings and their Engineering) found that the actual consumption
was oftent wi ce the predicted among exerptard2e3s i bguisléd iinng
the building services journal (Orme 2014). While a building may satisfy the building
regulations, it may not perform as well as predicted. This gap in the prediction and actual
performance is known as performance gap (Robinson, Taylor, Foxon 2015). Accurate
performance predictions are also important in making zero carbon as well as near-zero
carbon building design work practically (Kotireddy, Hoes, Henson 2017). This,

consequently, can facilitate carbon emission reduction goals.

1
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Why is robustness needed?

In the current design practice, many assumptions about the building operation are
considered by the complex dynamic computer simulations to estimate building
performance (Kotireddy, Hoes, Henson 2017). This is usually done either to simplify the
calculations, reduce computation efforts and time; or it is simply due to lack of reliable
data. The impact of these uncertainties is higher and more critical in low/net-zero energy
buildings (Maler, Krzaczek, Tejchman 2009). There are many uncertainties that cause
performance gap and they cannot be accurately predicted. User behaviour, automated
system malfunctioning, climate change are some examples. These are rarely considered
during the design process. One of t he most common and Ocertai
behaviour because humans have individual preferences and thresholds which are hard to
generalise. User behaviour also has a great impact on the energy consumption of a

buil ding. A Owast ef ul 6 hawesdauple thep @mstmptiom of @aan easi |
@onservativebd be7haoweveruiri f( Dao dchraXicias to produce
di scomfort, people react i n way@EabivehAl 2013).t end t o

Therefore, it is important to look at causes of discomfort to reduce the changes users

make.

Good building performance relies on the efficient behaviour of users. Automation of
building systems is done to reduce this dependency since user behaviour is inconsistent.
For example: HVAC/ mechanical ventilation to replace window operation, automated
shading systems to avoid summer overheating when occupants do not manually close it
or are not present, or motion-sensor/ daylight-controlled lighting. In theory, these systems
are meant to improve building performance, but malfunctioning and occupants overriding
them occur frequently. i Manual overr i dhehighgperfermace ogeratodof f or
dynami ¢ {Bakken et al.2@l4). ithe level of automation should be made carefully,
taking account of the special qualities of each system without neglecting the individual
differences between users. Full automation is not suitable for systems that considerably
affect indoor environmental comfortd ( Kar j a | aFurther nanceBtdinfie3 are added
such as system malfunction, incorrect control signals due to insufficient sensors,
incorrect/incomplete programming which can annoy occupants and trigger manual

override.

A holistic solution to tackle the issue of uncertainty and, in turn, performance gap is
to design buildings to withstand these variations instead of trying to make the simulations

and boundary condition predictions more accurate, which yet may not remain valid

2



Lakshmishree Venu Gopal

throughout the lifespan of a building. For example, a change in the function of a building,
sometime during its lifespan, changes the performance. Performance robustness
assessments which take uncertainties into account, should be an integral part of the
design decision-making process (Kotireddy, Hoes, Henson 2017). A robust building is one
that performs reliably in terms of energy and comfort regardless of variations. Simply put,

a building that is less reactive or insensitive to external changes.

The concept of robustness is already in vogue in fields like structural engineering,
but the research and practice are not comparably cultivated in the field of building
performance and passive design. Although robustness is about realistic building
performance, not much literature exists on the performance robustness of constructed
buildings. An evaluation of robustness of constructed buildings can provide insights about
the practical implications of their design decisions and support the theoretical studies of

building robustness and robust optimization.

Consequently, this thesis conducts a case study to assess the 6 per f or mance
robustnessd of two constructed office buildings in Germany. Two are studied for
comparison since there are no established standard metrics to measure performance
robustness. They were designed for having a low net- as well as source- energy
consumption. Furthermore, behaviour patterns are studied by surveying, interviewing and
monitoring the current users in order to understand, justify and emphasize the necessity
for performance robustness in building. The thermal energy simulation details from the
designers are compared with the observed behaviour. A parametric analysis to compare
the performance robustness of the buildings. A second analysis is done to identify and
highlight the parameters that critically affect the performance of these particular buildings

and these parameters should be given importance while designing for a similar climate.

1.2 Hypothesis

Robust optimization in building design can help tackle the inevitable variations in the

boundary conditions caused by users, and in turn, reduce the performance gap.

Complete or partial Automation alone without passive building design measures

may not be the solutiontothe6 pr obl emé of var.ying user behavic
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1.3 Structure

This study investigates the robustness of two office buildings which are in use and
studies the effect of user-behaviour variations on building performance. To establish the
necessity and importance of designing buildings which are robust against behaviour
variations, the behaviour of the users of both buildings is studied. This is done to find,
understand and emphasize the existence of user behaviour variations. Studying user
behaviour is an extended part of the Post Occupancy Evaluation (POE) and is required to
find out the perceived satisfaction of users. Hence, the thesis is divided into the following

parts:

Literature study: This chapter explains the concepts that are central to the thesis such

as 6Post Occupancy Eval uationé, 6Perf ormance
optimization in building designé; as well as t
them.

Post-occupancy evaluation: This chapter studies both the buildings in detail and

outlines the similarities, differences in the architecture, planning, climate and energy

concept. The bui | di n g 6andtheeperteivad setisfaction of the occupants

are investigated. The findings and consequential recommendations from the

interviews, anonymous surveys and monitoring are outlined.

User-behaviour analysis: This chapter studies the user behaviour by interviewing

and monitoring some o0 acangnamousswveyir an efforetes and by
derive a realistic understanding of how they operate the different systems they have

access to such as windows, shading, heating etc. The consistency of the behaviour

and general thresholds and personal preferences are examined and compared with

the conventional building energy simulations methods. This emphasizes the

importance of correct behavioural assumptions in predicting energy performance

accurately, which is a highly important aspect of minimizing the performance gap.

These findings also provide the justification for the need for robustness in building

design as well as for the values used for the boundary conditions in the sensitivity

analysis performed in the next chapter.

Robustness analysis: In this chapter, sensitivity analysis of both the buildings is done

by parametrically simulating hundreds of behaviour patterns to find out how they

perform and how robust they are in terms of energy consumption and in their ability to

provide thermal comfort Thevdlidationofhoththé wodelsst 6 beh a\

is also explained.
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Parameter influence: The influence of parameters is investigated so that the
parameters which have the greatest influence on the performance can be identified.
These critical parameters should be given more importance by designers while
designing buildings in a similar climate.

Discussions & conclusions: this chapter ties all the parts of the thesis together and
discusses, in further depth, the findings of all the chapters with reference to the central

hypothesis.
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Literature review

1.4 What is Performance Gap in Buildings?

6Per f or mantheexistenqe df aidiference between the predicted energy
demand of a building and its actual energy consumption after construction (Robinson et

al. 2015).Buté per f ormance gapb6 is not a new concept

context of employee performance, for example, when the profits are below expected, and
the main reason is found to be the underperformance of the employee, it is called
Performance Gap. If the machine is not as efficient as it is supposed to be for some reason,
it can be said that there is a performance gap. Similarly, a building, which is essentially a
complicated machine, can under-perform and that would be called a performance gap.
However, unlike a machine, which is manufactured in ideal factory conditions and with

identical specifications, a building has many more reasons to deviate from the ideal. A

a

buildingbs specification changes dempxdndinitgdson

budget, availability of materials etc, which is also more difficult to be executed exactly as
specified on site. Never the less, literature study found that even the building featured in
the buildingss er vi ces ¢xeamplard @ ls i @ s smeasuraddeneagy consumption

of up to two times the predicted value (Orme 2014).

Modern dynamic energy models are sophisticated tools but are only as good as the
input data. The accurate simulation of an occupied building is not very easy because it

involves many inputs that may not be known or may have changed in design and not
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updated in the thermal simulation model. This could be aided with good feedback from

existing buildings to give a better understanding of the effects of operation and controls

(Austin 2013). A Performance Gap project commenced by the Zero Carbon Hub in the UK

in 2013 to aid the achievement of the 62020 Am
buildings should perform better than or at least meet their designed performance and
recommended t hat future performance -bat hhdards

performance to help fulfil this ambition (Zero Carbon Hub 2014)

The existence of a performance gap may be comprehensible, but its widespread
existence can be a problem for lowering our carbon emissions and to making buildings
more practically efficient. According to Carbon Trust: Gap can vary within 16% in best
practices to five times in worst one (Carbon Trust, 2011). Performance gap in buildings is
a widely researched and established topic because it has far more magnitude and
common occurrence than it should. Accor ding to the Property data s
report only 5% of the surveyeOfte&E”hGobUlosks per f or me
surveyed, 3,039 blocks have all survey records graded A0 ( PDSP r e, weret 2015)

grade A has been defined as fiGood i Performing as intended and operating efficientlya

There have been advances in building technology and design to optimize
performance and reduce energy consumption. Today it is even possible to create buildings
that produce more energy than they consume. This is only possible with advances in the
production as well as the demand side. In other words, maximising production and
minimising energy consumption. Even with sufficient technical knowledge, the existence
of Performance gap is widespread. Investigating the reasons for performance gap and

educating the working public about it is vital to reducing it.

1.4.1 Causes of Performance Gap

The literature on the causes of Performance Gap is vast and it shows that
Performance gap can be caused due to a variety of reasons. This is because building
science is a complicated. It not only involves theoretical expertise but also perfect
execution, management and operation involving several entities which need to work
together and communicate. The literature consists numerous research exploring the
causes and also of many different explanations simplifying and organizing the causes to
better illustrate and educate the entities in the related fields, some of which are described

here.
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Th ehreéfoldlinkd i s one o fwhidh digded the eauses @& those that
can occur in different st a @ ®asignp donsteuctidnwamdl di n g 6 s
operation, illustrated in Figure 0.1. Recommendations to reduce performance gap are
described for these three phases. A buildingd design must be robust and understandable,
without mistakes or omissions of details, so that it can be correctly executed as well as
operated when special climate concepts are used. The assumptions made in energy
simulation modelling must be as accurate as possible without omitting areas or
underestimating loads and behaviours. The construction must be carried out faithful to the
drawings and in the case of missing information of designs, they must not be solved
without consultation of the designers or energetic considerations of the alternate solution,
for example, changes in materials, joining details, etc. The mechanical systems must be
monitored and streamline correct functioning ensured after construction. The operation
must be as intended by the design and mechanical systems must be regularly checked

and maintained for efficiency (Austin 2013).

Two of the four conclusions mentioned by the Zero Carbon Hub in the report

highlights the inaccuracy in current ﬁ‘&b

building simulation modelling and &;ja?

stresses the importance of {f‘g Qﬁi‘jﬁ@n&&

conducting tests on completed 'Jz‘gﬂﬁa qe,*‘“} .
buildings. It mentions that the & qﬂ\;j@ﬁ‘o ?é,-a“&c ‘?ﬁi&@%‘;
simulation inputs fdo not truly reflect / / 7 &b&&t\i@*@
the features of a completed home, \b%a“fn“jé“nb

this could significantly contribute to Design T

the Performance Gapa They m///
recommend that sensitivity tests

must be done to analyse the risks —

associated with the different potential n

errors due to assumptions made in Operation J g}%:,% %¢&

the inputs while calculating the ‘\&\\F\ %*?j u@%
energy consumption. On the other ,c,jﬁ{:@rj%%, (’_%%;:;,)& *?fa%% “'q%
side, i T e s of commleted dwellings “*%ﬂf’ar;“vq,f%:&%:%@ %,F% i
is important to establish the nature @;ivﬁ,;%;’%%r%% %ﬁ
and scale of the Performance Gap, J;'j%&:?q,@j, o %

both in terms of components and the %'%:*’é-

whole system. While testing of
Figure 0.1 Factors affecting Performance Gap

individual products takes place to the (Austin 2013)
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relevant British and ISO standards under specified conditions, it is important to understand

how products perform on-site in conjunction with one another.60(Zero Carbon Hub 2014).

There are many assumptions used for the calculation of building energy and it is
almost impossible to avoid them entirely. A dynamic building energy simulation model
calculates the various heat gains, through solar heat gains, ventilation gains, internal loads
such as people, equipment, heating systems, etc., and parallelly the heat losses through
radiation through windows, conduction through walls/ windows/frames, ventilation losses
when windows are opened, etc. Natural ventilation is affected by wind direction, speed,
internal and external temperatures, etc. These are just some of the factors that affect the
complicated simulation which calculates this heat balance for a year in the defined
timestep and collectively provides the estimated energy consumption. The simulation only
calculates based on approximated inputs due to the many uncertainties that exist in real
life. Although the physical aspects of the building such as wall materials, windows and
their U-value, can be accurate. Assumptions are made about occupancy, window/
shading/ lighting.

The driving factors of energy use in buildings were identified by the International

Energy Agency as:
(1) climate,
(2) building envelope,
(3) building energy and services systems,
(4) indoor design criteria,
(5) building operation and maintenance, and
(6) occupant behaviour.

firhere lacks scientific and robust methods to define and model energy-related
occupant behaviour in buildings. These behaviou
operable windows, lights, blinds, thermostats, and plug-in appliances. The importance of

the Ahuman factoro in buil di nlfanptalrpp20d5nance si mul

fiOccupant behaviour affects building energy consumption significantly and is a
l eading source of uncertai nt yHoésretalp20@yTestst i ng bui |
on the occupant behaviourds influencsethen buil di
importance of understanding behaviour and its effects. For example, the energy saving

potential by increasing building insulation depends heavly on t he occupantsod u:
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heating systems (Mathioulakis 2002). A monitoring of light control in 10 offices found that
the illuminance threshold of individuals for switching the lights on varied significantly from
one another. Another study found the variation to be between 230 and 1000 lux (Al-Mumin
et al. 2003) Thermostat setpoint could vary from below 19°C to above 25°C according to

another study (Brager et al. 2004)

Understanding the reasoning behind occupant behaviour can be complicated since
they vary from individual to individual. The same research found that windows were
opened by some and closed by others under the same thermal conditions (Brager et al
2004). Indoor air quality is indicated to be the primary factor for opening windows during
winter, while outdoor noise for closing them in the summers (Haldi 2008). Some other
reasons for window operations were indoor humidity and weather conditions (Mahdavi
2012).

The operations of the shading may have a psychological driving factor in addition.
Occupants kept the shading open to maintain view and a connection to the outside in a
study of a naturally ventilated building (Zang, Barrett 2012). While occupants were found
preferring to keep them shut when their windows faced other building for privacy reasons
(Foster, Oreszczyn 2001). The reasoning for each behaviour from these finding may seem
understandable and obvious, however, deriving a common behaviour to assume in the
energy modelling becomes an almost impossible task considering the number of

variations.

Static uniform schedules are used to represent occupants in building simulation
tools (Hoes 2009). For example, while modelling an office building, the inputs assume that
an occupant is present from 9 am to 6 pm for five days in the week. This does not consider
vacations or visitors which can affect the energy consumption. The complex influence of
occupant behaviour on building energy consumption and the indoor environment cannot
be correctly modelled and calculated with simplifications (Dong 2014). A case study
comparing occupant behaviour to the energy concept of a naturally ventilated building in
Germany found i The wimdew openiagntiméseanswinterfare in 101 25% of
the days too long. The window opening in summer is in 107 40% of the times not supporting
the building concept due to windows being opened while the outdoor temperature is higher
than the indoor air temperature.0 (S c-Bkbakan di al. 2014). Indicating a less than ideal

behaviour which is not assumed during designing.

Automated systems such as automatic shading, automated lights, mechanical
ventilation or air conditioning with non-openable windows started trending in an attempt to

minimise occupants operating the systems or windows. However, some problems with the

11
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automated systems are often technical malfunction, insufficient control programming,
inaccurate sensors signalling the controls, and occupants overriding them. When the
automated operation is overridden, the energy consumption deviates from the prediction.
For example, when the shading is manually opened when is supposed to be closed to
block solar radiation, space can get overheated and extra energy would be needed to cool.
A five-month study on 40 office buildings having automated exterior shading found that
73.6% of all the blind adjustments were initiated by the user and that in a majority of the
offices, the automatic mode was permanently switched off. Although, the comfort ratings

were slightly lower by manual mode users (Meerbeek 2014).

It is important for the productivity and health of the users for them to be comfortable
in a building in which they spend a major amount of their time. A study shows that a real
financial yield can be obtained by increased employee work engagement with good user
comfort of the workspacea nd s oci al s bhepdsitivie impabt bflcertainfeaturés;T
such as operable windows and the absence

(Feige at al. 2013). i Ma n u a | overr i dte higls-perfosnaneendpearadidn off o r

dynami ¢ f(Bakkex dt@als2014). fFull automation is not suitable for systems that

considerably affect indoor environmental comfort.d6 ( Kar j a | .aNhichemreangtBal 3 )

forcing a completely automated system without the freedom to override is not the best
option. It is necessary to find a balance between user comfort and optimized building
performance. In this context, it becomes important to understand the behaviour of the user:
why are they unsatisfied with the operation, what is their preference or priority of one

comfort parameter over the other which leads them to override the automatic operation.

E. g. Il s 6view to the oeiestingdeheating bbydlockingpotar t a nt

radiation?

This thesis, therefore, studies the occupants with interviews and monitoring to better
understand their interaction with the building, and thus, compare in the inputs of building
energy simulations and the reality. This would help increase accuracy in energy

predictions and, in turn, reduce performance gap.

1.5 Post-Occupancy Evaluation needed to reduce Performance

Gap

Post-Occupancy Evaluation or POE is the process of evaluation buildings in a

systematic and rigorous manner after they have been built and occupied for some time.

12
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(Wolfgang et al. 1988). In other words, it is the investigation of a building to find out its
functioning, success and shortcomings while it is already in use. This may be done by
various interested entities such as architects, clients etc. The precise definition of POE is
adaptive as it is used to address a variety of issues and embraces a variety of

methodologies to do so (Rowena et al. 2018).

Evaluation and feedback are key to the improvement of building design and
technology. POE studies can provide knowledge about the success and failure of designs
and systems. They can help identify and solve any issues that the building might have or
streamline operations to make the building more efficient in its energy consumption and
satisfactory to the users. The widespread occurrence of performance gap, as mentioned

earlier in the literature study, highlights the importance for the need of POEs.

Some of the benefits of POE as mentioned by a Guide by the University of
Westminster and the Higher Education Funding Council for England (HEFCE 2006).

i.  Finding and solving problems in buildings
ii. Feedback directly from user needs/ dissatisfactions
iii.  Informed decision making
iv. ~Forbui | dadaptgtionsfor efficient usage or to change in usage
v.  Accountability of designers for the buildingd performance

vi.  Long-term improvements/maintenance of building performance

The most important benefit of a POE is that it helps ensure the practical success of
a (theoretical) design, helps designers understand what works practically and learn not
only from their own experience but from the experiences of other designers, leading to a
faster and better evolution of building design. Benefits can be maximised if the information
from POEs is made available to a wider audience and not just within the institution which
is evaluating. Information from POEs can help create a database about success stories
and learning from failures and provide useful benchmark data with which other projects

can be compared.

It can be used for many purposes such as to audit the construction process, to
ensure good quality design, monitor building performance or to improve the strategic
decision process. It is useful to Architects, building physicists, users, building owners,
developers, or people in other related fields such as home automation, or manufacturer or
certain components because a POE investigates the success and shortcomings of the

building for learning and future improvements (HEFCE, 2006).

13
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Since the definition of POE encompasses a holistic overview of a constructed
building, it can include many aspects of interest, from the qualitative user satisfaction with
interior design to monitoring of mechanical systems. For example, an Architect might be
interested to find out the satisfaction with a new circulation and arrangement pattern
implemented in the planning. A mechanical engineer might be interested in the functioning
of the automated systems. A Client might be interested in the energy performance of the
building and not about the user satisfaction with the interior design. For this reason, each

POE is generally adapted to the interest of the entity conducting it.

Performance Gap can occur due to a variety of reasons as mentioned in the
previous chapter, a big portion of which occurs in the operation and usage of the building.
POEs are essential to the diagnosis and rectification of these problems, which can, in turn,
reduce the actual energy consumption and bring it closer to its designed value. The Royal
Institute of British Architects (RIBA), mentions, fi P oQGct¢upancy (or Building Performance)
Evaluations also help designers to close the performance gap, that of designed energy
and organisational performance, and the
(RIBA 2017). The POE of a building helps to close the loop between design and
performance for building owners, designers and operators based on quantitative feedback
from building occupants (Candido, Kim, Dear & Thomas 2016). In the case of this study,
POE is conducted to help the study of robustness which can help reduce the widely

existing Performance Gap.

Current Methodology of POE

There have been many developments in the process of POEs and they have several
different approaches and can include assessment of the architectural quality, space
usage, etc, all of which are not in the scope of this thesis. It is generally adapted to specific
cases depending on the interest of the entity conducting it, however, it is recommended to
use tested standard processes to maintain comparability and quality and to reduce
redundancy in the evaluation process. Recommendations for the POE process developed
by BOSSA (Building Occupants Survey System Australia) mentions some general steps

which are listed below:

Walk-through and observation
Interviews
Focus groups

Workshops

® 2 0o T 9

Measurements

14
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-

Monitoring

Questionnaires for different entities such as facility manager, contractor occupants etc.

5 Q@

Benchmarking

Preparing an abstract and report for documenting the learnings and making it available

to others.

1.6 Robustness to reduce Performance Gap

1.6.1 What is Robustness?

The concept of robust optimization or robustness is well established in many fields,
for example, structural engineering and aeronautical engineering (Frangopol, Maute, &
Zan et al. cited in Maderspracher 2017) due to the strict requirements by law for safety
and reliability. In the field of building design for robust performance, however, it is still not
a very established concept and still being extensively researched (Nguyen et al. cited in
Maderspracher 2017).

A broad definition of Yao et al. (2011) with respect to SH Park (1996), G.-J. Park et
al. (2006) and Beyer and Sendhoff (2007) for the concept of "Robust Optimization" is: "The
robust optimization is a method to optimize a concept or system, with the aim of the system

to be insensitive to different types of variations".

ARobustnessod in terms of building perfor mar
identified performance indicators of a buildin
(Hoes et al.2009) In simpler terms, robustness is the stability of building performance
withstanding variations. It can also be described as the insensitivity of a building to the
changes in its boundary conditions which may be due to various uncertainties. This is
explained by the Figure 0.2, where the change in boundary condition of a parameter is
plotted again a performance indicator such as energy consumption (Rhein 2014). The
global minimum value of a curve while is the steep trough in the graph (Hopfe 2009).

However, Robust optimization the search for an optimum that satisfies the original target
criteria as best as possible but at the same time exhibits the smallest possible fluctuations
of the target variables (Rhein 2014). In other words, it is not the global minimum but a
value which shows a lower deviation in the performance at for the same deviation in the
boundary condition. The same conc e p't can be used to view th

performance with design variations for instance.
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Abb. 4.2: Grundidee des robusten Designs
o

Figure 0.2 example of the difference between a global optimum and a robust
optimum (Rhein 2014)

Some of these uncertainties were mentioned when explaining the causes of
Performance Gap in the previous chapter. Uncertainties are unforeseeable deviations from
the expected scenario which can lead to a difference in performance. Some examples for
uncertainties are: Change in climate, User behaviour variations, BMS failures,
inaccuracies in construction, uncertainties due to assumptions that need to be made in
simulation, uncertainties in the calculations inside the simulation software etc. The
potential impact of these uncertainties is very high in low-energy buildings (Kottireddy et
al. 2018).

1.6.2 Why Robustness?

Various entities can benefit from knowing the robustness of a design or a building.
It essentially indicates its reliability in terms of stable thermal comfort as well as energy
consumption which translates financially to electricity bills and better productivity of the
occupants. Since the process of robustness analysis takes uncertainties into account,
which were the main causes of performance gap, energy consumption predictions can be
more accurate, providing owners with an expected, stable management costs and
continued comfort. More importantly, this can help correctly predict the expected carbon

emissions, helping the 2050 goal of lower carbon emissions have realistic outcomes.

Robustness analysis during the design phase and robust optimization of building
design can provide designers with information which can help make the design decisions
for better performance. It can help policy makers define energy performance requirements

in the future building regulations to safeguard the intended policy targets. They can define
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policies which promote considering robustness to support adaptations of current buildings
to improve their performance and also increase their lifespan. It would also benefit
homeowner sdéd wishes of having ensured perfor mar
Energy performance contractors can also benefit by lower performance gap and better

accuracy in predictions. (Kotireddy, Hoes, Hensen 2017)

1.6.3 Are Gesilienceband dobustnessodifferent?

Resilience is a building design concept that is getting increasing attention after
increasing natural disasters caused by climate change. For example, eight people died
due to power cuts after the hurricane causing the failure of air conditioning in a nursing
home in 2017, AThree days af thSouthtFloreda, komeaf i c ane
the most vulnerable people in the state were dying, not of wind, not of floods, but of what
seemed to be an (MY tenes). nihe mdst recemtinéws, the hudricane in
Peutro Rico resulted in about 3000 deaths (BBC news). Greater importance is being
focused on building design which can withstand such natural disasters or quickly return

back to functioning.

The Cambridge definition of resilience is thé quality of being able to return quickly
to a previous good conditiona f t er  p.rThebUS é&sreendBuilding Council (USGBC)
and their partners have defined resilienceas t he fiabi l ity to prepare
recover from,and moresucc essf ul ly adapt In othenviokd® resilient e ve nt s
buildings are those that can bounce back from extreme environmental conditions such as
high winds, heavy rain, flooding, intense sun, earthquake, and fire, which can be
considered as uncommon or irregular. Resilient building design concept focuses on the

capacity of the building to passively withstand extreme conditions.

Whereas, the definition of &Robustd6 i n t he Cambr i dgrgandi cti on
unlikely to break or faild Robustness is in the context of regularly occurring everyday
scenarios. These uncertainties are significant and should be considered because they are
not a rare occurrence, they are the normal usage. In other words, a resilient building can
be robust, but a robust building need not be resilient to extreme climate calamities. Never

the less, they may perform better than a sensitive building.
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1.6.4 Methodology for robustness analysis

To test the sensitivity of a buildingbds per:
uncertaensiyiogrty analysisd can be done. The | es

its reaction to external changes, hence, more robust is its performance.

Uncertainty analysis and sensitivity analysis may be confused with each other due
to their similarity. While sensitivity analysis checks the effect of small changes in the
designed parameters, uncertainty analysis tests the reaction of the model to variations in
the inputs which are probable to occur after construction (Macdonald 2002). The
Procedure for the analysis can be identical however, sensitivity analysis aims to help
design decisions about size/ material specifications, while uncertainty analysis can include
a sensitivity analysis but also account external uncertainties such as climate change,

policy change, occupant behaviour, malfunction etc.

The benefits and uses of uncertainty analysis are best explained in a study about
guantifying the effects of uncert allnpettantyi n bui | d
analysis is an important experimental technique and can be used in simulation to address

the following issues:

A Model realism: How well (and to what reso
reality?
A Ilnput parameters: What values should be use

A St o c hoaessksi To wipat extent do the assumptions made regarding future

weather, occupancy and operational factors affect the predictions?

A Simulation program capabilities:chditeat uncer

of algorithms for the various heat and mass transfer processes?

A Design variations: What will be theé effect
(Macdonald 2002).

All the methods of analysing robustness or for robust optimization involves
computing a test model in a BPS programme with numerous variations in its boundary

conditions to study the magnitude of the reaction in performance.

Recent papers by Kotireddy, hoes & Hensen has outlined a clear methodology for
evaluating the robustness and is described below and illustrated in Figure 0.3. This is also
adapted and used for this thesis. 6 Thi s met hod ccdtenip perfeaneasce mu | t i

assessment and multi-criteria decision making considering multiple performance

18



Lakshmishree Venu Gopal

indicators and their correspondiltisgxplainebheret nes s 6
simple terms: A number of test-models are considered for the analysis. They vary in their
design, material usage, energy concept, size usage etc. These are each simulated in
Building Performance Simulation (BPS) software wi t h di fferent tdfuture
calculate the annual energy demand of each design option in each scenario. These future
scenarios can be anything of interest i various user behaviour patterns, climate change
scenarios, possible mechanical system malfunctions or policy change etc. these future
scenarios are set by defining different boundary conditions for parameters. For example,
to test variations in user behaviour, the number of hours of occupation, the frequency of
window and shading operations can be varied. The permutations and combination of all
the boundary conditions for each of the parameters being varied can result in hundreds of
future scenarios. The mean and standard deviations of the results of each case are
analysed in a single box and whiskers graph, which is shown in the third column of Figure

0.3. The shorter boxes indicate smaller reaction and thus more robustness.

Other studies of robustness optimization involve a similar process; however, a multi-
objective optimization process commonly use the Monte-carlo sampling technique which
is the standard process for Robust optimization in other fields of engineering. Assessment
of a Pareto curve can provide an understanding about how the change in a single or

multiple parameter affects performance.

Define Define futore Assess performance- and Selc?t robust
E robustness of design designs for
design space scenarios .
space across scenarios decision-makers
=R LIY e VN

Overheating hours, h/a
{
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Figure 0.3 Graphical overview of Performance robustness assessment methodology.
(Kotireddy et.al. 2017)
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1.6.5 Current state of the art of robustness analysis

From the analysis of measured data, building energy simulation or sensitivity
analysis, it is generally concluded that occupant behaviour greatly impacts building system

operation and energy consumption. (Zhou 2013)

A study which conducted numerous parametric simulations of test-models of
different designs under varying user behaviour found that the test-model with the lowest
thermal mass and largest window sizes had a smaller deviation in the energy consumption
but had unacceptable thermal comfort with temperatures reaching 48°C. (Hoes et al. 2009)
In other words, this test-model was robust in energy consumption but not in thermal
comfort. This conclusion, however, cannot be applied for designs with natural ventilation

since only mechanical ventilation was considered for this study.

A study of the robust performance of different building designs against variations
caused by Occupant behaviour found that the design with a massive envelope, a closed
facade and fixed shading showed the lowest fluctuations in the results in the climate
context of Frankfurt and Stockholm. But in the climate conditions in Athens, designers
have more possibility of c¢hoi theydé moraffecthhe
results to the same degree (Fabi et Al. 2013).

Another paper uses a case study of residence in Turin to study the sensitivity of the
building towards climate uncertainties with different refurbishment options22 different
options for refurbishment were each simulated with 18 different weather files (present and
future scenarios). The Annual heating energy demand, annual cooling energy demand
were graphically compared in a box and whiskers floating bar graph. A Robustness Index
is used for better comparison of cases which have close results, However, it does not
convey the magnitude of the energy usage. It concludes that design choices based on just
one weather file may not be the same made for a different climate as the design would
behave differently. However, the main purpose of the paper was more about developing a
methodology which could be implemented by designers which consider the implication of

future climate change on building performance and comfort (Chinazzo et Al. 2015).

22 different options for refurbishment were each simulated with 18 different weather
files (present and future scenarios). The Annual heating energy demand, annual cooling
energy demand were graphically compared in a box and whiskers floating bar graph.
However, with cases which have close results, it is difficult to identify it graphically. In which

case, the Robustness Index is used, which a graph that is plotted.
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2 Post Occupancy Evaluation

2.1 Importance and necessity

The Performance Gap project commenced by the Zero Carbon Hub in the UK in
2013 to aid the achievement of the 62020 Ambit
should perform better than or at least meet their designed performance and recommended
thatf ut ure performance standlauidlst & hpeid dohbmanddeakte
this ambition (Zero Carbon Hub 2014). This suggests the growing necessity for

widespread POEs.

A study of the performance robustness of a constructed building entails the need for
a conducting a POE because it can provide valuable insights into the realistic behaviour
of the occupants, the buildingds real perfor ma
thermal comfort. The lack of a universal metric to measure performance robustness
requires the study of at least two buildings of similar use and located in a similar climate

for comparison.

The access to the climate designers of both the buildings provides invaluable
insights into the details of the concept, the thermal simulation model details as well as a
good understanding of the intended operation. These are key information necessary to

compare the designed energy consumption prediction and actual performance.
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Furthermore, some of the occupants 6 o fark inanioed to analyse their behaviour, i.e.

how they operate the window, shading etc, which is elaborated in the next chapter.

2.2 Case study selection

These buildings were selected for their similarity in usage, climate, mechanical
systems and differences in some of the details of the systems in place as well as physical
architectural parameters like window sizes, thermal mass etc. These are discussed in

detail in the coming sub-chapters

The two buildings chosen are administrative office buildings or Rathaus (Deutsch)
in South Germany, one in Ravensburg, Baden-Wittemberg, and the other in Kolbermoor,
Bayern. The floor plan is similar with mostly individual offices for employee and they

receive a considerable number of visitors during the day.

The town hall of Ravensburg, refer to Figure 2.2, was designed for 76 regular
occupants by the architecture firm, Kohlmayer Oberst Architekten and has been in
operation for just one year (June 2017), thus, has seen only one winter and two summers
and might still be in the O6teething per.i

monitoring for streamlined functioning.

The town hall of Kolbermoor, refer to Figure 2.1, was designed for 46 regular
occupants by the architecture firm, Behnisch Architekten. It also contains large halls for
marriage ceremonies and meetings, a public library and school. However, the study only
includes the offices which have daily occupancy. It has been in operation for 5 years (2013)

at the time of this study which was conducted between April and July of 2018.

The climate concept and energy performance prediction of both buildings was done
by a company called Transsolar climate engineering and the original concepts and details
for the energy simulations for the later robustness study is taken from the report provided
by them as a recommendation for the design. However, they were not involved in the later

phases of design or in the execution.
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Figure 2.2 Photo of the townhall of Ravensburg.

(photo from Ravensburg.de)

Function: Office use

Architect: Kohlmayer Oberst Architekten
Climadesign: Transsolar Klima Engineering
Total Occupants: 76

Year of construction: 2017
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Figure 2.1 Photo of the townhall of Kolbermoor.

(photo by David Mathiessen)

Function: Office use

Architect: Behnisch Architekten
Climadesign: Transsolar Klima Engineering
Total Occupants: 46

Year of construction: 2013
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2.3 Methodology

The method of assessment of the perceived comfort, which parallelly gathers the
information needed for the behaviour analysis, is adapted with the base being the
recommendations for POE process developed by BOSSA (Building Occupants Survey
System Australia). The regular POE process also includes assessment of the architectural
guality, space usage, etc, which is not in the scope of this thesis. Aspects needed
particularly for this study, like the occupant behaviour monitoring, are specially inserted.
The final methodology, after customization, is summarized in the list below and later

explained individually in the sub-chapters.

9 Building study: Background study of plans, climate concept and systems etc -
Chapter 2.3.1

9 Evaluation: Physical inspection & Semi-structured interviews with some
occupants - Chapter 2.3.3

1 Monitoring: Measurement of the indoor climate of offices- Indoor air temp.,
Humidity, CO2 level, llluminance, and Noise - Chapter 2.3.4
Interview: Interview of the facility manager and climate engineers: Chapter 2.3.5
Survey: Anonymous online survey - Chapter 2.3.6

Findings and recommendations - Chapter 2.4

2.3.1 Building Study

Background study of plans, climate concept and systems

Plans:

The floor plan of both buildings is quite similar, containing mostly individual offices
of similar sizes. The four office rooms were selected to face different orientations - North,
South, East and West. However, the unavailability of willing participants led to monitoring
a South-East office instead of South in Kolbermoor and a second East office instead of

West in Ravensburg as shown in Figure 2.4 and Figure 2.3.

R a v e n s ktawnhgll@enerally has smaller windows with an average Window to
Wall Ratio (WWR) 34% smaller than Kolbermoor. The WWR in the offices monitored is
21-43%, while those in Kolbermoor have between 39-60%, better illustrated in the table.
Never the less, the window fulfil the minimum size required by the German code. Smaller

windows can mean lower daylight penetration but also lower solar heat gains in summer
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and heat losses through the glass in winter.

The volumes and fl oor areas of

bot h

bui

having 16% smaller average floor areas than ones on Ravensburg. Floor areas range

between 12-17.1 sgm. In Kolbermoor while they range between 12-22 sgm. in

Ravensburg. Smaller volumes of offices can mean higher internal loads with the same

number of occupants.

Kolbermoor

South-East
17.1 m?
41%:; 14%
1

East
Figure 2.4 monitored zones on plan of 15.6 m?2

Kolbermoor 39%

West

12 m2
60 %

North

12.9 m?

Vi
(topfilr) 52 06

E2

16% smaller

Figure 2.3 monitored zones on plan of floor areas

Ravensburg
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Ravensburg

South
18.5 m2
21%

1

East 1
18.5 m2
43%

East 2
(top floor)
12 mz2
33%

1

North
(top floor)
22 m?

29 %

2

34% smaller
glazing ratio

di

n c
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2.3.2 Climate concept and energy concept:

The buildings are new and so, have well performing insulated outer envelopes with
low infiltrations and thermal bridges. The climate concept for the individual offices is

explained for both buildings separately.
Kolbermoor (Figure 2.6):

Heating: A low-temperature heating system consumes lower energy, Thus, a floor
heating system was used which is also used for cooling. At the time of construction, the
town did not have a district heating network. The climate designers found an opportunity
for using the waste heat being generated by a near-by laundry service. It was proposed to
the city to install a district heating network which can be connected to the sister town,

Rosenheim,and al so c ol | e candsuctessfully exacetétde heat 0

Cooling: There is a seasonal switch depending on the outdoor temperature and the
cooling period usually begins in May. The carpeted floor has a lower heat conducting
capacity than concrete or rubber, thus lowering the cooling capacity. Hence, an additional
slab cooling is used in the ceiling to compensate. Underground water is used as the cooling
source with a 24-hour free cooling availability. It has an annual average temperature of
10°C and so needs no heat pump. The only electrical energy required is for the pumps.
With a pump of good efficiency, it is possible to have very low source energy consumption

for both heating and cooling.

Individual control: Each room has a thermostat which allows the users to view the
indoor air temperature and to set the desired temperature for heating/ cooling, however,
the control is technically not possible for individual offices but only for a larger area in each

floor.

Ventilation: Decentralized mechanical ventilation with a 70% heat recovery
reduces the necessity for long and expensive ductwork and losses in transmission. Never
the less, it only provides a base air supply of 30 cubic meter which is insufficient and has
to be coupled with natural window ventilation. The installed ventilation systems has three
supply modes which suppl 15, 30 or 60 m3 but it is not connected to the central BMS nor
does it have an automatic programmed schedule and therefore, only individual control is

possible,

Shading: Manually operated lamella external shading is used and it is only wind
controlled, i.e. at high wind speeds, the shading opens to protect itself. There is also a

vertical lamella fabric internal shading for glare protection.
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Ravensburg (Figure 2.5):

Heating: R a v e n sownuhallgais has floor heating but not additional ceiling
cooling. The flooring is natural rubber which is a good conductor of heat. It is also

connected to the district heating network of the city

Cooling: The floor heating system is used for cooling during the cooling period.

There is a seasonal switch to cooling similar to Kolbermoor.

Individual control: Each office has a thermostat which shows the room air temp.
and can also control the heating and cooling set point. However, since the floor
heating/cooling system is slow acting and maintains an average temperature in the entire

building, it is not possible to have extreme deviations in the temperature settings.

Ventilation: Unlike in Kolbermoor, this building is only ventilated naturally with
manually operated windows. Mechanical ventilation was discarded from the climate
concept due to the high visitors received. This creates high traffic moving in and out of the
building which lets the heat escape through the doors. The mechanical ventilation is ideal
for a constant occupancy as it is usually designed to provide enough fresh air to combat
the exact CO2 produced. additional visitors cause a sharp increase in the CO2 level and
would require additional natural ventilation through the windows. This would negate the
benefits of the mechanical ventilation which limits ventilation heat losses through the

windows and recovers heat from the exhaust air.

Shading: The building has an external fabric shading which is automatic controlled
depending on the solar radiation on the fagade. It also controlled by a wind sensor for its
protection, similar to Kolbermoor. However, it is possible to easily manually override it. The
fabric shading was chosen for aesthetic reasons and it is supposed to provide better glare
protection while maintaining a view to the outside, this is, however, debated and depends

on personal preference.
To briefly summarise the above:
Similarities:

1. Floor heating & cooling.
Openable windows for natural ventilation.

3. External Shading which is automatically opened at high wind speeds for damage
protection.

4. Single- or double- person offices with individual thermostat for temperature control.
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Differences:

1. Kol bermoorés Building has an extra ceiling ¢
2. Kol b e rsBuilding bas decentralized mechanical ventilation with an individual
control which does not condition the air but recovers heat during winter (70%).
3. Kol bermoordéds building has external Lamel |l a s
blinds which are only manually controlled. Whereas, i n Ravensburgds bui

a fabric external shading and no internal blinds which are automated by solar

radiation

Floor heating & cooling
Only natural ventialtion
Automated Fabric shading
Smaller windows

Larger room volume

Figure 2.5 Climate concept illustration of Ravensburgé sownhall.

Floor heating & cooling

Extra ceiling cooling

Natral + Decentralized mech
ventilation with heat recovery
manual Lamella shading
Larger windows

Carpeted floor

Figure 2.6 climate concept illustration of Kolbermoor6 sownhall.
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2.3.3 Physical Evaluation

Physical inspection & Semi-structured interviews with occupants

Even though semi-structured interviews usually do not involve detailed
guestionnaires, it was prepared in the initial stage to maintain focus on the topic during the
interview and to form the basis for the shorter and more specific online anonymous survey.
A copy of the questionnaire written in German is included in the annexure A and the
translated online survey results are included in annexure B & C. One of the challenges of
preparing a semi-structured interview questionnaire is to limit its length. It includes
guestionsonya bout t her mal and visual comfort,
building systems, specifically, the windows, shading and heating/cooling systems.
Questions about architectural and interior quality were excluded. The questions were
translated to German and the interview was conducted with the support and translation of

a native German speaker.

Kolbermoor

Kol b er mtovwnhab swas [ _ F
visited first, visually inspected and —

the occupants interviewed. The

offices, as well as the corridors, were
well lit because of the large
windows, refer Figure 2.7. The initial
analysis found the occupants
satisfied, never the less, when asked
about issues, some mentioned their

dissatisfaction with the shading, that

it opens with 0s]lFigure 2.7 A monitored office in Kol ber n

not close again leading to an PY1diNG:

overheated room in the morning in an East facing facade.

The women mentioned that the floor feels too cold in the summer and they cannot
wear open summer shoes. This is perhaps not a problem for the men since they normally

wear closed shoes.

It was unsure whether everyone used the mechanical ventilation as some did not

know how to operate it. Since it was not possible to conclude this with such a small sample
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size, more information was gathered from the anonymous survey. If it was not being used
widely in the winter, then its benefits of heat recovery and minimal ventilation losses could

be wasted.

Ravensburg

Ravensbur gods t
visited and visually inspected. The
corridor space on the top floor has
plenty of light due to the skylights but
the ones on the first floor did not. The
offices with two occupants and two
windows were quite bright, but the
single office, especially facing south

seemed to lack enough natural

daylight and the occupants usually

Figure 2.8 A monitored officein Ravenshb
building.

had the table lamps switched on, as

seen in Figure 2.8

The facility manager explained the teething problems with floor cooling and heating
system control, which was not functioning according to the set temperatures. Example, in
the summer one floor, was too cold and another too warm, so much so that some people
wore sweaters indoors in the summer. The occupants expressed their dissatisfaction with
the same issue. Never the less, it was fixed before monitoring for the thesis began. The
complaints about the flooring cooling malfunction could only be checked after the cooling
period began and more information can be gathered from the monitoring. There were no

complaints about winter discomfort from these interviewees.

Dissatisfaction was expressed about the shading. A complaint was that the shading
closed even when the window is shaded by a leafy tree in the summer. Another was that
the shading needs to be manually closed in the morning when there is glare and potential
overheating since it does not automatically. The occupants also mentioned that the

shading closed around the same time every day.

The findings and resolutions suggested for the issues mentioned above are

discussed in detail in the chapter: Findings and recommendation.
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2.3.4 Indoor climate Monitoring

Measurement of indoor climate

A purely qualitative survey cannot accurately assess thermal comfort because, for
instance, it is important to know if an occupant considers 23°C as too cold when they
complain of cold. Therefore, sensors were installed in the offices to measure the indoor
climate for a scientific and accurate understanding oftheoccupant 6s pe
thresholds as well as their interaction with the building. The monitoring period was from
May i June in Kolbermoor and May i July 2018 in Ravensburg. Ravensburg was
monitored a month longer because the active cooling only began in mid- June. Results are

in annexure D, E, F & G.

The 01 Cwhiolemeasurétemperature, humidity, noise, and CO2, the recorded
measurements are available to view over the internet, making assessments of repairs or
complaints faster. They were either placed vertically on the wall next to the entrance door
close to the thermostat or on an open shelf just under the desk but away from the occupant.

rsonal

The illuminance was measured witha O HOBOO6 sensor lholizontallyneaas pl ac

the window, but away from the table lamp to identify the sudden change in illuminance

when the shading is closed/opened. The sensors measured the following:

Air temperature; to understand thermal comfort.
CO2; to interpret the window operation and confirm the occupancy period.
Humidity; to understand thermal comfort

Noise; to interpret occupancy periods

® 2 o T o

llluminance; to interpret shading operation

INnRavensburgdés building, the cooling had an

even by the 15 week of June where outdoor temperatures were already reaching 28°C.

The monitoring showed high temperatures of 27-28°C in the top floor offices in
Ravensburg and it was quickly found that, although the malfunction of the previous year
was fixed, the floor cooling was still not functioning. This feedback was brought to the
attention of the facility manager. The reason was found that the cooling fluid inflow setpoint
temperature was lower than the dew point temperature, which would cause condensation
and the automatic safety function would not allow any cooling fluid to flow. This was fixed

when the temperature was increased from 18° to 20°C.

After the fix, the indoor air temperature dropped from 28° to 24°C with the same

outdoor conditions. As a second check, the surface temperature was measured using an

31



Combating User-Behaviour Variations with Robustness in Building Design

infrared laser thermometer and compared with the room air temperature and the
thermostat setting and was found to match the expected values. An example is illustrated
in Figure 2.9 where the thermostat setting was 25°C (the highest it can be, and there was
no cooling fluid flowing in the floor), the floor surface temperature was 23.5 and the room

temperature was 24°C.

With active cooling, the indoor air temperatures ranged between 21-25°C in
Kolbermoor and 23-26°C after the fix in Ravensburg, which can be considered as
comfortable. However, according to the German adaptive thermal comfort standards,
temperatures bel ow 23AC dds i oo nSsuindmeedesidorwi tt cho co

temperature of 28°C

2408

womZad

Air temperature Thermostat Foor Surface

Figure 2.9 Inspection photo at Ravensburg showing air temp., thermostat temp. &
surface temp

2.3.5 Interview

Interview of the facility manager and climate engineers

The facility managers for both buildings provided valuable information about the
current working. They also provided the annual heating and cooling energy consumption
of the previous year, viz. June 2017 to June 2018. This is key to finding out how well the
buildings perform as compared to their intended design. They also clarified various doubts

and in Ravensburg, was key to fixing the floor cooling.

The climate engineers of both buildings are a firm called Transsolar
Klimaengineering GmbH. They provided valuable information about the intended climate
design, the predicted energy consumption and the reasoning behind the strategies, the

details of which are mentioned in sub-chapter 0. The details of the settings and
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assumptions considered for the dynamic thermal model was also gathered and this is

mentioned later in the chapter: Robustness analysis.

2.3.6 Survey

Anonymous online survey

An online anonymous survey was conducted to investigate the majority opinion
about the perceived comfort and can validate the finding from the interviews and from the
monitoring. The survey is significant to all parts of the thesis as it helps uncover answers
about behaviour and comfort thresholds that cannot be found by monitoring or only
interviewing a small number. The online survey results are paired with the monitoring

observations to derive inferences about user behaviour patterns.

The test for robustness is done by testing several behaviour patterns which try to
mimic real-life scenarios. The findings from the online survey questions about comfort form
the basis for the behaviour patterns used for the test. The survey was also helpful for the

behaviour analysis and will be discussed further in that chapter.

The questions and responses received are included in the annexure B & C. Several
online survey software were considered and @&oogle formséwwas chosen because it
offered no limitations on the number of questions or a responses. Since written in German,

the one included in the annexure is also in German.

The USGBC or US Green Building Council recommends a response rate of 30%
and corrective measures are recommended when more than 20% are dissatisfied. The
response from Kolbermoor townhall was better, with a response rate of 58.6% (26 out of
the 46 occupants)t han t o t hat w©Wn hdllawitreamly 27t (28 6us of 76),
owing to the summer holiday season clashing with the time of this study and therefore,

there is a possibility of non-representative conclusions.

2.4 Findings and Recommendations

Discussed in the following sub-chapter is the finding of the perceived comfort and
investigation into the issues mentioned by the occupants during the initial inspection and

interviews.
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2.4.1 Analysis of perceived comfort

Thermal comfort:

There was a 55% dissatisfaction recorded at Kolbermoor as compared to 37%
dissatisfaction at Ravensburg (refer annexure C). it is important to note sample group does
not consist of a | arge number of people and so
percentage. For example, in Kolbermoor 5 people make up 20% of the sample group.
Furthermore, the no. of participants compared to the total occupants in Ravensburg is
much lower than in Kolbermoor and there is a possibility of non-representative

conclusions.

The graphs 3.9.1 and 3.9.2 show the satisfaction in specific seasons, with the
centr al yell ow bar represent(graeg& porple) teprasséni e d 6, t h e
6someti mes too coldé and o6éoften too coldd respe

represent Osometimes too warmbé and O6often too wa

In Kolbermoor, 57% are satisfied during the shoulder seasons and 34% in summer
and winter. In winter, 50% find it too cold, while 15% too warm sometimes or often. In the
summer, 30% find it too warm sometimes or often while 34% too cold. The complaint of
cold in the summer or warm in the winter indicates unnecessary over-cooling/heating.
However, one of the reasons could be that the floor cooling/heating systems maintain an
average temperature over the entire building, or that the surface being too cold/hot, makes
it uncomfortable. This emphasizes the importance of having individual controls. In
conclusion, the highest percentage of satisfaction is during the shoulder seasons when
the heating and cooling are usually switched off and the outdoor temperatures are
moderate. 58 and 62% mention that the reason for their dissatisfaction is due to
insufficient individual control and slow reaction of the heating/cooling respectively. 41%
find the heating not strong enough while 46% & 42% find the cooling too strong and the

floor too cold in the summer respectively.

In Ravensburg, 42% are satisfied in the shoulder seasons, 46% in summer and 38%
in winter, summer and winter being higher than that of Kolbermoor. In winter, 42% find it
too cold and 21% too warm sometimes or often. In summer, 32% find it too warm and 21%
too cold. Even with the teething problems of the floor cooling, the summer satisfaction is
quite high. 45 and 50% mention that the reason for their dissatisfaction is due to insufficient
individual control and slow reaction of the heating/cooling respectively. 33% find the
heating/cooling too weak and 29% say that the floor is too cold in the summer (refer

Annexure C)
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How do you feel about the indoor temperature on a typical day in the
following seasons?

15 I h#ufig zu heit B manchmal zu heii 00 meist angenshm [ manchmsl zu kalt 12
10
5 H
o |
Winter Obergangszeit Sommer

Figure 2.11 screen capture of survey result showing thermal comfort in different
seasons at Kolbermoor. (annexure C)

How do you feel about the indoor temperature on a typical day in the O
following seasons?

125 I h&ufig zu heid I manchmal zu heifR 00 meist angenehm I manchmal zu kalt 142
10.0
Winter
75 manchmal zu kalt: 6
50
2.5
0.o =
Winter Ubergangszeit Sommer

Figure 2.11 screen capture of survey result showing thermal comfort in different
seasons at Ravensburg (annexure C)

In summary, the biggest dissatisfaction in both buildings is with the slow reaction of
the heating/ cooling and insufficient individual control. The next important dissatisfaction
is with the uneven surface temperatures and overcooling in the summer. The percentage
of peoplewhoar e 6oftend i n di sc o mfindicating mare s@hilifyins eas on
thermal comfort in Ravensburg than that in Kolbermoor, as seen in the Figure 2.11 and
Figure 2.11 respectively. The middle yellow bar indicating satisfaction is tallest and the

bars on the extremes are shortest.
Visual comfort:

The surveys show a high satisfaction with the overall visual comfort in both buildings

with only 0.04% dissatisfied in Kolbermoor and 0.14% in Ravensburg.
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In Kolbermoor, greater satisfaction is with daylight and view and dissatisfaction with
glare protection. While in Ravensburg, better satisfaction with glare protection and artificial
lighting than with daylight or view (refer annexure B & C)

Air quality:

Survey at Kolbermoor found only a 20% dissatisfaction with the air quality while

Ravensburg recorded 41%. (refer annexure B & C)

2.4.2 Findings & Recommendations - Kolbermoor

Investigation of the initial complaints:

The initial physical inspections, semi-structured interviews, and received positive
feedback about the basic comfort and functionality of the various systems. Information

from the interviews revealed some issues:

1. The floor may be too cold when the cooling period starts.
2. The shading seems to open at low wind speeds and does not close again.

3. Some people might not use the mechanical ventilation.

Recommendations

1. The floor may be too cold when the cooling period starts.

Although this complaint was made by only one participant interviewed, the online
survey revealed that this opinion was shared by 42% of the sample group along with 46%

saying that the cooling in summer is too strong.

Overcooling in summers is a waste of resources and money. This was brought to
the attention of the facility manager. The suggested solution was to use only the ceiling
but not the floor cooling and/or increase the inflow setpoint temperature of the coolant. The

result of this suggestion is not yet confirmed.
2. The shading seems to open at low wind speeds and does not close again.

The rooms can get overheated if the shades remain open and this can occur when
occupants are absent during the weekend or early mornings. The malfunctioning of the

shading was brought to the attention of the concerned contact from the building but cannot
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be corrected as reprogramming the shading controls is expensive and difficult. However,
the online survey shows that only 31.6% of the sample group, refer to Figure 2.13, were
dissatisfied with the automatic control and 73.5%, refer to Figure 2.13, manually closed it
less than twice a week out of which 35% never closed it at all. Some guesses for the
number not being very high could be because this malfunction would most affect only East
facing offices which receive most solar radiation in the early mornings when no one is
present, leading to an overheated room for the rest of the day; or perhaps because the
frequency of the shades opening is low. This situation highlights the importance of correct

controlling of the automated systems, in this case, the re-closure of the shading.

How satisfied are you with the automatic control of shading?

22 responses

8 (36.4%)

6 (27.3%)

4 (18.2%)
3 (13.6%)

1 (4.5%)

Figure 2.13 screen capture of survey result showing satisfaction with automatic
operation of the shading in Kolbermoor (annexure B)

How many times a week do you close the shading yourself when the
automatic control opens it?

i

26 r8sponses

&0

P91

82

@ 34

@ jeden Tag

Figure 2.13 screen capture of survey result showing Frequency of overriding of
automatic opening of the shading for wind protection in Kolbermoor. (annexure B)
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3. Some people did not use the mechanical ventilation.

With more discussions with the four participants, online surveys and the analysis of
the monitoring, the problems were better understood. The initial interviews revealed that
some people were not using the mechanical ventilation even during winter because they
did not know how they are supposed to operate it. The anonymous survey showed that
people would prefer to also naturally ventilate regardless of the existence of mechanical
ventilation (refer Figure 2.14) A high frequency of window opening would negate its
benefits of heat recovery and reduction of ventilation heat losses. It is only designed to
supply 30 m3 per hour which is insufficient for the complete dependence on the mechanical
ventilation. Indoor smells or a large number of visitors resulting in a high CO2 production
could also be some of the reasons for people preferring to naturally ventilate. Discussions
with the facility manager led to a possible solution of conducting a compulsory workshop

to educate the employees on the correct usage of the various systems in their office.

Would you open the window in winter in addition to mechanical
ventilation?

s -
L0 Mesponses

@ Ja. regelmaitio
@ Ja. haufig

Ja, manchmal
@ Hsin, niemals

Figure 2.14 screen capture of survey result showing frequency of overriding of
automatic opening of the shading for wind protection in Kolbermoor. (annexure
B)

2.4.3 Findings & Recommendations - Ravensburg

Investigation of the initial complaints:

The initial feedback was similar to that received at Kolbermoor, largely satisfied with
thermal and visual comfort. Although, being a new building, the floor heating and cooling

had some initial problems with streamlined function as mentioned earlier in the sub-
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chapt er O.fbercontrots werenngsinatched leading to one floor overheating and
the other overcooling. Naturally, most complaints during the initial interviews were about

this. These problems were fixed before the monitoring for this thesis was conducted.
The other issues that surfaced were:

1. The automatic control of the shading was not satisfactory

2. Some found the summer too warm, while others too cold.

Recommendations:

1. The automatic control of the shading was not satisfactory

The survey shows a higher dissatisfaction with the automatic shading control of 44%
as compared to the number of satisfied users of only 12% Low daylight is seen to be the
reason for most of the dissatisfaction with 84% of the sample group choosing this option.
Some interviewees complained that even  Gesamtstrahlung auf verschiedene Flachen

am 1. Juli fuir 50° nérdliche Breite
with the shades completely open, there

was insufficient daylight for reading. | L bl kA

900 | —
It was observed that on the East 800 | —
= - N e | |
facing office, the shading was closing at poncte g TR L L L LR

around 9 am, which is already allows a

maximum of 350 W/mz2 of solar radiation “

from 5am nor does it provide glare

protection when the sun angle is low. The

reason for this was found after receiving vl |
the information of the shading controls by ' - — __
the electrical consultants who initially =T |
installed it. There is one illuminance S e 78 s w2 nu
sensor which reads the horizontal
illuminance and the controls were set such
that at 25000 lux (horizontal) the East

facade shadings were signalled to close however, vertically the fagcade already receives a
higher amount which can be seen from Figure 2.4. This threshold value should be lowered
further so that the shading can prevent overheating. The recommendation of the solution

was communicated with the facility manager.
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