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1. Introduction

1.1 Background

One of the greatest environmental challenges invitréd today is the ever-increasing
emissions of greenhouse gases (GHGs) from humatitiastand the influence these are
believed to have on climate change and global wagn€Q is the most important
anthropogenic GHG since it has been released at greantities in more than 150 years of
industrial activity. The major source for @&@missions is the burning of fossil fuels in
production of electricity and heat (Johansson, Ngéa et al. 2007). In order to stabilize the
concentration of GHGs in the atmosphere at a hasidyel, the United Nations Framework
Convention on Climate Change (UNFCCC) was estadgdisind the Kyoto Protocol was
adopted in Kyoto, Japan in 1997. In the protocaustrialized countries (currently 191
states) agreed on collectively reducing the amoti®HG emissions by 5.2% against 1990
levels over the period 2008-2012 (UNFCCC 2012).

1.1.1 European directive on energy performance of buildings

The Kyoto Protocol was an important starting pdantthe energy saving initiatives taken
within the European Union. In 2007, the Europearobmade a commitment to, by the year
2020, reduce its own GHG emissions by 20% (in iataio 1990 levels), increase the share
of renewable energy to 20% and reduce the totalgry energy use by 20% (Europa 2012).
Since buildings account for approximately 40% @ tbtal energy consumption within the
Union, the building sector plays a key role in agimg the climate policy. The reduction of
energy consumption and the use of energy from rabhknsources in the building sector are
important measures needed to reduce the Unionig)gdependency and GHG emissions.

Thus, the European Parliament and the Counciletilropean Union promoted the
Directive on Energy Performance of Buildings (EPBD2002, with a recast formally
adopted in 2010, as a legal framework for all memsketes in order improve the energy
performance in buildings (European_Parliament 2010)

The EPBD requires that all member states shall:

* Apply a methodology for calculating the energy parfance in buildings in
accordance with the general framework.

» Take the necessary measurement to ensure thahéwetand renovated buildings
meet the minimum energy performance requirements.

* Ensure that by 31 December 2020, all new buildargsnearly zero-energy buildings.

» Establish a system of certification of the energgfgarmance of buildings.

» Establish a regular inspection of heating and airditioning systems in buildings.

* Ensure that independent control systems for engegiprmance certificates and
building inspections are established.

It is each member states responsibility to sebnatiminimum standards on energy
performance in buildings. This makes it possiblete into account differences in outdoor
climatic and local conditions as well as indoontie requirements and cost-effectiveness.
To comply with the EPBD, member states need toemeint the directive in national
building codes by 2013 at the latest (EuropeanidPaeint 2010).



1.1.2 Zero-energy buildings

According to the European Directive on Energy Renimce of Buildings (EPBD) a'nearly
zero-energy building is a building that has a veigh energy performance. The nearly zero
or very low amount of energy required should besced to a very significant extent by
energy from renewable sources, including energmfrenewable sources produced on-site
or nearby (European_Parliament 2010).

The nearly zero-energy building standard still ttalse defined in detail on both European
and national level. However, this is not an eask &ance many parameters must be regarded.
The concept has been described in literature witida range of terms and definitions,
according to a review and overview carried out kgrézal, Heiselberg et al. (2011). First, the
main issue must be to agree on the unit that isored (and must be “zero”) in the balance.
The unit can for instance be primary energy, erelamergy, exergy, G{&@missions or energy
cost. The most frequent unit so far is primary ggefrhe next thing to discuss is if the period
of time for the energy balance is the entire ljele, a year, a season or a month.
Furthermore, the options for renewable on-site @fgite energy supply, as well as the
connection options to the energy grid must be dised. The authors also discuss whether all
energy types should be included in the balancebrAbuilding’s energy performance is
often judged by the consumption of auxiliary eneogly. The user related energy is mostly
neglected since it is difficult to predict and ®rtbere is a lack of reasonable data. This
approach ought to be changed though the authosdmsnThere is a great potential for
reducing overall energy by motivating energy eéfitibehaviour. Furthermore, the user
related energy becomes a more and more importaindipide total energy use as the

auxiliary energy constantly improves (Marszal, letherg et al. 2011). Since the overall
objective of the EPBD is to reduce the £gnissions and the primary energy use in European
buildings, the most logical approach should bentdude the user related energy. User related
energy is electricity and most electricity has hogimary energy use and emits a large
amount of greenhouse gases in production.

1.1.3 Swedish directive on energy performance of buildings

The Swedish government has not established thenaailirective on energy performance of
buildings that is supposed to comply with the Ee@pDirective. The building code BBR
2012 is therefore the current regulation.

In the Swedish building code today, the energyqrarénce is determined on the delivered
(end-use) energy for heating, domestic hot wateslimg and auxiliary energy. The user
related energy is not regulated at all. Primarygyneé not estimated and there exist no
national primary energy conversion factors whichars many in the industry. However, for
the last decade, an important aim of the Swedigihggrpolicy has been to reduce the
dependency of electricity in general and in paléicthe electricity used for heating in the
building sector (Johansson, Nylander et al. 200fis was clear when the building code was
supplemented with much stricter guidelines for diniys with electricity supplied heating.
Electric-heated buildings are now allowed to consumly half the energy compared to
buildings with other sources than electricity.

Until the new directives are established, the amtytement for building low-energy or nearly
zero-energy has been commercial or local inter&siste are different volontary energy
classification concepts such as passive housenB8uéding, Breeam, Leed and
Miljobyggnad. Just recently, in January 2012, thee@ish Centre for Zero-energy buildings
published a new non-residential definition of zereergy buildings, passive houses and mini-
energy buildings (SCNH 2012).
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1.1.4 Energy performance of office buildings in Sweden

The energy consumption in office buildings is gatigrhigh compared to other building
types. The most recent statistics for Sweden shaithe total delivered energy (end-use
energy) to existing office buildings was around ¥@h/m2yr in 2005. The statistics come
from the “Step by step STIL” survey, an inventofyl@3 existing office and administration
buildings of different age carried out on behdlftee Swedish Energy Agency
(Energimyndigheten 2007). The main objective ofsherey was to identify the electricity
use in office buildings. Out of the total averagergy use, almost half is electricity (108
kwWh/mz2yr) and out of the total electricity use,fh&l7 kwh/mz2yr) is user related electricity
for lighting and office equipment. The average fligh energy was 23 kWh/m?yr in the
studied office buildings. However, the lighting emeranged between different buildings,
from 7 to 53 kWh/mz2yr for the lowest and the highesse. This spread can be explained by
differences in number of lighting fixtures pef,rype of fixtures, control systems and
operation of the buildings. The result indicatesveeer that there is a great saving potential
regarding lighting energy in office buildings. Dayit can be utilized in a greater extent and
modern efficient fixtures can be installed. Furthere, all the user related electricity can be
completely shut off outside office operation. Ttsewurelated electricity contributes to large
internal heat gains which must be cooled a gredtgbahe year.

Regarding new office buildings, designed and caietdd after the “Step by step STIL”
survey, the energy performance has been improaticiarly the heating demand has been
reduced because of more well-insulated and airbghiting envelopes. This improvement is
likely a result of the new energy regulations estalbd in 2006 combined with the
GreenBuilding introduction. However, the electydibr lighting and equipment has not been
improved since the user related energy is not e¢gdlin the building code or in the
GreenBuilding criterion. Since the user relatedteieity has not been reduced, and this
electricity affects the internal heat gains, thelicw energy is still unnecessary high in
Swedish office buildings, given the high latitudedaather cold climate.

Thus, there is a great saving potential in offiaédings, both in reducing the electricity for
lighting and equipment and cooling and ventilagoergy. In Germany, a number of passive
and low-energy office buildings has been constdiated evaluated. Also, research on energy
efficiency potential for a passive office buildihgs been carried out with dynamic
simulations by Knissel (200X). These German expegs are clearly important for the
development of future zero-energy office buildingswever, German building techniques
must be developed to adapt to the Swedish corgsxdimate conditions and indoor comfort
criteria differ between the countries. In Swedesgdjexamples of low-energy and nearly
zero-energy residential houses have been builbgthie past decade. However, there is no
example of a nearly zero-energy office building.

1.2 Objectives

The main objective of this research is to providewledge to the Swedish building industry,
supporting the development of cost-effective officeldings with good indoor climate and
very low energy use.

By identifying important design features and podisidss and limitations for Swedish
conditions, the main goal is to reduce the annoatgy use by 50%, compared to the



requirements in the Swedish building code. Thid gball be achieved for the same
investment cost as a normal office building.

The paper discusses recommendations and desigeligesifor architects and engineers,
regarding the design of future low-energy officadings.

1.3 Method

Within this research, a literature review has besmied out with the main purpose to
describe the current knowledge in design of lowrgyeffice buildings. Previous studies and
evaluations regarding building shape, size, enwefmgrformance, solar protection, HVAC
systems and lighting techniques have been stublietidition, existing low-energy office
buildings have been studied in order to identifgegal and specific solutions regarding
building design, HVAC systems and techniques fginting and office equipment. The results
from both the review and the state-of-the art a$taxg office buildings have given valuable
input for a parametric study carried out on aWetoffice building with the dynamic
simulation software IDA ICE 4. Important designtieas have been revealed in the
simulation study and a potential office buildinglwa good indoor climate, which uses less
than half the energy compared to a new office lmgjdincluding user related electricity have
been presented.

1.4 Thesis disposition

Chapter 2 gives a theoretical framework based lgderature review regarding different
design strategies for energy efficient office bunfgb.

Chapter 3 presents the state-of-the-art of 24iagisdw-energy office buildings in Northern
Europe.

Chapter 4 presents the results from the simulaiody where different design parameters
were studied in detail in order to see their impach building’s energy balance.

Chapter 5 summarizes the results and discussionstfre previous chapters.



2. Theoretical framework

The main objective of this review is to describe tlurrent knowledge in design of low-
energy office buildings. Previous studies and eatadns regarding building shape, size,
envelope performance, solar protection, HVAC systamd lighting techniques are presented.
The results from this review will give valuable utgor the simulation study.

2.1 Method

An extensive literature search was undertaken @92y Leroux (2010), and completed with
additional searches in the years of 2010-20123eatify studies addressing design
parameters in low-energy office buildings. Electoattatabases searched were mainly SAGE
and ScienceDirect. Web of Knowledge and Google Beheere added in the supplementary
search. These electronic databases were searahfed! fext papers published in English
from 1990 to May 2009. The following keywords wemsed for the search: Building
performance, Energy Use, Indoor Climate, Indooritamment, Thermal Comfort, Building
Simulations, Glazed Office Buildings, Mechanicahtz&tion, Solar shading devices,
Computer simulation, Energy simulation, Thermal shaseating, Cooling, Natural
ventilation, Office building, Low-energy, Passiviéiae buildings, Passively cooled buildings,
Energy efficient buildings, Computer simulation rebdg, Primary energy, End energy, Net
zero energy, CO2 and Greenhouse gas emissions.

Reviewed journal articles, thesis and conferenoegedings from countries in Europe and
North-America were selected for further study dusimmilar climate and building techniques.
Journal articles from Asia were excluded from thulg because of very humid and warm
climate. The next selection was made by readinditlies and the abstracts of the texts and
the final selection was made by reading the corapstts to see whether they were relevant
to the study.

2.3 Regulations and definitions
This section briefly presents different regulatioc@ncepts and terms underlying this thesis.

2.3.1 Current Swedish regulations

In the Swedish building regulation, the annual ggerse is defined as the end-use energy
(purchased energy) for space heating, space coolomgestic hot water and facility
electricity (fans, pumps, elevators, some facllgirting etc.). The user related electricity is
not included. The specific energy use is the anaendtuse energy divided by floor space. The
space taken in consideration is the sum of alldtefidor areas within the external walls
(heated to more than 10°C), internal walls and dielys included. This area is callegd#in
Sweden. Ampdiffer from the more common expression heatedMmir Area (NFA). The
NFA is defined in many different ways, but the mostnmon definition is that the NFA is the
sum of all heated floor areas within the internallsvand partitions (EN 15217).¢f\p
resembles the Gross Internal Area (GIA) which iBngel as the floor area contained within
the building measured to the internal face of tktermal walls. All internal constructions and
chimneys included (Imperial College London).

Recently, in January 2012, an updated and stivetiesion of the Swedish building code (how
many %) was established (BBR 2012), but in thisiththe second recent code (BBR 18) is
used (Boverket 2011a). The energy regulation formsidential buildings in the south



climate zone is 100 kWh/itAemg),yr. An additional 0-45.5 KWh/Aemg),yr can be added
due to large emissions and long operation hours.

2.3.2 Primary energy and end-use energy

Many European countries calculate and compare pyier@ergy instead of end-use energy.
End-use energy is the final delivered energy tdoihkling, required for heating, hot water,
cooling and electricity. Primary energy is defiresithe total amount of a natural resource
needed to produce a certain amount of end-use gneofuding extraction, processing,
transportation, transformation and distributiorskEs down the stream (Sartori and Hestnes
2007; Schimschar, Blok et al. 2011). Primary enghgyefore gives an indication of how
resource-efficient for example a certain heatirgfey is (Hernandez and Kenny 2010) and it
gives a simplified picture of the environmental swepand the caused greenhouse gas
emissions (mainly CO2) but it does not deal witheotenvironmental issues such as resource
scarcity, acidification and ecotoxicity (Levin 201The final end-use energy is converted
into primary energy with conversion factors. Thewudtiplicative coefficients vary for each
energy carrier and for each country (Sartori andtikes 2007). In Germany for example,
electricity is multiplied by 3.0 and biomass by (DIN 4701) and in Switzerland electricity
is multiplied by 2.0 and biomass by 0.7 (MINERGI&LR), all depending on the country’s
production form and mix. In Sweden, there are nmnal conversion factors in time of
writing, but the use of direct-acting electricisylimited with regulations in the building code
for new construction (Boverket 2011b). A weaknegh wrimary energy is the difficulty to
determine accurate conversion factors. End-useygnemore exact and easier to calculate
and measure since it is in fact the purchased gr{@opansson, Nylander et al. 2007). End-
use energy is considered a better and more jusbagip when describing a building’s energy
performance and when comparing energy-efficienayitérent building envelopes (Persson,
Rydstrand et al. 2005).

2.4 Important design principle low energy office buildings

A well-known design strategy for low-energy builggand passive houses is the so called
“Kyoto Pyramid” which was introduced by Rgdsjg d@wkka and presented internationally
for the first time in IEA Task 37 (Jansson 2010)ynadified version, adapted for office
buildings, is presented in this report in Figurg @ith inspiration from “Guidelines for
energy efficiency concepts in office buildings iomvay” by SINTEF Building and
Infrastructure (Haase, Buvik et al. 2010). Thetstyg is based on the devise “the most
energy-efficient kilowatt-hour is the one we negensume” and works as guidance for how
to prioritize when designing low-energy buildingjsstresses the importance of reducing the
energy demand before adding systems for energyysujbyich promotes robust solutions
(heiselberg). The five steps are presented below.
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Select
source

Display and
control

Reduce electricity
consumption

Reduce cooling demand

Reduce heating demand

Fig 2.X. Modified version of the Kyoto Pyramid &dfice buildings as presented by Haase, Buvik.e28110)

Step 1

Step 2

Step 3

Step 4

Step 5

Reduce the heating demand

The first and most important step is to reducetriliesmission and ventilation
heat losses as much as possible since the heatngyestill is the most
dominating energy post in North European climagekSor a good building
design, a well-insulated and airtight building ope, an optimized window
design, efficient heat recovery in the ventilateystem, and customized
airflows.

Reduce the cooling demand

The cooling demand can be prevented with a goat sohtrol and by reducing
internal heat gains from equipment and lightinge €boling demand can be
further reduced by allowing a larger temperatumget in the indoor air. Use
passive cooling and free cooling to a high degree.

Reduce the electricity consumption

Minimize both the facility and the user-relatedotie energy with efficient
pumps and fans (low specific fan power), customaieitbows and low installed
power for lighting and equipment. Shorten the openshours and avoid
standby losses.

Display and control the energy consumption

Choose easy and user-friendly control and monigosystems. Design for
demand-controlled ventilation and lighting and IsB&t temperature set-points.

Select energy source

The last thing to do is to choose energy sourcesver the remaining auxiliary
energy demand. Examine to what extent renewablecss like solar energy
and geothermal energy, can be used and make stgéuce the emissions of
greenhouse gases.

In this thesis, focus is laid on the first thregpst Reducing heating, cooling and electric
energy. Step 4 and 5 are just briefly discussed.

11



2.4.1 Building envelope and building shape

Regarding building design and energy saving measarne building envelope, a majority of
the conducted studies have been carried out orlidgehlnd residential buildings with a
predominant heating demand. For office buildingsiclv struggle with both heating and air
conditioning issues, the great focus in literategards different HVAC systems.

Shape and Compactness

It is generally known that the shape of a build¥ag an impact on the transmission heat
losses and the uncontrolled air leakage througlbtiiding envelope. A relatively large
envelope surface increases the exposure to theoenwent and the ambient air. Building
compactness (C) is generally defined as surfac®fiame ratio, C=S/V [n], where S is the
envelope surface [fhand V is the internal volume of the building3niDepecker, Menezo et
al. 2001; Gratia and De Herde 2003). Typical goaldies for compact office buildings are
0.1-0.3 according to guidelines by Haase, Buvilllef2010). Different geometrical shapes
have different surface-to-volume ratios where thigese has the lowest S/V and the pyramid
has the highest S/V. The size of the geometry ltasat effect on the surface-to-volume ratio
where a large size gives a small surface-to-voltatie. Therefore, building compactness is
sometimes expressed as the relative compactnessCRG: [-], where G is the

compactness of an ideal reference building withstimae volume (for orthogonal buildings a
cube) (Ourghi, Al-Anzi et al. 2007). Hence, the tna@ampact building has a relative
compactness close to 1.0 and different shapestisdtsame volume can vary between 0.6 and
1.0 (Pessenlehner and Mahdavi 2003). Accordingsimalation study performed on an

office building in Belgian climate, by Gratia ane Blerde (2003), the shape of the building
plays a significant role on the energy consumptiom a non-compact building shape results
not only in more exposed surface but also in moirgg which cause larger cold bridges. The
authors claim that is even preferable to reduckaserarea rather than to add insulation since
compactness decrease both energy and construcsts Several floors and a square shape
bring compactness. Depecker, Menezo et al. (208tddered, in a simulation study of 14
different building shapes in two different Frendimates, that the colder the climate (>2500
heating degree days, which corresponds to Parsjttbnger the correlation between shape
and energy consumption. An increase in compactnessl m' increases the energy
consumption with almost 4 kWhfyr for the simulated apartment buildings with ratheor
insulation compared to today’s standard. No coti@iavas found for the warm climate in
Southern France. This study indicates that thallmglshape effect is significant in Swedish
climate, at least for residential buildings. (Pesésiener and Mahdavi 2003) examined whether
the simple correlation between compactness andhigdatd is reliable regardless of building
shape (self-shading aspect), glazing amount ardibgiorientation. The authors concluded
that more compact buildings indeed result in sonagwmaller heating loads, when it comes
to residential buildings in Austrian climate. Fuatimore, the correlation between RC and
heating load is strong despite different shapesigl) designs and orientations. On the other
hand, the study showed that the overheating terydanmeases with increasing RC, however
with a relative week correlation. This indicatkattthe correlation between compactness and
total energy consumption may be week, or even seyédor office buildings with cooling
loads.

Insulation levels

The insulation levels, mainly in residential builgs but also in office buildings, have
increased greatly the past decade. It has com@amawhere we ask ourselves whether we
should go even further or if more insulation ordgds to higher material and construction
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costs, unused floor space and higher risks. Okenith more insulation is the increase in
overheating hours which is particularly severeffice buildings with active cooling. Gratia
and De Herde (2003) stated, in a simulation stddynooffice building in Belgian climate,
that for the same level of internal gains, a beatisulated and a more airtight building gets
warmer in the summer than a similar building wikd insulation and therefore needs more
cooling energy. On a yearly basis though, they gbtliat the total energy consumption is
much smaller for a well-insulated office buildirgnother risk with high insulation levels is
the potential risk of moisture problems and moulalhgh in wooden constructions due to a
different micro climate within the element Berggr&tenstrom et al. (2011). Thicker
insulation will lead to colder outer parts of wadisd roof structures, partly because of the
increased heat resistance, but also because nathrl convection that will occur within an
unbroken, thick insulation layer. The moisture migttion in the wood frames follows the
temperature distribution in the structure, and loteenperatures gives higher relative
humidity (Geving and Holme 2010; Uvslokk, Skogseacl. 2010). Geving and Holme
(2010) carried out simulations and laboratory expents on different envelope constructions
in order to find out the risk of moisture problemwell-insulated constructions. The authors
could see an increase in relative humidity in thiestructions during winter due to thicker
insulation, and a negligible increase during sumim@erthe other hand, they found out that
other factors, like resistance in the vapor baaiet the humidity in the indoor air, actually
influenced the relative humidity more than increbsesulation thickness did. This result
indicates that the risk of mould growth in well-ihested office constructions may not be
severe since office buildings in general have dinygoor air compared to residential
buildings, because of a low internal moisture potien and high ventilation rates. It is
important though, to be aware that it takes lorigee to dry out moisture in wood frame
walls when the insulation is thick. Not only is tteéal amount of built-in moisture higher due
to more wood in a thicker wall, but in addition ihsulation increases the average vapor
resistance from a point in the structure to theloot air (Geving and Holme 2010). Well-
insulated constructions are not as forgiving as iesulated are, and it is therefore crucial to
protect the structure from water during the corctiom phase and to allow it to dry to a
reasonable level before closing it with a vaporibaSamuelsson 2008).

For a large office building with many floors, itnsore important to focus on the insulating
performance of walls and windows than roof andrflsiace the facade is a large part of the
total envelope surface. There are no specific requents for insulation thicknesses in the
Swedish building code today. The passive housemewndations might therefore be a useful
key in order to find suitable insulation levels fow-energy office buildings. There are rules
and recommendations for U-values both in the I@igonal Passive House standard and the
Swedish passive house criteria. According to thesiWa House Checklist (Passive House
Institute, PHI (2012a) the opaque envelope elententst be super-insulated with U-values of
maximum 0.15 W/fK and if possible 0.1 W/AK. The Swedish passive house
recommendation also strives for 0.1 WKrin those building elements. Windows must have a
U-value of 0.8 W/rfK or better (frames included) according to the niesent criterion
(Nollenergihus 2012). The former criterion requiredximum 0.9 W/fK (FEBY 2009).

Airtightness

An important parameter in terms of energy use &atimg and cooling in a building is the
envelope airtightness. Uncontrolled air leakagégi@igher energy consumption since the air
that leaks into and out of the building envelopeginot pass the heat exchanger in the air
handling unit. Uncontrolled air leakage can conti#to comfort problems in terms of
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draught, which can result in raised indoor tempeest in order to improve comfort.
Airtightness in large and complex buildings is idifilt to measure, and the knowledge of
actual airtightness in Swedish office buildings #imel effect it has on the energy balance is
generally very low. In 2009, Blomsterberg completegasurements in a modern glazed
office building, The World Trade Center, in Malnithe measured airtightness (blower door
EN 13829) was 0.61 I/stat 50 Pa pressure difference which is well belovformer
requirement in the Swedish building code BBR oflis6¥ at 50 Pa pressure difference
(Blomsterberg 2009). The envelope airtightnes®tgegulated in the Swedish building code
today, but the Swedish passive house criterioniresjan airtightness of maximum 0.3 If/sm
at 50 Pa pressure difference (Nollenergihus 20M23.international Passive House Institute
requires maximum 0.6 ach at 50 Pa pressure difteréPHI 2012a). For comparison of the
two criteria, 0.3 I/sr(gso) corresponds to 0.6 achs§hwhen the compactness is
approximately 0.55 m which is a rather poor compactness. The more ectgbuilding is,
the stricter is the Swedish requirement. For dyealimpact building with a compactness of
0.1 mi*, the Swedish demand corresponds to only 0.1 d@hdifferent quantities and
methods are defined in European Standard EN 13BE8I(2000).

Thermal mass and thermal inertia

There are divided opinions whether a high thermassrand thermal inertia actually can save
heating and cooling energy or not. Many claim astéhat thermal mass prevents overheating
hours and create a better and more stable thefimalte with smaller temperature variations.
The desired effect is that heat from solar gairtsiaternal gains during the day is stored in
the construction and then slowly released intartioen at a later time, reducing both heating
peak loads in winter and cooling peak loads in semffhe effect is greater when it comes to
saving cooling energy since the cooling peak laaslddiurnal variation and effectively can
be smoothened with high thermal mass (Kalema, J@sson et al. 2008). The heating load
variation is mainly annual. Thermal mass is theeefaore effective in non-residential
buildings which have large heat gains during day @m operation during night when the heat
is released. Thermal mass is the construction maegporated in floors, external walls and
partitions (Balaras 1996) and it describes thatghid provide inertia against temperature
variations (Dodoo, Gustavsson et al. 2012). Fonthaterial to effectively store heat, it must
have a high density and thermal capacity in ordetbisorb and store heat, and a proper
thermal conductivity which determines the time fagabsorbing and releasing heat (Balaras
1996; Dodoo, Gustavsson et al. 2012). The effetttesmal mass also depends on the actual
heating and cooling loads which are affected bydng design, insulation levels, outdoor
climate, solar radiation through windows, buildimigentation, ventilation rate and occupancy
patterns and internal heat gains (Balaras 1996 a) J6hannesson et al. 2008). This makes
it very difficult to measure the real effect of thel mass since it is almost impossible to
assure that the conditions in the compared buitdorgooms are exactly the same. Many
researchers claim that only the mass of the innstihagers in a building plays an active role
in heat accumulation and temperature reductionafaal1996; Gratia and De Herde 2003; Di
Perna, Stazi et al. 2011). This parameter is catieainal thermal inertia or internal areal heat
capacity. Suspended ceilings and carpets redudattdreal thermal inertia.

Results from a variety of experimental and simolastudies around the world report very
different energy saving potential, ranging fromt jagew negligible percent up to more than
80 percent according to a recent review (Aste, Aotgest al. 2009). Dodoo, Gustavsson et al.
(2012) compared the effect of thermal mass on spaatng energy and life cycle primary
energy between concrete- and wood-framed residéntilaiings in Sweden. Their results
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indicate that the influence of thermal mass onl fap@ce heating demand is small (0.5-2.4%)
and that this small saving is outweighed by thgdatife cycle primary energy use for the
concrete alternative. Hgseggen, Mathisen et a9P6tudied the potential energy savings of
exposing concrete in the ceiling compared to aeuded ceiling in a passively cooled office
building in Norway. Their results show that there anly minor differences in total heating
energy demand (<3%). On the other hand, the expumettete reduces the hours of
excessive temperatures (>26°C) by factor two, Aerdrtaximum indoor air temperature was
reduced with more than 1°C the warmest day of #a.yThe effect was greater the larger the
internal heat gains were. Aste, Angelotti et al0@) carried out a parametric study in
EnergyPlus on the effectiveness of thermal inént24 different external walls in a model of
a residential building in Milan in Northern Italyhey varied the operational parameters
(ventilation rates and solar shading devices) depto get maximum effect. The results
showed that when the maximum heating energy sgotential of 10% occurred, the cooling
energy saving was only 1% and when the maximummgenergy saving potential of 20%
occurred, the heating energy saving was non-exifaema, Jéhannesson et al. (2008)
investigated the effect of thermal mass in an atficooled apartment building in a Nordic
climate. The simulations were carried out with segtdferent calculation programs. The
results indicate that going from extra-light to sige constructions decreases the need for
cooling energy (13-21%) and also slightly the needeating energy (5-7%) in well-
insulated Nordic buildings. The authors also shothed the effect of thermal mass on
heating energy is clearly higher in south Swedeal@®) than north Sweden (Luled).
Furthermore, the simulations indicated that thgdasolar gains and internal gains, the larger
the effect of thermal mass. Similar results wetaldshed by Di Perna, Stazi et al. (2011)
who carried out an experimental and parametricystich school building with different
thermal internal inertia in different climates.lareto in central Italy, the discomfort hours
were reduced from 21% to 15% but in London no diffiee was seen because there was not
really a problem with overheating from the begimniAccording to a review by (Balaras
1996), heat storage is most effective when thendiwrariation of ambient temperature
exceeds 10°C. Balaras also claims that creatimgelag between the peak load and the peak
in room temperature is most important in rooms tovguth and west. An eight hour time
lag is sufficient to delay the heat transfer fromaaay until evening hours. A couple of
studies indicate that medium mass constructioriddwvave the best energy-saving
performance and that further improvement in thermas$s, from medium to high mass,
generally has a negligible effect (Morgan and Kr2007; Kalema, Johannesson et al. 2008).
Artmann, Manz et al. (2008) studied the effecth@rmal mass on cooling with natural night
ventilation in a model of a standard office roonthathe building simulation programme
HELIOS. They found that the impact of thermal miasimternal walls depends on room
geometry. In a large open plan office the ratiavafl-to-floor area is small and the
construction of the walls thus becomes less imparEhermal mass in the ceiling is always
favourable though. A concrete ceiling in direct tzat with the room air reduced overheating
(>26°C) by a factor two compared to a suspendduhgei

Potential disadvantages when it comes to high thlenmass and internal thermal inertia are
seldom discussed in literature. As mentioned abbwedoo, Gustavsson et al. (2012)
discussed that the savings in heating and coohieggy due to higher mass can be
outweighed by the larger life cycle energy usecfamcrete compared to wood-framed
constructions. Other weaknesses can be higherialatests and comfort problems due to
radiation from cold surfaces in the morning. Fumhere, indoor temperatures can continue
rising after a heat wave even though the ambienpégature is cooler because of the stored
heat that is released. Finally, exposed interrexihtial inertia often conflicts with the placing
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of noise absorbers in an office environment sirekng absorbers and floor carpets are
removed.

Glazing, daylight and solar control

The positive effects of fenestration and dayligttess in buildings are both esthetical and
physical. Glazed facades give the design a ligtitagen appearance and provide a view out
for the occupant. It also allows the occupant tepkiack of time and weather conditions. In a
literature review, Dubois and Blomsterberg (201f§ss the importance of daylight for
occupants’ health and well-being and claim thattrpesple prefer daylight to electric

lighting. Windows offer a visual rest center toasekbye muscles on a distant point (Gratia and
De Herde 2003). On the other hand, too much glazasgthe opposite effect. It often results
in unwanted solar gains and direct sunlight witthidbermal and glare discomfort. Thus the
shading devises will be used much of the time windhreduce the amount of daylight and

all its positive effects, and in addition incredise electric lighting. Excessive glazing will

also increase the energy consumption for heatidgcanling due to large heat losses and
unwanted solar gains. Poirazis, Blomsterberg €2808) carried out dynamic simulations
with IDA ICE on a typical large office building iBweden in order to study the impact of
different glazing-to-wall ratios (GWR) on the engrgse. The simulation results show that
both heating energy and cooling energy increasesdt with increased GWR. The total
energy use increases with 23% when GWR s increfaspd30% to 60% and with 44%

when GWR is increased from 30% to 100%. Furtheretarger GWR does not necessarily
reduce the electricity use for lighting becausglafe problems and more frequent use of
shading devices.

One important design aspect is thus to optimizesthe, shape, position and orientation of
windows in low-energy office buildings, securingegdate daylight but preventing glare and
overheating problems. Dubois and Flodberg (201&)ezhout a parametric study in the
dynamic daylight simulation program DAYSIM in orderfind reasonable glazing-to-wall
ratios (GWR) in office buildings at high latitudesth peripheral individual rooms. A typical
single office room was modeled and parametersetiugere, among others, climate,
orientation, GWR, surface reflectance, and soladsig control. The main metrics for
evaluating available daylight were “continuous dgyl autonomy” (DAon) and “daylight
autonomy maximum” (DA\ay. DAcon Can be explained as the amount of daylight illlance
that is available at a given timestep relativeh®riequired amount of daylight illuminance.
Thus, if 500 Ix is required and 400 Ix is providadfree daylight, DAo,is 400/500=80% for
that timestep. Levels of more than 80% represertekent” daylight and levels of 60-80%
represent “good” daylight as introduced by Zack &sgn 2009 according to Dubois and
Flodberg (2012). DAaxis defined as the percentage of times during awban the
illuminance is at least 10 times higher than tlipined value which indicates direct sunlight
and a high risk of glare discomfort. The proposetkptable limit is maximum 5% and above
this limit, the occupants are expected to use sbladings (suggested by Zack Rogers in
2009).
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Fig 2.X. DAonand DAnaxas a function of GWR in relation to orientatiom fosingle office in Stockholm. A
floor average during office hours, no blinds. Wigtrmission from Marie-Claude Dubois 2012.

Some of the simulation results are shown in Fig &) clear that the south orientation has
the highest DAy and the north orientation has the lowest.[pAEast and west orientations
have similar DAon and DAnax. The same trend was found for all studied climatdls
orientations show the same interesting relationsbipveen GWR and available daylight. The
DAcon rises steep when GWR is increased from 10% to 80&wmlmost stabilizes after GRW
40%. The benefits of increasing GWR from 40% to 6% marginal and there is no point in
increasing GWR from 60% to 80%. Regarding diredlight and glare, south orientation has
the highest risk of glare, already at GWR 20%. ¢ast and west orientations, the RAlimit

is reached for GWR 30% and for north orientaticeréhseems to be mainly diffuse daylight
and no glare problem for any GWR. The authors’ garaesign advice is to strive for GWR
20% on the south facade, GWR 30% on east and aeatiés and finally GWR 40% on the
north facade, considering daylight aspect only.sehglazing ratios will provide “good”
daylight (DAcn= 70%) and meanwhile keep the risk of glare belogvacceptable limit
(DAmax< 5%). The authors also performed additional thésmmaulations of the peripheral
office room in IDA ICE for analysis. The result indtes that the smallest GWR always
yields the lowest total energy use for heatingJiogaand electric lighting. Even for the south
orientation with a lighting system controlled widhylight dimming. Furthermore, the study
shows that there are negligible differences infaAetween Stockholm, Malmd and
Gothenburg. Ostersund has slightly more limitedighythough. The main conclusion of the
study reveals that although Rfis more limited in the Swedish cities comparedities at
lower latitude, it is still possible to achieve glam excellent daylight design with reasonable
glazing-to-wall ratios of 20%-40%, depending oreatation, glazing visual transmittance
and inner surfaces’ reflectance.

An additional, similar study was carried out by Digband Du (2012) for a landscape office
with four rows of work stations. This study showattthe good and excellent levels achieved
in peripheral office rooms are more difficult tchéeve in deep landscape offices in
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Stockholm. For the first work station, right neatthe window, DAqn is “good” to
“excellent” for all orientations and glazing-to-wedtios above 20%. For work stations
further into the room on the other hand, g&lecreases significantly and large GWRs are
needed to achieve “good” daylight. GWR 80% is resplifor providing “good” daylight at
the third work station and no GWR can provide “goddylight on the forth work station
from the facade, regardless of orientation. A sauibntation provides significantly more
daylight than a north orientation though. Howeviee, risk of glare at the first work station is
very high for all orientations but the north, ankigh DAnax Will initiate the use of blinds
which will reduce the daylight autonomy, especi&tliywork stations located further away
from the window. Dubois and Du’s design adviceniposition circulation or informal
meeting spaces along the south, east and westescaind computer work stations further
into the room. This would encourage keeping thedawm view open and free from shading
devices. On the north fagcade, work stations caoolséioned directly close to the window
since there is no direct sunlight. Instead, th@@nst suggest that deep landscape offices
perhaps should not be planned at all on north fzsathce they require large GWR which
will increase heat losses. The study also showsathancrease in ceiling height and
additional glazing in the upper part of the fachds a positive effect on Q4 for work
stations located in the back of deep rooms. Intemgiseparated solar shadings for lower and
upper parts of the windows can provide daylighttfer back in the room even when blinds
are down on the lower part in order to preventegglliscomfort. Another interesting result
from the study is the large impact furniture haslaglight autonomy in deep landscape
offices. Typical office furniture can reduce RAwith up to 35%, why this aspect must be
considered when studying and planning lighting giesn landscape offices.

One important parameter to consider when perforrdagight and energy simulations is the
operation of blinds. The blinds have a large immacheating, cooling and lighting energy
and the usage can be difficult to predict whenhtiveds are manually controlled. Many
occupants are so called “passive” users and foogaall up the blinds again when they are
not required. Dubois and Blomsterberg (2011) dis¢hat a number of researchers have
attempted to investigate whether occupants in®fhigildings use their shading devices
according to predictable patterns and if theseepadtare dependent on window orientation,
time of day, sky condition, season, latitude andkst@tion position. Leslie, Raghavan et al.
(2005) claim it has been found that occupants’siens to manually close their blinds
correlates with the solar beam irradiance on arimt task plane, but that the actual
irradiance threshold value is under debate. Thiy te two different blind control models. In
Reinhart's model, blinds are lowered if beam irsantie exceeds 50 W#rand they remain
down until the following morning. In Newsham’s mddtés assumed that occupants open
their blinds in the morning and close them durimg day if beam irradiance exceeds 233
W/m?. Dubois and Blomsterberg found in their reviewt $@ar radiation levels above 250-
300 W/nf on the glass normally encourage blind utilizatonl for radiation below 50-60
W/m?, occupants do not use shading devices. In vasimoslation programs used in Sweden
default solar radiation values are 100 \(inside glass, IDA ICE), 150 W/{ParaSol) and
250 W/nt (VIP Energy). Automatic blind management was stddiy van Moeseke, Bruyére
et al. (2007) in TRNSYS. They studied the impaatnainagement strategies for external
shading devices in low-energy buildings in Belgidrhe results showed that a control mode
based on irradiation level only causes an impoitarease in energy demand for heating due
to the decreased solar gains during winter. Thiecaisitsuggest a combination of both
irradiation and temperature control. Having a terapge set-point of 23-24°C combined with
an irradiation level of 200-300 Whnis ideal in order to reduce both over-heating bamnd
closed mode hours. Goethals, Breesch et al. (2&drtipd out thermal simulations of an
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office building with movable external blinds autdioally lowered when the incident solar
radiation exceeded 150 Wim

Gratia and De Herde (2003) presented various guaetefor good daylight design. They

claim that the higher the position of the windowtige better the bottom of the room is
enlightened and the deeper the naturally lit zen&he level of illumination decreases with
one double distance of the height of the window Eapthermore, ceiling height and ceiling
reflection plays an important role for the dayliglgtribution further into the room. The
importance of ceiling reflectance is supported lwpdis and Blomsterberg who stress that the
majority of daylight that penetrates beyond tffevbrk station is reflected from the ceiling at
least once, in their review and that increasedngerieflectance leads to a more uniform
distribution of daylight throughout the space. @raind De Herde recommend following

inner surface reflections (R):

Walls R>0.5
Ceiling 0,7<R<0,8
Floor/desk R >0.5

Tables and desks often represent a great paredfftite space and therefore their reflectance
can have as much influence as the floor. To imptbegyenetration of light in a room it is
preferable to keep floor and surfaces of work neddy clear (Gratia and De Herde 2003). A
bright desk colors is also beneficial becauselpeeducing the contrast between paper and
desk surface which improves the visual comfort.ti@nother hand, too reflective horizontal
surfaces can lead to disturbing reflections andeglaubois and Blomsterberg 2011).

Dubois and Flodberg (2012) showed that the effectraer wall reflectance for daylight
penetration can be significant and even as impbasithe effect of orientation. This is
especially true for small GWR.

Orientation

The impact of building orientation on energy congtion and thermal comfort highly
depends on the design of the facade. Orientaticst bmiconsidered when designing glazing
amounts, solar shading devices and solar energgede\Poirazis (2008) showed, that for an
office building with identical short sides and losiges, orientation has a negligible impact on
energy consumption. It is possible that the imp@dtuilding orientation is negligible when
performing a whole building annual energy balaht@wvever, orientation ought to have great
impact on thermal comfort and lighting comfort etrooms along the fagade due to direct
solar radiation. Gratia and De Herde (2003) cldiat for a rectangular building, a north-
south building orientation is better than an easstvorientation when it comes to reducing the
total heating and cooling demand. Having the larg@sdow area towards north reduces the
cooling demand more than it increases the heagngadd. Artmann, Manz et al. (2008)
argue that if solar gains are low compared to i@eheat gains, the effect of facade
orientation on overheating degree hours is relptismall. However, for an office room
oriented to the north, the overheating hours carosat be half compared to the other
orientations. Haase, Buvik et al. (2010) claim thatdows on the east and west facades often
cause the overheating hours because of the love afgihe sun in these directions.
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2.4.2 HVAC

There are a number of different supply and distidsustrategies for heating, ventilation and
air conditioning in office buildings. The role dfe distribution system is to secure a healthy
indoor environment and a good thermal climate. désgn of the distribution systems highly
affects the building’s energy use. Efficient supahd distribution strategies have been
studied in several low-energy office buildings ar&pe. Natural ventilation, cooling with
night ventilation, TABS, earth-to-air heat excharsgend geothermal bore holes are common
techniques which are reviewed in this section.Me&en, such innovative HVAC techniques
are scarcely used. The district heating and coalgtgiork is well developed and according to
recent statistics (Boverket 2010), more than 80%hefSwedish non-residential buildings use
district heating. As much as 90% of the 123 exggtiffice buildings in the investigation
performed by the Swedish Energy Agency use didteeting. The remaining buildings are
mainly heated with electricity and gas. For cooksugply, water-cooled compressor chillers
still dominate in Sweden (68%) but district coolisgyetting more and more frequent in new
office buildings (24%) (Energimyndigheten 2007)gRedling air distribution, 95% of the
non-residential buildings in Sweden have a meclabalanced ventilation system (Boverket
2010).

Heating and cooling

Heating and cooling can be distributed to the rammer with water or with air as a medium.
Heating distribution with water is most commorSwedish buildings today (Jardeby,
Soleimani-Mohseni et al. 2009). Water-borne radsatwe most common, with central control
of the water temperature (depending on ambient éeatpre) and individual control of the
water through-flow to the radiator. Other water+msystems are fan-coil batteries and floor
heating. A fan-coil battery is a room unit withamfand a battery which is supplied with warm
or cold water. Room air is circulated through ting where it is heated or cooled with a
rather fast reaction time. A floor heating systeas much larger heat-emitting surface
compared to a radiator which admits a lower wagstgerature. However, the floor heating
system reacts slowly to adjustments. Heatingidigion with ventilation air requires a small
heating demand. The air is heated with heatinggha#t in the supply ducts. The system is
more difficult to control, but in return it allowssfaster temperature adjustment. The normal
strategy in office buildings is to have a combioatof air and water distribution, with a
central heating battery in the air handling urat, fre-heating the supply air, and a water-
borne room unit for additional heating (JardebyieBoani-Mohseni et al. 2009).

For cooling distribution both water and air-boriystems are common in Swedish office
buildings (Jardeby, Soleimani-Mohseni et al. 2009ater-borne cooling systems are not as
space consuming as air-borne systems which redangs ventilation ducts. The most
common water-borne system is having active codaifjes which are placed under the
ceiling. The warm air in the room is transferredte cold water in the baffles with natural
convection. The baffles are normally designed withply and return water temperatures of
14 and 17°C. The surface temperature of the codlaffie must always be warmer than the
dew point of the room air in order to avoid condsim. As mentioned above, water-borne
fan-coil batteries can be used both for heatingauding in a room. The fan-coil battery has
an enhanced cooling efficiency compared to theiegdiaffle but in return it makes more
noise (Kallman, Hindersson et al. 2004). Coolintghvair is convenient since fresh air needs
to be provided to the building with the ventilatisypstem anyway in order to remove
emissions. Moreover, the ambient temperature ind8wes colder than the indoor
temperature a big part of the year and free coaliitiy outdoor air can be utilized to a great
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extent. The remaining cooling is provided by thelew coil in the air handling unit.
However, the specific heat capacity in air is lavd darge airflows and great amounts of fan
energy are required to meet the cooling load (KaétHindersson et al. 2004).

There are other cooling supply systems besideaistoling and conventional water-cooled
compressor chillers. Absorption chillers resemhkcompressor chillers but they are run on
a heat source instead of electric power. For ingtadistrict heating, combustion heat or
excess heat from the building can be used as baates Absorption chillers need very little
electricity but in return the COP is low. Evapovatchillers are an alternative when air is
used for cooling distribution. The device cools tvem and dry air by making it pass liquid
water and evaporate. The cooling efficiency ishfartimproved if the air first is dehumidified
with heat from for instance district heating, exxcheat or heat from solar collectors. This
combination of dehumidification and evaporativeloapis called sorptive cooling and is
only possible for airborne cooling (Jardeby, SoksmMohseni et al. 2009).

Free cooling is defined as cooling when a natuealk Bink is used for cooling, for instance
outdoor air, geothermal bore holes and lake waltgth an airborne cooling system, the
cooling demand can be met by the outdoor air ag &t is colder than the supply air
temperature in the air handling unit (approximateyC) which actually occurs most of the
time in Sweden (80-90%) (Jardeby, Soleimani-Mohséal. 2009). Cooling towers with free
cooling from outdoor air can be used for waterbaoaing systems when the ambient
temperature is colder than 7-10°C. Reversible peatps can be used both for heating and
cooling production. Geothermal heat pumps areieffidor cooling since free cooling from
the bore hole can be extracted meanwhile the bmleeid charged with heat for the winter
season. When the free cooling from the bore halesigfficient, the pump is activated to raise
the cooling efficiency. (Jardeby, Soleimani-Mohsetnal. 2009). One form of free cooling is
night cooling where the thermal mass in the bugdinonstruction is used as heat sink. Cooler
night air is stored in the interior materials andthe of the excess heat during day will be
consumed for heating the materials. Night coolsgften improved with increased airflows
during night. Another free cooling system using Itndding thermal storage as heat sink is
the thermo-active building system (TABS). TABS deneither water or airborne and they
operate at temperatures close to the room temper@tenze, Felsmann et al. 2008). Thus
natural heat sinks such as the ground, ground wat@mbient air can be used (Bine 2007).

Mechanical ventilation

A conventional mechanical ventilation system camlésgned with constant or variable
airflows. In order to make the fans more energycit, either the airflow, the total pressure
drop or the number of operation hours must be redluc

In a constant air volume (CAV) system, the airflsvkept constant but the supply air
temperature is allowed to vary depending on roanperature or ambient temperature. The
supply air temperature can also be constant, @sderthe rooms are equipped with separate
room units for heating and cooling (Jardeby, SoteirMohseni et al. 2009). The positive
aspects with constant airflows are the pressunesidrehich are kept constant. CAV systems
can be designed with two-speed motors which enabteduced speed when the cooling load
is small (Kallman, Hindersson et al. 2004).

In a variable air volume (VAV) system, the airflaaveach room varies but the supply
temperature is kept constant. However, the supphkgmperature can be varied with the
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seasonal ambient temperature. The indoor temperdaiermines the required airflow.
Having variable airflows can save much heating gnsimce only the essential amount of air
is distributed to each zone and hence less airstedae treated with room units. VAV
systems are often combined with a demand contrebedilation (DCV) system. A DCV
system is mainly a control system which reguldbtesairflow depending either on G@vel,
occupant presence or humidity. However, it is ugubk temperature requirement that
determines the airflows rather than the,Qi@it in office buildings (Jardeby, Soleimani-
Mohseni et al. 2009).

Natural and hybrid ventilation

Natural ventilation, or a hybrid of both naturablamechanical ventilation, can be adopted in
order to save auxiliary energy for fans. This ulatibn strategy is not as common in Swedish
office buildings as in for example Germany, Belgiand Denmark. The technique is often
combined with passive night cooling and it has beeaduated in many European low-energy
office buildings. The challenge with natural vestiibn is to achieve a sufficient air change
rate with buoyancy forces or wind forces only, iftlis is not secured a small mechanical
system can be added as back-up. The flow patheddittdepends on the design and
placement of openings in the facade and withirbthieling. The single-sided ventilation
strategy implies that openings are placed at diffeheights in the external wall, creating a
stack effect and natural ventilation within themaoCross ventilation requires openings
within the building, creating a cross flow from diagade to the other.

Ni Riain, Kolokotroni et al. (1999) investigatedtbooling effect of various ventilation flow
paths in an existing naturally ventilated officalting in the UK. The 3 floor office is L-
shaped with both individual and open plan officBse main components of the natural
ventilation system are operable windows, ventitastacks to extract stale air, and a sinus
shaped concrete ceiling with internal channelsafodistribution and night cooling. At night,
windows are automatically opened and so are thesdi¢he slab in order to cool the slab
down. During the tests, different ventilation patveye opened in sequence and the airflow
rate was estimated. The initial measurements teesummer indicated that acceptable
ventilation was provided, the G@evels peaked just below 800 ppm and generally the
concentrations were below 600 ppm. The indoor teatpee sometimes exceeded 25°C but
only when the outdoor temperature exceeded 30°ghtNientilation coupled with exposed
thermal mass and minimisation of solar and intehealt gains effectively reduced the effect
of high external temperatures. The authors conduldat cross-ventilation, either directly to
the office space or indirectly through the concsdéd, can provide the necessary day
ventilation to satisfy cooling purposes. During hat calm days though, the passive stacks
can provide more ventilation than the cross-vetmitasystem.

Gratia, Bruyere et al. (2004) compared differerdtegies for natural ventilation. Simulations
were carried out in TAS on a rectangular 5 flodicefbuilding with peripheral individual
office rooms with weather data for Belgium a susaynmer day. Internal walls between the
office modules and the corridor were modeled wikrable windows above the doors to
facilitate the air flow between northern and southspaces. Each office was modeled with
four windows, two top and two below, to allow natiuentilation. The efficiency of natural
day ventilation, natural night ventilation and v&ation rates due to different positions of the
openings were studied. The authors found out thtatral day ventilation is most efficient
with a single-sided strategy rather than a crossita¢ion strategy, since it allows double air
inlet. At a mean airflow rate of 4 ach, the singided ventilation reduces the cooling load by
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31% but the cross ventilation only by 11%. Duringtn, cross ventilation is almost as
efficient as single-sided ventilation because efléngth of the ventilation period. At a mean
air flow rate of 8 ach, the single-sided strategguces the cooling load by 38% and the cross
ventilation strategy by 36%. Cross ventilatiomdg possible when the building is wind
protected or when wind direction is parallel to daws. The study also showed that the
position of the openings is as important as tha aféhe openings. A tall window uses the
stack effect better than a horizontal window. # trentilation is single-sided it is preferable to
dispose of two openings on different heights ofwlal and when the ventilation is cross the
opening levels should be at different height ahesade of the building. Finally, Gratia,
Bruyere et al. claimed that since wind and tempeeadifferences are the driving forces
causing air flows through the building, there vl times, even with the best design, when
ventilation will not be sufficient enough.

van Moeseke, Bruyere et al. (2007) studied the anpbcooling by intensive natural
ventilation in low-energy office buildings. Variogsntrol rules were simulated with
TRNSYS and Belgian weather data was used and avaeat was simulated for the natural
ventilation set. A south-oriented office room WEWR 40% and exposed concrete in
external wall, ceiling and floor was modeled. Tlag @entilation rate was constantly 4 ach in
one simulation and 1.5-4 ach in another, varyinipwie outdoor temperature. According to
the results, outdoor temperature control mode i®ffwient enough to limit over-heating
hours, and compared to the model with constaritaair, it only leads to small savings in
heating energy (3-5%). The authors concluded thaeghe choice of management and
parameters strongly impacts the cooling performatiesigners must carefully consider the
control systems in order to build high comfort lemergy buildings.

Hummelgaard, Juhl et al. (2007) recorded and coegpaccupant satisfaction and indoor
environment characteristics in four naturally aivé inechanically ventilated open plan office
buildings in Copenhagen. Air temperature, air hutyidnd CQ concentration were logged
and occupant responses were collected simultanewutie different buildings during a
working day in October. The questionnaires focusedccupants’ overall assessment of the
indoor environment, the thermal sensation, theicggaion of personal control, and the
frequency of symptoms occurring during the pastehmonths. The results from the indoor
climate measurements showed that temperatureyectaimidity and C@concentration
varied more among the naturally ventilated buildimdnile the mechanically ventilated
buildings were more alike. The highest temperatwe® found in two of the naturally
ventilated buildings with a peak around 4 o’clock.prhe temperature varied between 22.1-
26.3 °C in the naturally ventilated buildings, detween 21.3-24.8 °C in the other buildings.
The relative humidity was 28-45% in the naturagntilated and 28-47% in the buildings
with mechanical ventilation. The concentration @,Gvas constantly low in the
mechanically ventilated buildings (405-555 ppm) el varied between 425-1000 ppm in
the naturally buildings. Despite the higher concatian of CQ and the higher temperatures
with more variation, 70% of the occupants in theuradly ventilated buildings were satisfied
with the indoor environment, whereas only 59% weatesfied in the mechanically ventilated
offices. Overall symptoms, like “difficult to coneate” and “dry, itchy or red skin”, as well
as building related symptoms, like “eyes itchimgation” and “dry, itchy or red skin”,
occurred more often in the buildings with mechanvemtilation. The occupants’ thermal
sensation (rated from -3 to +3 on the ASHRAE scai® in average -0.2 for the naturally
ventilated offices and +0.1 for the mechanicallptiated buildings, thus both results were
near neutral. The contradictive results have, afingrto the authors, been indicated in earlier
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studies as well and one possible explanation isatt@upants in naturally ventilated buildings
have lower expectations of the indoor environmbahtpeople in climate-controlled
buildings with less fluctuating pollutions and tesngtures.

Night ventilation and passive cooling

Cooling with night ventilation and passive coolwwgh thermal-active building systems or
earth-to-air heat exchangers are often combindéalnrenergy office buildings in order to
improve the cooling efficiency. Night ventilatioart affect the day time internal conditions
by reducing the peak air temperatures, reducintemperatures throughout, reducing slab
temperatures and creating a time lag between ettand internal peak air temperatures.
Night ventilation has almost become a standartienukK for “green” office buildings using
natural ventilation (Kolokotroni and Aronis 1999hermo-active building systems (TABS)
cool and heat the building structure using tube Brehangers integrated with building
elements. TABS are thermally activated by eithetewar air and operate with temperatures
close to the room temperature. Thus free energy gorrounding heat sinks such as the
ground, ground water and ambient air can be udeel cdoling water temperatures are often
18-22°C and the heating water temperatures no thare27-29°C. TABS can also be called
slab cooling and heating, underfloor cooling andtimg, concrete core temperature control,
hydronic radiant heating and cooling. In buildinggh TABS, room temperatures cannot be
individually or quickly adjusted. TABS were introcked in office buildings in Switzerland in
the early 1990s. During the last decade TABS haenlgaining an increasing market share
in Western Europe. (Bine 2007; Henze, Felsmanh 2088). Pfafferott, Herkel et al. (2005)
state that passive cooling is one promising appraacoderate climates to reduce the
energy demand for cooling without reducing theromahfort and without increasing facility
electricity. However, the performance depends anpiex correlations between heat gains,
heat losses and heat storage. Kalz, Herkel e2@09) claim that cooling from ambient air
with mechanical night ventilation is harvested wathather poor efficiency due to the high
electricity use for the fans. The cooling effecpasticularly limited during persistent heat
waves. The required air change rates and the amtoéihg effects have been investigated by
several researchers.

Kolokotroni and Aronis (1999) investigated the apgbility of night ventilation in air-
conditioned office buildings in order to find otiitialso can be a good strategy for a
mechanically ventilated building, considering thereased consumption of fan energy. The
simulated building was a standard air-conditiong#d® building in the UK with medium
thermal mass and the cooling season was chosémasitson period. A parametric study was
carried out, varying internal gains, thermal ma$szing ratios, solar shadings, building
orientation, night cooling strategy (balanced maatel ventilation or natural ventilation)
ventilation rates and operation time. The simulatesults showed that mechanical night
ventilation can lead to an increased energy usausecof the fan operation. The use of a
natural, single-sided night ventilation conceptha reference building, on the other hand,
yielded a 5% reduction in energy consumption, cpoading to approximately 1 kWhgr.
According to the parametric study, the maximumatffeom night ventilation is achieved
when the building has more exposed thermal makkewked by improved airtightness,
reduced glazing-ratio and reduced internal heatsg#in optimized building; heavyweight
with exposed concrete ceilings, airtight with afiltiration rate of 0.1 ach, a glazing-ratio of
20%, a reduction of internal gains by 10 W/amd with natural stack ventilation during night
with a ventilation rate of 10 ach, can save up k&h/nfyr compared to the reference case.
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Pfafferott, Herkel et al. (2003) carried out fatlale experiments in an existing German office
building (Fraunhofer ISE) in order to determine éfigciency of night ventilation dependent
on air change rate, solar gains and internal hesasgThe building has hybrid ventilation

with a minimum air change rate of 1 ach during wagkhours and a night ventilation air
change rate of up to 5 ach. The experiments waakiated by using both a parametric model
and a simulation program in order to develop a wefor data evaluation in office buildings
with night ventilation. During the experiments, e@tological data, air change rates, air
temperatures, surface temperatures and the operativn temperature were measured in two
rooms, one with and one without night ventilatidhe results show that room temperatures
exceed 25°C in less than 8% of the working hourge f thermal stratification and solar
radiation there is an increase in temperature®f0from one floor to the next. As expected,
the night ventilation efficiency increases with tiechange rate and decreases with the
ambient temperature. The comparison between theursaents and the results from the
parametric model shows that the parametric modsgrigect to use when calculating the mean
air temperature but not so accurate when calcgldtia temperature amplitude. The result
from the building simulation shows a good agreenbetiveen measurements and simulation
results when the input parameters and boundaryittomslare well known. However,

different user behaviour results in energy and &nampire variations of great magnitude. A
simulation with standardized input shows that niggtilation reduces the mean air
temperature by 2-3°C.

Pfafferott, Herkel et al. (2004) evaluated thehhigentilation concept in a low-energy office
building in Germany (DB Netz) in order to quantifhe cooling capacity and study the
thermodynamic phenomena. The office building wasgieed, constructed and monitored for
two years within the German research program Salanith the general benchmark of a
total primary energy demand below 100 kWh/mThe building has a central atrium for
cross ventilation and daylight inlet. The ventibatistrategy during office hours is hybrid with
both natural and mechanical ventilation. Night ylatibn is automatically activated during
summer nights (2 a.m.-8a.m.) and the airflow depemdstack effects due to the atrium. In
addition, the ventilation system has an earth-tdwaat exchanger for pre-cooling the supply
air. The monitoring results show that general cobtfoteria were not strictly matched since
the operative room temperature exceeded 25°C daidints% of the working hours. Tracer
gas technique was used to get more detailed intowman airflow rates and flow paths in
different opening states. The experiments showeatitkte air change rate is higher during
night than during day (due to stack effect) andargvith open rather than closed doors
(small flow resistance). Furthermore, the effecthef night ventilation is higher in the
peripheral rooms than the rooms close to the atbaoause the rooms closest the facade get
more benefit from the cool outdoor air. The simolag indicated that the most efficient
strategy is hybrid day ventilation in combinatioithwpre-cooled supply air from an earth-to-
earth heat exchanger.

Jaboyedoff, Roulet et al. (2004) presented sontkeoivork within the frame of the European
project AIRLESS. The main objective of the energytf the project was to assess the
impact on energy consumption of the use of natmdlmechanical ventilation in
administrative buildings. A three-storey buildingth offices facing south and an atrium
facing north, was modelled with TRNSYS. The natwsitilation system consisted of
automatic controlled pivoted window parts and inbere openings. To investigate the
influence of window openings three different opgnsizes were simulated; 2%, 4% and 8%
of the facade area. Other parameters studied vdfi@erates, thermal mass, humidity,
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heating and cooling energy, heat recovery, ainigbs$, cooling set-point temperatures,
duration of the fans and geographical influencesdurich and Rome). The results from
the study show that the annual duration of the tratpres above 25°C is about 200 h for a
light building with small openings, and only 20dr &« heavy building with large ventilation
openings. Furthermore, the airtightness is a paemoeé great importance; a leaky envelope
can more than double the heating energy use. Gigutige cooling set-point temperature
from 26 to 24°C increases the cooling energy byentisan 50%. Operation of the ventilation
24h per day increases the heating demand by abétiir2 Oslo but also allows a reduction of
cooling energy by about 25% in Rome. The use of teE@very allows a reduction of heating
energy by about 50% in Oslo. For a Zurich buildwgh high performance envelope and low
airflow rate for high-energy efficiency, it is npossible to remove the heat accumulated
during the day when the ventilation does not ogeaanight. Humidification and mechanical
cooling are significant energy users and shoulcetoee be avoided whenever possible
without reducing the comfort. An efficient and eoarical cooling strategy is to combine a
mechanical ventilation system designed for the mimn hygienic airflow rate with passive
cooling using natural night ventilation.

Breesch, Bossaer et al. (2005) evaluated the massming effect and thermal comfort in the
low—energy office building SD Worx in Belgium, wittatural night ventilation and an earth-
to-air heat exchanger. The well-insulated buildiogsists of two office floors and an atrium
on the south side. During the cooling period, theteto-air heat exchanger pre-cools the
supply airflow daytime and the natural ventilateystem cools the exposed surfaces during
night time ambient air entering from operable wiwdoMeasurements during summer 2002
were used to show outdoor and indoor temperatandw rates in the mechanical
ventilation system and control parameters in thaicg season. In addition, simulations were
carried out in TRNSYS and COMIS in order to estiendie relative importance of the
different techniques. The measurements showedhéatight ventilation was in operation
during 60% of the nights in the cooling season. {Emeperature drop was higher on the first
than on the second floor because of stack effébis.ambient air temperature peak was on
average postponed for 5h and therefore the indoteraperature peaks occurred after the
office hours. The earth-to-air heat exchanger setthvat the maximum temperature of the
supply air never exceeded 22°C. During days witteaimum external temperature between
12 and 22°C, the cooling effect was limited. A liegtlemand was noticed when the
maximum outdoor temperature was below 12°C. Theooaifort was evaluated and
according to the authors an excellent thermal sunoomfort was reached. 26°C was only
exceeded in 0.3% of summer working hours and 253€ exceeded in 8.2% (operative
temperatures). The simulations and comparisons mwiasurements showed that the actual
outdoor climate was slightly warmer than the sirtiataweather data. Yet, the simulation
model showed a slightly worse thermal comfort witbre working hours exceeding 25 and
26°C. Furthermore, in contrary to measurementssithelated temperatures hardly differed
between the floors. The impact of natural nighttiiation versus earth-to-air heat exchanger
was estimated by comparing the thermal summer admfdhe building. Natural night
ventilation appeared to be much more effective traparth-to-air heat exchanger. If the
internal heat gains were kept low the natural nigimitilation alone could provide a good
thermal comfort. An earth-to-air heat exchangenalwith no other cooling system
performed poorly.

Eicker , Huber et al. (2006) evaluated one of ttst passive house office buildings,
Lamparter in Germany. The building was construatet®99 and monitored over three years

26



in order to analyze the summer performance of alyigsulated, well sun-protected and
mechanically ventilated building. The cooling systeonsists of a passive night ventilation
concept, whereby the user has to manually opeagper section of the windows, and by an
additional earth-to-air heat exchanger which prelsthe supply air during the day.

Monitoring results showed that during the typiaainsners of 2001 and 2002, the night
ventilation concept was efficient with only 2% dif affice hour room temperatures above
26°C (50-60h). In 2003 though, with a mean summeperature 3.2°C higher than usual, 9%
of the office hours had room temperatures abov€ 2830h). Air change rates were
measured using tracer gas technique during 17Q halrs in the summer of 2003. The
average air change rate turned out to be 9.3 agh aterage wind speed of 1.1 m/s. The air
exchange was strongly wind induced. Because ofititg ventilation, the room temperature
level dropped by 3°C from the daily peak during tlo¢ month of August. Simulations were
carried out with TRNSYS in order to see how to ioy& the night cooling efficiency. One
solution could be automatic control of the windopenings, postponing the opening until
later in the evening when the ambient temperatuo®oler. When the windows are manually
opened by the users at the end of the working @ayr.), the room first gets heated by the
warm ambient air which can reduce the night coofiatential by 20-30%. The contribution
of the earth-to-air heat exchanger during day tperation was also investigated, both
experimentally and theoretically. Temperature senga@re placed inside the pipes and the
humidity of the air was measured at the inlet dreddutlet of the pipes. The pipes lie in a
depth of 2.8 m where the soil temperature is alrnosstant, closely matching the annual
mean ambient temperature. By ventilating the anl@grthrough the system the supply air is
cooled in summer and heated in winter. The measemenshowed that the heat exchanger
performed very well in the warm summer of 2003 drelsupply air was pre-heated and pre-
cooled by around 10°C. The outlet temperatures Wwepé below 20°C 95% of the time and
never dropped below 0 °C, which is excellent torpre freezing of the heat recovery unit in
the mechanical ventilation system. The annual aoeffts of performance (COP) were
calculated from the sum of heating and cooling gyneivided by the additional fan

electricity required to run the supply air throupke tubes. The calculated COP reached very
high levels; between 35 and 50 (due to small predssses) and covered about 20% of the
average internal loads. However, the earth-to-@at lexchanger could not fully remove the
daily cooling load because the required ventilatatie was too small.

Pfafferott, Herkel et al. (2007) analysed room terapures in existing, passively cooled low-
energy office buildings in Germany. The 12 casdédmgs are all within the research program
EnBau and designed for a primary energy demandw®d® kWh/nfyr for heating,

ventilation, lighting and technical services. Allildings have hybrid day-ventilation concepts
and most have night ventilation for pre-cooling bhuglding. Some have TABS (concrete slab
cooling) and some earth-to-air heat exchangerswieaher at the building site and the room
temperatures were monitored over 2-3 years. Thdarbmas evaluated for the hourly mean
room temperature during weekdays and normal offm#'s. The study indicates that
passively cooled low-energy office buildings pravia good thermal comfort in moderate
European summer climate according to the Europtandard. If extreme weather conditions
are given, like in summer of 2003 with long heaves buildings with night ventilation and
earth-to-air heat exchanger exceed their capaunitysl of thermal comfort. Water-driven
cooling (TABS), using the ground as heat sink, ptes a good thermal comfort even in
extreme weather conditions. The new European stdridie in consideration that occupants
in naturally ventilated buildings perceive higheom temperatures as comfortable, supported
by several research projects.
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Haves, Linden et al. (2007) performed thermal satiohs of a naturally ventilated office
tower in San Francisco in order to evaluate difiexentilation strategies for space cooling.
The building is a narrow-plan, high-rise tower ejated in the NE-SW direction. Simulations
were carried out with Energy Plus and COMIS with #issignment to find out whether there
is a need to use buoyancy effects to supplementititt The paper also describes the
airflow and temperature distribution in the occupspaces arising from different
combinations of window openings and outdoor condgi Different ventilation
configurations were simulated for the cooling sea@pril to October). The windows were
opened whenever the inside air temperature excdemtbdhe set-point and the ambient
temperature. An adaptive comfort criterion modelrfaturally ventilated buildings was used
(ASHRAE 55). The adaptive model has an upper liorithe operative temperature of 26-
28°C and it assumes that occupants will change ¢hething in response to changing
conditions. The main observations from the studgaéthat wind-driven night ventilation
produces reasonable daytime comfort conditionstlaaida combination of wind-driven and
internal stack-driven ventilation produces only ad@st improvement in performance.
Internal stack-driven night ventilation is lesseetive than the wind-driven case.
Furthermore, additional external chimneys do ngirowe the performance of the combined
case. The airflow study shows that the geometith@lser-controlled windows has a large
impact on the airflow, the opening area and theilaion efficiency. It is therefore desirable
that the user operable opening has the maximumig@ssomentum flux which can be
achieved by introducing a flow deflector. With tlisidy, the authors show the importance of
careful simulations in order to optimize the vettdn strategy and window geometry and
thereby improving the ventilation efficiency an@reasing confidence in the system.

Artmann, Manz et al. (2008) decided to identify thest important parameters affecting night
ventilation in order to reduce uncertainties in pinediction of thermal comfort in buildings
with night-time ventilation. The night ventilati@moncept is simple but the cooling
effectiveness is affected by many parameters, wimiakes predictions uncertain and
architects and engineers hesitant to apply thentgak. The HELIOS building simulation
programme was used to model a standard office rocoupied by two persons as base case.
The external facade, including two windows withezral sunscreens was oriented to the
south. The parameters studied were different lestlsermal mass, internal heat gains, air
change rates, heat transfer coefficients and éiftesources of climatic data. The
Performance was rated by evaluating overheatingegdupurs of the operative room
temperature above 26 °C. The study shows thatrapbly night ventilation depends mostly
on climatic conditions, building construction amtiernal heat gains. The external climatic
conditions were found to have a very large impacbwerheating. Not only local, but also
annual climatic variability has a large affect. Maeather data from the warm summer of
2003 clearly showed that simulations based on comyngsed climatic data do not always
allow reliable predictions of thermal comfort. Tingpact of thermal mass in internal walls
depends on room geometry. In a large open plaoeoffie wall-to-floor ratio is small and the
construction of the walls thus becomes less impariEhe thermal mass of the ceiling is
always favourable though, a concrete ceiling iecticontact with the room air reduced
overheating by a factor two compared to a suspenedidg. Varying the internal heat gains
from persons, equipment and electric lights haduatiee same impact as the thermal mass. If
high internal heat gains are combined with a logritial mass, no air change rate will be
sufficient enough to avoid overheating. As solatlgains were generally low compared to
internal heat gains, the effect of facade orieatatin overheating degree hours was relatively
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small. A clear difference was found only for anicgforiented to the north, where the
overheating degree hours were almost halved. Riggitte night ventilation rate, the
cooling effect changes rapidly when the air charage is increased from 0.5 to 4 ach. This
makes predictions of thermal comfort uncertain wthenairflow depends on ambient
temperature and wind conditions which make it diffi to predict. When natural ventilation
depends only on buoyancy forces, the airflow islbwiaen the ambient temperature is high,
making the cooling effect minor during warm periotleerefore, the authors recommend that
a mechanical system shall be used whenever nétucals are insufficient. When the airflow
rate exceeds 10 ach, the cooling effect is notavgu any more. The effect of the daytime
ventilation rate was relatively small comparedre hight ventilation rate. Heat transfer
between the internal surfaces and the room airfaasd to have only a minor effect.

Hgseggen, Mathisen et al. (2009) carried out sitimna with ESP-r on a real office building
with the assignment to estimate potential energinga and comfort performance of
exposing the concrete in the ceiling. The buildiRgstad) is located north of Trondheim in
Norway and it has demand controlled ventilatiorhvah earth-to-air heat exchanger for pre-
cooling the supply air. In the simulations, the aopof exposed concrete, occupancy rate,
ventilation strategies and night time airflows wetedied. The results showed that the
cooling effect with night ventilation increased idlp with air changes between 1-5 ach. For
larger air change rates the cooling effect stadallisnd air change rates exceeding 10 ach did
not improve the performance further.

Goethals, Breesch et al. (2011) carried out sinaratof a night cooled office room in
Belgium with TRNSYS in order to investigate the sty of the night cooling performance
to convection algorithms. Night cooling with mecleah ventilation and air change rates of 6
and 10 ach was simulated. The night ventilationiaesl activated when all of the following
conditions were fulfilled:

- Monday — Sunday night, between 22.00 and 6.00
- Outdoor air at least 2°C colder than return air

- Return air warmer than 16°C

- Ceiling temperature warmer than 22°C

The results showed that the choice of the conveatigorithm strongly affects the energy and
thermal comfort predictions. The authors concluted for night cooled spaces, a correct
description of the convective heat transfer is régd necessary.

2.4.3 User related electricity and internal gains

The user related electricity, or tenant electridyan important energy post in office buildiny®t
only does it account for a large proportion of thieal energy use, it indirectly increases the capli
energy due to the high internal gains it causeati@@and De Herde (2003) claim tlthe internal
gains have a great, non-linear, impact on coolagl$. If half as much internal gains from
lighting and equipment is secured, the indooreingerature can be reduced by 3-4°C. Eicker
, Huber et al. (2006) monitored and analysed tvieefooms in detail in a passive house
office in Germany. The total hourly internal gatosned out to be 30-35W/nfior an
individual office room and 50 W/ffor a room with two work stations. Most of the mgi
were due to the office equipment (approximately\/in” and computer, 11 W/nfor
lighting and 6 W/rf and person).
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The most recent inventory of electricity consumiptiio Swedish office buildings is the “Step
by step STIL” survey performed by the Swedish gGgekgency in 2005
(Energimyndigheten 2007). 123 existing office adchanistration buildings of different age
were studied and the average electricity use @tilng, computers and other user related
office equipment was 57 kWhfgr. This number is in line with the recommended
standardized input for energy calculations in @ffouildings provided by the SVEBY
programme which stands for “Standardize and veéhiéenergy performance of buildings”
(SVEBY 2012). The SVEBY programme suggests that\8®/mfyr is a normal tenant
electricity use in modern Swedish office buildingjhe programme estimates that if the
building is improved with “best practice” equipmelighting and control systems, the user
related electricity can be reduced to 39 kWiytmFurther improvements with new and
efficient technique may reduce the user relatectidity to 18 kWh/niyr in the future.

Lighting

123 existing office and administration buildingsdifferent age were studied in the “Step by
step STIL” survey (Energimyndigheten 2007) andtirgi energy was one of the largest
energy posts. The average lighting energy consempbr the 123 buildings was 23
kwh/m2yr. However, the spread was significant dredrhinimum value was 7 kWh/m2yr and
the maximum value 53 kWh/mz2yr. The studied buildihgd an average installed lighting
power density (LPD) of 10.5 W/mZ2. The average LRIndividual office rooms was 13
W/m2 and in landscape offices 12 W/m2. This cardrapared to the building industry’s
current guidelines of maximum 10 W/m?2 in individwabms and 12 W/m2 in landscape
offices (Ljuskultur 2010).

An extensive literature review was carried out mpDis and Blomsterberg (2011) in order to
find out the energy saving potential for lightimgaffice buildings. The authors listed a
number of different strategies to reduce energyfarskghting in office buildings:

Improvement in lamp technology, ballast technolagg luminaire technology

Many existing office buildings in Sweden have T@flescent lamps (26 mm), even though
the thinner and more efficient T5 (16 mm) fluoregdamps were introduced already in 1995.
T5 lamps are being installed in almost all newaaffouildings and modern T5 lamps have
luminous efficacy up to 104 Im/W which is 20% mefécient than T8 lamps (OSRAM
2012). The luminous efficacy of light emitting desi(LED) is increasing rapidly and can
today reach 100 Im/W. However, the authors belteae conventional light sources will have
a major role to play for some time yet. Most exigtoffice buildings in Sweden still use the
conventional wire-wound ballast devices which caonell0-20% wattage of the lamp. High
frequency (HF) electronic control ballast use kbss half the energy required by the wire-
wound types. Furthermore, HF lighting has a bdig@ting quality, flicker-free lighting,
reduced power demand, longer life time and are ewitlp with lighting control systems. The
luminaire value describes the efficiency of théatigg fixture and how much of the lamp flux
that is emitted into interior space (useful luméndlepends on the quality of reflectors,
diffusers, filters and ambient temperature of #rap. Modern fixtures with coated reflectors
and holographic diffusers can have luminaire vahfég5% and higher. (Dubois and
Blomsterberg 2011)

Use of task lighting
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One efficient way of saving lighting energy canhasing separately controlled task lighting
(desktop lamps) together with the general lightifige task light ensures the required 500 lux
immediately at the desk and the general lightinglmaadapted according to available
daylight. 22-25% lighting energy can be saved caegh¢o fixed general lighting. Desktop
lamps should never be used as the sole light sdhiocgh, because of the increased risk of
visual fatigue. The level of background luminang@portant since it influences visual,
emotional and biological aspects. (Dubois and Blenerg 2011)

Reduction of illuminance levels

In Sweden, an illuminance level of 500 Ix is recoemaled on the task area for individual
office rooms while 300 Ix is normally accepted asgral lighting for landscape offices
(Ljuskultur 2010). Several studies indicate thaigde generally prefer lower levels than 500
Ix in office rooms but the preferred illuminancedéis highly individual. By using 400 Ix as
a design criterion, a 20% decrease in energy copsamcould be expected without reducing
the number of satisfied workers. One suggestito isstall a range of adjustable task
illumninaces for particular situations rather tlaasingle level. Some people would probably
choose lower levels than recommended. (Dubois dmh&erberg 2011)

Reduction of switch-on time

The lighting energy consumption is affected byatietl power and off course the number of
hours the lights are on. The European standard®93 recommend a total utilization time
for electric lighting in offices of 2500 hours pggar. This corresponds to approximately 10
hours per day (5 days/week, some national holidagkided), which is a reasonable value
considering a small amount of flexible working h&@uFhe recommended number of hours
requires that the lighting system must be comptetelitched-off after operation. This will
probably involve some kind of automatic power-breakvoid losses due to lights left on by
mistake. (Dubois and Blomsterberg 2011)

Use of lighting control systems

Lighting energy can be considerably decreased imguighting control systems for reducing
switch-on time and power. Studies have shown tleatual dimming can save 25% energy
and switch-off occupancy sensors can save 20-36%naily 25% with a sensor time delay
setting of 20 min. Daylight harvesting in officeiloings is not only important for the health
and well-being of people. The utilization of dayligcan be effective in order to reduce the
electric lighting consumption. Direct savings imts of reduced electricity for electric light
and also indirect savings because of reduced @téeat gains and reduced cooling demand.
Research has shown that daylight controlled lightiystems with an automatic on/off switch
or photoelectric dimming have the potential to i@lthe electrical energy by as much as 30-
60%. Equipment for dimming is more expensive thafofd switching systems though.
Dimming ballasts are less efficient than non-dimgriallasts and they consume 10-20%
power even at the lowest possible light outpute d@hylight availability in peripheral rooms
allows lighting energy savings of 25-60% for a diethlighting system.

(Dubois and Blomsterberg 2011)

The review, which is based on different measuremant simulations, indicates that about
10 kWh/nfyr is a realistic target for electric lighting intfire low energy office buildings.
This is a 50% reduction compared to the actualamestighting energy use in Sweden. Even
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lower consumptions are achievable by acceptingdaiueninance levels (400 instead of
500) and by using efficient task lamps.

Dubois and Flodberg (2012) investigated the efééstarious switching and dimming
strategies for electric lighting systems with tlyaamic daylight simulation program
DAYSIM and the user behavior control model Lightshi The model predicts when
occupants will use their blinds and when they switch on and off the electric lighting.
Figure 2.X shows the electric lighting consumptiondifferent control strategies in relation
to glazing-to-wall ratio (GWR) for a peripheral gla office room towards south in
Stockholm. The slope of the curves indicates taichoice of electric lighting strategy has
greater impact on electricity use than the GWR. {Dtexesting finding is the fact that the
system with occupancy sensor with automatic swottfoff actually yields more energy than
the ordinary manual switch near the door. The ne@sthat lights automatic switch on when
the room is occupied, even if there is sufficierailable daylight. To prefer is the
occupancy switch-off which according to the studlds around 25% savings compared to
the manual switch by the door. This system autarabyi switches the light off when the
room is empty and the occupant will have to switan manually when he or she returns.
The most efficient system is photoelectric dimmwvith occupancy switch-off which allows
savings of at least 50% compared to the manuatbwiVith this system, daylight sensors
reduce the electric light when useful daylightvsaitable, and the lights are automatically
switched off when the room is unoccupied. The systeakes it possible to achieve an annual
electricity use beneath 10 kWHyn. Moreover, the study indicates that the initighting
power density (LPD) is an important design featére LPD of 8 W/nf combined with a
simple occupancy switch-off system is another sgnain order to achieve an electricity use
of 10 KWh/nfyr.

Electricity use (kWh/m2yr)
25

-Stockholm, South, LPD 10W/m?,, 500 lux —m-Occ. switch on/off
[} {1 F |
20 Manual switch door
15 | ——Photo-e dimming + occ.
O~ == switch on/off
—————— O
10 F —0-0cc. switch-off
5 1 — Photo-e dimming
0 ) 1 1 1 1 ) —e—Occ. switch-off + photo-e

10 20 30 40 50 60 70 dimming
Glazing-to-wall ratio (%)

Fig. 2.X Electric lighting consumption as a functiof switching and/or dimming strategy in relationGWR for
a south orientation in Stockholm with LPD 10 W/m# &enchmark illuminance of 500 Ix. With permisgiom
Marie-Claude Dubois 2012.

Resembling results were found for an open landso#ffme in a study carried out by Dubois
and Du (2012). Different lighting strategies wearedastigated for an open landscape office in
Stockholm with varying GWR and orientation but waith solar shadings. The control system
with occupancy switch on/off yields the highestctlieity use, while a perfectly
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commissioned photoelectric dimming system can sawe than 50% compared to a
conventional manual switch near the door. The sppotential is still high at the third row
from the facade, but deeper into the room it desgedecause of limited useful daylight. The
additional savings from an occupancy switch-oftegsare quite small since an open
landscape room with many work stations is occupiedt of the time during office hours.

Equipment

The 123 inventoried office buildings in the “Stepdiep STIL” survey (Energimyndigheten
2007) showed an average electricity consumptiorcdonputers of 15.4 kWh/m?2yr and for
server rooms of 10.7 kWh/mz2yr. The electricity @meother equipment, such as printers,
copy machines and mini-kitchens, was 8 kWh/m2yaviarage. Hence, the total tenant
electricity for office equipment was 34 kwh/m2ym. dddition, facility electricity other than
fans was 9.5 kWh/m2yr (pumps and elevators foamst) but this is not user related.

There is great energy saving potential when it ®toeffice equipment. Modern computers
and displays have lower equipment power densityD(Edhd use less standby power. It is
also important to reduce the operation hours byeneng equipment left on by mistake or
left in standby mode outside office hours. Jageamar Olsson (2004) carried out detailed
measurements of electricity use in three Swedifbeobuildings built in 1998-1999 (two
with individual rooms and one with open landscafie®). The study showed that in two
buildings, computers and other equipment werenedt sleep mode during night. Thus, the
equipment power was 4 Woutside office hours. In the third building, contgns were shut
off during night and the equipment only consumed\W/nt during nights and weekends.
Computers, displays and chargers consume powervelven they are turned off. According
to the SVEBY programme, 15% of the EPD can be asdumtside office hours. There is
great saving potential in using power strips andtipla sockets which make it easy to turn
off the equipment completely during night. Alterraty, modern equipment with low off-
mode power can be used, for instance equipmenifigdadccording to the ENERGY STAR
Label from the US Environmental Protection AgenépdrgyStar 2012). Several computers
with this label consume less than 2 W in off-maateall the displays consume less than 1 W
in off-mode.

A realistic EPD for a conventional stationary wagt®n with display is 125 W according to
the SVEBY programme (SVEBY 2010). An energy effitialternative is a modern laptop or
notebook instead with EPD 12 W (EnergyStar 2012¢rEwith a separate display this option
can be really efficient. Modern suitable Liquid &gl Displays (LCD) consume 20-35 W
depending on size (EnergyStar 2012).

Occupancy

The occupancy attendance in office buildings hiasge impact on internal gains since it
affects also the use of lighting and equipment. 3R&BY programme suggests an
occupancy factor of 0.7 in energy simulations (SWYEB10). However, this value is of
current debate and the general idea is that theevallower in reality. Maripuu (2009)
completed a study of occupancy patterns in offisédings as a part of a doctoral thesis about
demand controlled ventilation in commercial builghnIn a literature review, Maripuu
discovered that there are relatively few studiesdooted on occupancy patterns. There are
also very few guidelines about the occupancy factdre used in the design process. The
occupancy rate is defined as the actual numbecafmed rooms, divided by the total
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number of rooms. Maripuu found out that the occapaate is highly dependent on the type
of operation in the building. The occupancy ratasfl in the review by Maripuu are
summarised in table 2.X and in addition, occupaatgs monitored by Blomsterberg and
Hgseggen, Mathisen et al. (2009) are includeddthti@n to the review, the author carried

out own field monitoring in a university adminigica building in Gothenburg, Sweden.
Patterns were monitored in different types of roavith occupancy sensors installed to the
supply air devices. The occupancy attendance wastoned during the period of September
2007 to September 2008. The impact of the swit€kdalay time of the sensors was also
evaluated. The results showed that the maximumpaeezy factor occurring in the building
was 0.7. The average occupancy factor during nowoeking hours (8:00-16:00) was about
0.4. The average occupancy period during a wholg'@t@0-18:00) was 33% for office

rooms, 16% for meeting rooms, 45% for copy room$&p4or break rooms and 14% for
archives/library. With a 5/10-minute switch-off dgltime of the sensors the occupancy factor
and occupancy periods increased with 5-10%. Duienitations in the technology of the
sensors it was only possible to determine whetleom was occupied or not. The sensors
did not give any information about the number adgde in the room. The office rooms were
designed only for one person though.

Table 2.X Occupancy rate found in literature (Hagag Mathisen et al. 2009; Maripuu 2009).

Report/Survey Building Method Average Peak Time
Occupancy factor | Occupancy factor| Period
SBN 67 Fictive office | Proposed 0.7 (>100 persons) ?
Swedish old profiles 0.8 (11-100 persons)
building code 1.0 (<10 persons)
ASHRAE/IESNA | Fictive office | Proposed 0.76 0.95 Weekdays
90.1-1989 profiles 8:00-17:00
Academic Monitoring 0.49 0.94 (10 rooms) | Weekdays
Keith and Krarti res_e_arch 0.77 (50 rooms) | 8:00-17:00
facility
University Monitoring 0.33 0.49 Weekdays
office (SWE) | sensors 8:00-18:00
Municipality Monitoring 0.54 0.79 Weekdays
Johansson (2009) | (swe) Sensors 8:00-18:00
Industrial Monitoring 0.51 0.88 Weekdays
office (SWE) | sensors 8:00-18:00
Office (NO) Monitoring <0.35 (90% of time) 0.62 ?
Halvarsson et al. Sensors
(2005) Education Monitoring <0.23 (90% of time) | 0.47 ?
(NO) Sensors
Office Monitoring 0.6 0.84 ?
Mathisen and Sensors
Halvarsson (2007) | University Monitoring 0.2 0.3 ?
office Sensors <0.12 (90% of time)
Bernard et al. 10 companies | Monitoring 0.4 0.7 Weekdays
(2003) (FR) Sensors 10h
Jagemar and Office Evalu_ating 0.3-0.5 0.7 Weekdays
electric
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Olsson (2004) lighting 8:00-18:00
Blomsterberg WSP Office Monitoring 0.6 Weekdays
(2011) (SWE) Sensors 8:00-17:00

University Monitoring 0.4 0.7 Weekdays
Maripuu (2009) Office (SWE) | Sensors <0.53 (90% of time) 8:00-16:00
Hgseggen, 2 (_)fﬁce Monitoring 0.4 and 0.6 0.65 Weekdays
Mathisen et al. buildings Sensors 8:00-16:00
(2009) (NO) (20 min delay)

Hagseggen, Mathisen et al. (2009) discuss whethaiyhaveraging of the room occupancy is
an adequate approach. In open landscape officessenteral people it is probably applicable
but in individual office rooms persons are eithexsent or absent, 0.7 persons cannot be
present. This simplified input approach can offrselbe a possible source of error in whole
building energy simulations. An occupancy rate @ffor example in the simulation model
smooths the internal gains. In reality, empty razan have a heating load meanwhile
occupied rooms have a cooling load.

2.4.4 Thermal comfort

When a group of people are exposed to the sameoanvent, they will experience a range of
thermal sensations. A person’s thermal responsavwonmental conditions is strongly
influenced by clothing and activity. The thermaVieoanment affects people’s health and
productivity and since the salary cost for workiarsffice buildings is much higher than the
operating cost, this is of great importance (Sehill988; CEN 2007). There are a number of
national and international standards, criteria gumdelines for predicting and evaluating
thermal comfort. Other indoor environmental parasrgeare air quality, humidity, lighting
and acoustics but these are not discussed indbim®s.

Schiller (1988) studied the accuracy of differdrd@dretical and laboratory based equations to
predict occupant’s thermal sensation in existirfgefbuildings. International standards for
thermal comfort are ASHRAE 55 and ISO 7730 whidahtzoth based on extensive research
in laboratory facilities. From these experimentgjaions have been developed to predict the
average thermal sensation felt by a large groygeople. These mathematical models
describe the heat exchange between the human bddya environment, the physiological
thermoregulation mechanisms of the body and tlaiogiship between people’s thermal
sensation (psychological) and the physiologicalrtte strain on the body due to
environmental and personal conditions. The dathigreport are based on a field study of 10
representative office buildings in San Franciscleem physical measurements and subjective
responses were collected during one winter weeloaedsummer week in 1987. 2342 visits
were made to 304 volunteers (62% females and 38B4sin&ach participant was visited at
their desk 5-7 times and had to complete a theassg¢ssment survey addressing thermal
sensation, thermal preference, comfort, mood, tigtnd activity. Meanwhile, a mobile cart
was placed at the workstation, measuring air teatpeg, dew point temperature, globe
temperature, air velocity, radiant temperature asgtny and illuminance. The subjects were
asked to fill in the seven-point ASHRAE Thermal Sation Scale (TS) (-3 cold, -2 cool, -1
slightly cool, 0 neutral, +1 slightly warm, +2 wara8 hot). Schiller adopted the conventional
approach of regarding the central three categ@slaghtly cool, neutral, slightly warm) as
comfortable and that people voting outside thesegoaies (cold, cool, warm, hot) were
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dissatisfied with their thermal state. Percentdgdissatisfaction was calculated by counting
the number of votes where TS>1.5. Based on thensss of activity and clothing the total
clothing insulation (clo) and metabolic rate (m&8re computed according to the 1985
ASHRAE Handbook of Fundamentals. Schiller analytbedmal sensation predictions based
on several models occurring in literature; theioagPMV and PPD (Fanger and ISO 7730),
PMV; and PPIQ (Gagge 1986) and TSENS (Gagge). The TSENS indexderaeloped using
responses from 1000 subjects tested in a Univdediyratory and a two-node transient heat
balance model of the body. The results from thdysslhowed that the mean “clo” of the
occupants was 0.58 in winter and 0.52 in summetlamdverage “met” was 1.12 for the
whole year. Meanwhile, the different predicted meates were compared to the measured
mean votes and the neutral temperature,(d) was determined, at which a large group of
people voted 0 on the ASHRAE scale.

Tneutral

Measured 22.4°C
TSENS 23.8°C
PMV (Gagge) 23.9°C

PMV (Fanger, ISO 7730) 24.8°C

The measured neutral temperature was cooler trehigbed by all of the methods. Fanger’'s
PMV consistently predicted that people would femdler than they did. The best agreement
between the actual thermal sensation and the peeldicermal sensation was in the region
near neutral. As conditions moved away from nepfnadictions were more conservative and
occupants voted at more extremes than predicteslrd3ults also show that the measured and
the calculated percent dissatisfied differed aTbe optimum temperaturesqpfmum) Where

least people were dissatisfied occurred at:

Toptimum

Measured 12% 22.5°C
PPD (Gagge) 5% 23.9°C
PPD (Fanger, ISO 7730) 5% 24.8°C

The predicted values showed less dissatisfactiam tihe measured and the differences were
even larger at warmer temperatures. This can blaiesgd by the wide range of clothing worn
in the offices, as compared to the standard unganrhe laboratory experiments. The
average “clo” was 0.55 for the whole year but threge varied from 0.23 to 1.14. However,
additional simulations indicated that the over pr#on of neutral temperatures rather
reflected the worker’s preference for cooler candsg than the researchers interpretation of
clothing or activity levels.

Humphreys and Hancock (2007) studied the thernrafax in university lectures in the UK
to see if people really want to feel “neutral” aatiog to the ASHRAE scale. In February and
March 2004, 133 students of the Oxford School aftecture took part in observations
where they during 5 lectures gave their thermasagon on the ASHRAE scale, and also
indicated what their desired sensation would haentat that time, on the same scale. The
scale contains 7 different scale units (-3 cold;eal, -1 slightly cool, O neutral, +1 slightly
warm, +2 warm, +3 hot). There were also questidagiitheir recent activity and their
clothing and the air temperature was measuredeitettture room. The results showed that
more than 40% of respondents felt “neutral” andul3®% felt “slightly warm” while 15%

felt “slightly cold”. The responses regarding thesided thermal sensation showed that 60%
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wished to feel “neutral” but almost 30% preferreddel “slightly warm”. “Neutral” is
therefore not necessarily the desired thermal siensd he survey also showed that the
respondents’ desired thermal sensation varied frorasion to occasion, typically with a
range of two scale units. For example, a personnanmally likes to feel “slightly warm”
may on occasion like to feel “neutral” or “warm’ytowould rarely stray beyond these limits.
Notable is that neither differences in amount ottuhg, nor differing levels of activity had a
coherent effect upon tlesiredthermal sensation. Another result from the suway that

the optimum air temperature, with most people beatisfied, would have been 21°C but the
measured mean air temperature was 19.3°C. Therautlghly recommended that, when
using the ASHRAE scale, to ask not only how th@oeslents feel but also how they would
like to feel and then adjust the result by taking actual sensation minus the corresponding
desired sensation. Thus the adjusted thermal sensatlicates how much “too warm” or
“too cool” the respondents feel.

Barlow and Fiala (2007) observed occupant comfod refurbished office building in the

UK, as well as occupants’ preferences when adapaingenergy strategies. The surveyed
building is a three floor open landscape officekamdon, built in 1950 and refurbished in
2002. The building has natural ventilation and bighe ventilation, double glazed windows,
external awnings, both automatically and manualiytmlled, and a chilled beam cooling
system automatically controlled. Eight surveys wameducted during March, April and June
2005. Between 15 and 25 persons responded on eaayslay out of a potential office
population of 87 people (N.B. only 17-29%). The mants were asked to describe their
subjective response to a range of thermal conditittrermal sensation (the ASHRAE scale),
air movement, visual comfort and the preferred gleann each case. They were also asked
which adaptive opportunities they would suppogvéilable. Measurements of internal and
external air temperatures, solar radiation levaglgrative temperatures, air movement and
relative humidity were recorded. The results shotied the mean clo decreased from 0.8 clo
in late winter to 0.66 clo in early summer. Peagianged their clothing to reflect the external
temperatures but less than 4% indicated a changetbing to reflect the variations of the
internal temperatures during a survey day. Whenaats were asked to estimate indoor
temperature they consistently underestimated tresured mean air temperature, on average
by 3.2°C. When asked which adaptive opportunitiey tvould support, 74% voted for
operable windows, 69% voted for control of solargl(even though occupants consistently
voted they were not at all suffering from solarrglan the surveys), 47% voted for
opportunities to control solar gain, 56% votedttoning lights off locally and 59% voted
against turning lights off automatically, 55% vofed being able to increase levels of
ventilation and 50% voted for actively interveniiogalter room temperatures. The wish for
solar glare control declined during summer montlggssting that the low-level winter sun
was a greater problem than the high summer sun.

Wagner, Gossauer et al. (2007) carried out a susmayorkplace occupant satisfaction in
office buildings in Germany. Modern low-energy llirigs are often designed with passive
cooling instead of active cooling and the authoasited to see if this can affect the occupant
satisfaction. The objective was to find out if thare significant differences in satisfaction
due to building type, energy concept and seasahireaddition develop a “satisfaction-
index”. The survey was carried out in 2004-200%6rdifferent office buildings with a range
of size and energy concepts. A questionnaire wibipgrties such as air quality, temperature,
air velocity, humidity, acoustics and lighting wgisen to the participants. In addition, more
general questions including office layout, well+mpat work, health, amount of work,
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communication and the general acceptance of thkphae was assessed. The questions
were answered within a 5-point scale ranging freery dissatisfied” to “very satisfied”. In
each building, surveys were carried out in wintedt & summer in order to take into account
the influence of diverse climate conditions ondlseupant’s judgement. As complement,
room temperatures and humidity values were measArehlister-analysis was used to
identify different possible groupings of buildingaracteristics. Approximately 1300
guestionnaires were evaluated. In summer, thetretlle mean satisfaction with the room
temperature was 0.6 scale points below the meégifasadion in winter. The mean ratings
ranged from “moderately satisfied” to “dissatisfiél summer and from “satisfied” to
“moderately satisfied” in winter. A comparison bktperceived room temperatures with the
measured room temperatures gave a measured rtemrature of 23°C in winter, which is
almost 1°C above the recommendation of ISO 7738 2856°C in summer, which is 1°C
below the recommendation. In winter, the dissatigda with temperature often corresponded
with being “too cool” and the feeling of draft. smmmer, the dissatisfaction was mostly
associated with the sensation of being “too warmivall as with dissatisfaction of the indoor
air quality. In both winter and summer, the mogpamant factor turned out to be the ability
to affect the room temperature. Since the potenfiaffecting the temperatures is higher in
winter, due to larger temperature difference betwa&door and indoor air conditions, this
can explain why the occupants were more satisfieginter. The evaluation of different
energy concepts in buildings and thermal comfadtrait give any reliable results. The large
variety of architectural and technical concepty@ilowed a qualitative evaluation of their
effect on the occupant satisfaction. However, thig office built according to the passive
house standard, with a low glazing fraction, ndtueatilation and without radiators, resulted
in a very high satisfaction and with moderate terapges even in warm summer days.

Pfafferott, Herkel et al. (2007) analysed room temafures in 12 passively cooled low-energy
office buildings in Germany, using and discussiogr fdifferent comfort standards. The
evaluated standards are the international star{tta@l7730), the preliminary European
standard (prEN 15251), the German standard (DIN6)L8Ad the Dutch code of practise
(ISSO 74). The case buildings are all within thesiarch program EnBau and were designed
for a primary energy demand below 100 kWh/nfor heating, ventilation, lighting and
technical services. The buildings are located iadldifferent German climate zones;
summer-cool, summer-hot and moderate. The weathikee &uilding site and the room
temperatures in several office rooms were monitorest 2-3 years. The comfort was
evaluated for the hourly mean room temperaturendusieekdays and normal office hours.
The four comfort criteria use different time pesaaf the outdoor air and different clothing
levels and different temperature limits. The restdr one of the example buildings
(Fraunhofer ISE), showed that the upper comforit Mas exceeded during 6% for DIN

1946, 11% for ISO 7730, 1% for ISSO 74 and 4% f&@Np 15251 during the summer of
2002. The comfort criteria can give different quiatitve numbers (%) for comfort since the
criteria are based on different studies, databasdsonsumptions. In addition, the qualitative
assessment can differ from one criterion to the;rieg most comfortable building according
to one standard can be less comfortable accordiagdther standard.
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3. State-of-the-art

This chapter presents the state-of-the-art of loergy office buildings in Northern Europe.
The most recent level of development is evaluatestidying existing low-energy office
buildings and defining general and specific sohsioegarding building design, HVAC
systems and techniques for lighting and office pongint.

3.1 Method

In order to find suitable low-energy office buildgmto study, contacts within universities and
building research organizations in Northern Eunapee contacted and asked to list the most
interesting projects in their regions. Subsequemntigmbers of the reference group as well as
key persons in large building companies in Scand@naere contacted. Additional buildings
were found through energy related web pages amastae news pages. Buildings of
interest were office buildings completed or desthoecompletely retrofitted during the last
decade. Geographically, the focus was on Swedefarapean countries with an outdoor
climate similar to Sweden’s, for example the Nombantries and Germany with
surroundings. For qualifying to this study, theldimg had to be more energy efficient, by at
least 25%, compared to other new buildings in titea country, and/or have some kind of
green focus and certification such as GreenBuild#agsive House, Minergie, LEED,
BREEAM and Miljobyggnad. In the end, fourteen loneegy office buildings in the Nordic
countries and ten located in other parts of Nortl&rrope were selected for further studies.
In the next step, the contact person for each preyas asked to fill in a detailed
guestionnaire. Requested material was generalnmabon about the constructor, contractor
and architect as well as more specific informatibout building size, building envelope,
materials, U-values, airtightness, glazing andrssitiading devices. Furthermore, information
about the operation, HVAC-systems, lighting strgtagd energy consumption was requested.
Only a couple of these questionnaires were filledroperly though. Most of the contacts
handed in existing sales brochures and answered@ecof additional questions instead. This
is likely to depend either on lack of time and et or unwillingness to share company
material with competitors. Besides the questiormaome of the recently completed projects
in Sweden were visited in a field study. The gagdenformation was analysed and compared
to different guidelines, the Swedish building caahel the existing building stock. The validity
of the received information could not be verifieda greater extent.

3.2 Existing low-energy office buildings in Northern Europe

In this section, examples of low-energy office tunps from Sweden, Norway, Denmark,
Finland, Germany, Austria and Switzerland are presk The fact that the different countries
have different building regulations and definitiaonakes the comparison to Swedish
conditions more difficult. For instance, Swedeonm® of few countries within the European
Union which focus in building performance and ers&-energy instead of supply systems and
primary energy consumption. To be able to comdaeshergy performance, the primary
energy figures have been recalculated into endensggy with actual primary energy
conversion factors.

3.2.1 Sweden
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Hagaporten 3, Solna

Location Stockholm (N 59.36° E 18.02°)
Climate HDD 3203/ CDD 261
Completion year 2008

Client/developer Skanska

Architect Strategisk Arkitektur
Contractor Skanska
Tenant AF

Tot. floor area 33265 ?rAtemp +car-park
Floors 7

_ _ S e === QOperation Office, restaurant, car-park
Fig 3.1. Visualisation by Strategisk Arkitektur Office hours 6.30-18.00
Plan type Open

Space efficiency 15 nf/lemployee

References (Skanska 2008a); Gréslund (2010);
(Persson and Arvidsson 2010)

Building design

The open plan office space is located around amnativith communication space, meeting rooms andraht
daylight inlet. The building envelope has concsstadwich walls U= 0.34 W/HK, roof U=0.13 W/mK and
windows U=1.4 W/rK (incl. frame). The air-tightness was measure@.5ol/snf at 50 Pa pressure difference.
The glass facades towards south and west haveugsraf 15% and external, motorized sun shadingcdsvi

Iy B R B R S S R | LR,

Fig 3.2. Plan by Strategisk Arkitektur

HVAC+L

The target indoor temperature is 22-23°C. The ndlis provided with district heating and coolifidhe AHU

is equipped with a free-cooling battery which sertree cooling baffles with cold water when the oatdair is
below 15°C. In addition, the free-cooling batterg-heats the incoming ventilation air. The CAV tilation

has a low-speed high-efficiency AHU with a ring+feed duct system. SFP is low; 1.4 kWérhand the air-flow

is 1.5 l/snd with acceleration possibilities in meeting roosoil heat exchanger with a measured efficiency of
67% recovers the heat from return air (includingf@m the garage). Occupancy sensors controlatveeinergy
lighting system in spaces not regularly occupiew, #e installed power for lighting is 5 W/m

Energy performance

The specific end-use energy according to BBR wa\WB/nfyr in 2009 (excl. tenant electricity). Hagaporten 3
is certified according to EU GreenBuilding and Kbyggnad (Gold).
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Fig 3.3. End-use energy (monitored 2009).

Jungmannen 3, Malmo

Building design

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References

Malmé (N 55.61° E 12.99°)
HDD 2893/ CDD 215

2010

Midroc Property Development
White

Divided

Ramboll

4800 MAemp

5

Office, restaurant, apartments
Weekdays 8-18

Open
20 nflemployee

Sjoqvist (2010); (Herneheim 2011)

The building has a compact shape and an open mlaffiee space with a centred communication spRoem
height is 3.0 m. The construction is heavy withaete sandwich walls with metallic facade elemeanis a U-
value of 0.25 W/ifK. The U-values of the roofs are 0.13 and 0.22 #/riVWR is only 0.25 and the windows
have a U-value of 1.3 WAK (incl. frame) and a g-value of 0.32. In addititimere are external motorised
blinds. The air-tightness was measured to 0.7°|&rB0 Pa pressure difference.
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Fig 3.5. Plan by White arkitekter.

HVAC+L

The target indoor temperature is 22°C. The buildingonnected to district heating and cooling. kepis
distributed with radiators. Cooling is distributeith the supply air and night ventilation is possifor extra
summer cooling. The ventilation system is a VAVieys with active ceiling air diffusers (LindinvenTD).
Built-in sensors (presence and temperature) kezpitflow low and the supply temperature can bd kepy
low without causing draught problems. Cooling wéthbient air is used most of the year. An efficiertating
heat exchanger with a measured efficiency of 8086wers the heat from return air. The electric lightsystem
is controlled by the presence- and daylight senisaeged in the air diffusers.

Energy performance

The specific end-use energy according to BBR isnased to43 kWh/m?yr (excl. tenant electricity), calculated
with VIP Energy. Jungmannen is certified accordm@&U GreenBuilding.
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Fig 3.6. End-use energy (calculated).
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Kaggen, Malmé

Building design

The building has a square form and the open plaoffed space is located around a large atriunoirtts with
communication space and natural daylight inlet. Btidding is compact with a surface-to-volume raifd.2
m’. The general room height is 2.7 m but along tigade, where there are no ducts, the height is 3Thm
Building envelope is air-tight (not measured) arell\iwnsulated with an average U-value of 0.50N. The
walls are concrete sandwich elements with a U-vafu@31 W/niK. The WWR is 52% and the WFR is 20%.
The windows have a U-value of 1.3 WHkn(incl. frame) and a g-value of 0.31. Internal seneens are
manually controlled.
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lan by Metro Arkitekter

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenants

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References
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Malmé (N 55.61° E 12.99°)
HDD 2893/ CDD 215
2007
NCC Property development
Metro Arkitekter
NCC
NCC et al.
9400 MAemp
6
Office, café, hair dresser
Weekdays 8-18
Open
13-20 #femployee
Sdderling (2010)

The control points for indoor air temperature afe28°C. The building is provided with district hieat and
cooling and an electric boiler for hot service waieoduction. A VAV-system with active ceiling aliffusers
(Lindinvent TTD) with built in sensors (presencedaemperature) keeps the airflow very low, aboure36f
maximum on a yearly basis. The air-flow varies frOm85-1.5 I/sm2 Because off the efficient rotating heat
exchanger (measured efficiency is 83%), and thedoflow there is no need for a heating batteryha air
handling unit. The supply air temperature is 15c18hd SFP is 1.9 kWAs®. The electric lighting system is
controlled by the occupant- and daylight sensothénair diffusers.

Energy performance
The specific end-use energy according to BBR 6&kWh/m? in 2009(excl. tenant electricity). Kaggen is

certified according to EU GreenBuilding.
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Fig 3.9. End-use energy (monitored 2009).

Kungsbrohuset, Stockholm

L1 Tenant electricity

Fig 3.10. Visualisation by Strategisk arkitektur.

Building design

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References

Stockholm (N 59.33° E 18.05°)

HDD 3203/ CDD 261

2010

Jernhusen Blekholmen AB
Strategisk arkitektur
Divided contract
Jernhusen, Schibsted, et al
21 000 Mfoffice)
12+garage

Office, hotel, restaurant,
garage

18h weekdays
Flexible
10-18 nf/employee

(Larsson 2010); Sundholm
(2010)

The narrow-shaped building has a flexible indo@mplvith both open plan office space and cell officems.
The room height is 2.85 m. The building has a dewlin facade with an outer, tinted and ventilatgdss

facade to keep the solar heat out and an innedéagdith 50% WWRThe windows are well insulated with U-
values between 0.7-1.1 WK1 The U-value of the walls is 0.2 W and the average U-value of the envelope
is 0.42 W/niK. The envelope is very air-tight with a measurédtightness of 0.3 l/sfat 50 Pa pressure

difference.
! a_/lll J eqaa H .'.ﬂ l :50 gé‘i ;élélj
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Fig 3.11. Plan by Strateglsk arkitektur.



HVAC+L

The control set-points for indoor temperature ade28°C. The building is connected to district hegtand
geothermal heating (partly from Lake Klara). Kungtuset will also to some extent (15-25%) be hebtethe
200 000 people passing daily through the Centiblagt station, ensured with an air-to-water heathanger.
The cooling system is connected to district coolamgl geothermal cooling (partly from Lake KlaraheT
cooling is distributed via active chilled beams amght ventilation is activated when needed. Eactrhthe
building gets detailed weather forecast via the GSa&twork, which helps optimizing heating and coglin
systems. The ventilation is a CAV-system with aewgion possibilities in meeting rooms. The aimfls 1.5
I/sn? and the total SFP is only 1.0 kWist. The efficiency of the heat exchanger is estima&efs%. Installed
power for electric lighting is 10-15 W/nand stairwells are lit by natural daylight via Bkoptic cables. The
power to television displays and mobile phone cherds cut off during nights and weekends with eeém
button”. The building’s energy use is displayedeal-time in the lobby, in order to inspire peofesave more
energy.

Energy performance

The specific end-use energy according to BBR isnased to47 kWh/m? (excl. tenant electricity). The building
is certified according to Miljobyggnad (Gold targabhd EU GreenBuilding.
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Fig 3.12. End-use energy (calculated).

Pennfdktaren (renovation), Stockholm
ﬁ[r Location Stockholm (N 59.33° E 18.06°)
i Climate HDD 3203/ CDD 261

Completion year 1977/2009
Client/developer Vasakronan
Architect Reflex Arkitekter
Contractor Divided contract
Tenant Many different
Tot. floor area 10 458 T\, (office)
; Floors 9+ garage
i Operation Office, restaurant, stores
d L) S .
f s T ——= ; Office hours -

Fig 3.13. Visualisation by Reflex Arkitekter and  Plan type 90% open

Vasakronan. Space efficiency 14 nflemployee
References (Zettergren 2010)

45



Building design

The building was originally constructed in 1977 bampletely rebuilt in 2009 with a high eco-foctlibe
retrofitting was limited because of the low roonigh (2.35-2.6 m) and a complicated load bearirgiesy. A
glass facade with an additional outer glass foranohnoise protection was installed on the northdes. The
windows on the south facades were replaced withaveasg, which are screen printed with a graphiecpafor
sun protection. The overall window U-valuesis.2 W/nfK.

Fig 3.14. Plan by Reflex Arkitekter and Vasakranan

HVAC+L

The control set-points for indoor temperature &0e2@°C. The building is now provided with distriseating
and cooling and a new ventilation system. A tofal@0n? solar collectors on the roof provide domestic hot
water and a big part of the cooling demand via semtion refrigeration machines (Desicool from Mhers)
which cools the supply air. In addition, there tawe conventional cooling machines. The ventilati®a VAV-
system with a ring-formed duct system and heatu&go The air flow is controlled by air temperatu@02 and
occupant sensors and the maximum air flow is Z#fl/Occupant- and daylight sensors control the lighti
system, which has an average installed power ofM7/i2°. There is a natural daylight inlet in the staifwel
Some of the electric power is produced by #4P placed on the roof. Vasakronan offers theiates a “green
leasing” which means that the rent will be reduié¢bdey consume less energy.

Energy performance

Before renovation, the end-use energy was apprd&l;n257 kWh/m and year (excl. tenant electricity). The
new end-use energy according to BBR is estimate@8t&Wh/m? (excl. tenant electricity). Pennfaktaren is
certified according to EU GreenBuilding and pretified according to LEED Core and shell (Gold).
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Fig 3.15. End-use energy (calculated).
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Waterfront, Stockholm

y Location Stockholm (N 59.33° E 18.05°)
Climate HDD 3203/ CDD 261
~H- | I l |: Completion year 2010
: || I Client/developer Jarl Asset Management
T : —{ Hi Architect White arkitekter
SRR Llili Contractor PEAB
i Tenant Many different
T Lkl Tot. floor area 24 420 Ay (Office)
i Floors 11
4 Operation Office (+congress, hotel)
~ —— Office hours Flexible
Plan type Flexible
Space efficiency 7-22 nflemployee
References (Waterfront 2009; Berglund 2010)

Fig 3.16. View by White.

Building design

This large office is one of three buildings in a largmgress complex in the centre of Stockholm Cithalé a
load bearing construction of concrete joist floansl steel pillars. The north facing walls have gfagades and
the other facades have floor-to-ceiling high narmwdows with tinted glass. The south facade islyar
protected from the sun by the adjacent hotel aratidition there are internal sun-screens on aldes. The
original plan was an open plan arrangement but ofa$te tenants preferred cell office rooms. Themdeight
is 2.7 m.

Fig 3.17. Plan by White.

HVAC+L

The HVAC system is designed to maintain an indangerature of 20-25°C. Heating is distributed in a
concordant system, i.e. heat is moved and dis&ibbetween the different buildings - from surplushortfalls-
made possible because of the different operatiamshand demands. The office is mainly heated wiskridt
heating and floor convectors. The building is cddby water drawn from Lake Klara, stored in 250nif ice
tanks in the basement. The sea water pump covétsot@he cooling demand; the rest is produced @itie
tanks. Cooling is distributed with ceiling bafflasd the cooling output is 85 W/niThe cooling and heating
systems are controlled by a weather forecast feedafd system. The ventilation system is a VAVtegs with
four separate air handling units on each floor. @indlow is CO2 controlled and can range from 2% with

an average flow of 2.0 I/SrEnergy efficient fans and pumps are installed.

Energy performance

The end-use energy for heating and cooling in ffieeobuilding is estimated td2 kWh/m? No information
was found on other energy posts. Stockholm Watetrfrgll be certified according to EU GreenBuildigd
LEED (class unknown).
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Fig 3.18. End-use energy, heating and cooling (cdiculated).

3.2.2 Norway
Aibel, Sandnes

Location
Fig 3.19. No approval from photographer yet Climate

Completion year
Client/developer
Architect
Tenant
Tot. floor area
Floors
Operation
Operation hours
Plan type
Space efficiency
References
Building design

Stavanger (N 58.85° E 5.74°)
HDD 2663 / CDD 136
2006
Seabrokers AS
Brandsberg-Dahls
Aibel AS
23 300 frAtemp (office)
6 + garage
Office and restaurant
85 hiweek
30/70 cell/landscape
20 nf/lemployee
(Grini, Mathisen et al. 2009)

Aibel in Sandnes has a compact building shape avitBOOM? central atrium partly covered by glass, with a U-
value of 1.6 W/ifK. The facade has a concrete sandwich constructiemwindows have a U-value of 1.25
W/m?K and the g-value is 0.33. For sun shading thezérdernal Venetian blinds. WWR is 54% but the G&R
only 12%. The average U-value of the envelope4& ®V/nfK and the design value of air-tightness is 1.0ach

50 Pa pressure difference.
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Fig 3.20. Plan (SINTEF Byggforsk)
HVAC+L

The building is connected to district heating andling. Heat is distributed by radiators but thare no room
units for cooling. The control set-points for ind@ir temperature are 20-23°C. During night, thdoior air
temperature is allowed to drop to 19°C. The vetitifasystem is a VAV-system, controlled by occupamid
CO2 sensors. The air is distributed via an alunmmftalimate ceiling” which cools the air. The maximuair
flow is 2.4 I/snf during working hours and 0.24 |/8mt night (as extra cooling). A liquid-coupled heat
exchanger with an efficiency of 64% (calculatediedirecovers heat from the exhaust air. SFP ig\®/0n°s*
(design value). Occupant sensors also controlighéirig system which has an installed power of 16rfy
Installed power for computers is estimated to 6 ¥/m

Energy performance
The total end-use energy wh34kWh/m? in 2008 (incl. tenant electricity).
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Fig 3.21. End-use energy (monitored 2008).
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Bravida, Fredrikstad

Location Fredrikstad (N 59.22° E 10.93°)
Climate HDD 3800 / CDD 182
Completion year 2002

Client/developer Lillebeek

Architect Multiconsult AS
Tenant Bravida and others
Tot. floor area 6038 fMtemp
Floors 3
Operation Office
Fig 3.22. Photo by SINTEF Byggforsk. Office hours 8-16 weekdays
Plan type Mostly open
Space efficiency -
References (Grini, Mathisen et al. 2009)

Building design

The two rectangular building bodies are connectethe short sides with a glazed communication spahbeh
has an E/W orientation. The concrete joist flooexposed in the ceilings. External walls are wooftamed
with a U-value of 0.2 W/AK. The average U-value of the envelope is 0.71 #/and the design value of air-
tightness is 1.5 ach at 50 Pa pressure differéftze windows have a U-value of 1.4-1.6 \WKrand the glass g-
value is 0.32-0.48. The glass area is small, WW 36id WFR 19% including the glass atrium. Sun stiadi
devices are manually controlled, external Venébiamds to east and internal curtains to west andhso

HVAC+L

Control set-points for indoor temperature are 22=26ut at night, the indoor air temperature is\aéd to drop

to 20°C. A geothermal heat pump with 15 boreholeslpces warm water for heating. Oil is used in ekbap
system which also supplies the building with coglishen needed (peak load). In addition, there &fe &
solar thermal collectors on the south facade fdraekeat production but these have not been workisng
planned. Heating and cooling is distributed torth@ms with the ventilation air through a “climateilmg”. The
glass atrium is provided with waterborne floor gt The ventilation system is a VAV-system, cofied by
occupant sensors. The maximum air flow is 2 f/amd SFP is 2.0 kwW/s" (design value). The system operates
85 h/week. A rotating heat exchanger with a meakafficiency of 61% recovers the heat from the eshair.
Occupant sensors also control the lighting systdriclwhas an installed power of 7.1 W/rinstalled power for
computers is estimated to 2 W/m

Energy performance
The total end-use energy w35 kWh/m? in 2008.

50



140

120

100

104

80

kWh/m2yr

60

H Electricity (tot)
40

M Cooling (oil)
20

M Heating & DHW

Fig 3.24. End-use energy (monitored 2008).

Stavanger Business Park H5

Location Stavanger (N 58.96° E 5.72°)
Climate HDD 2663 / CDD 136
Completion year 2013

Client/developer NCC PD

Architect Plank Arkitekter

Contractor NCC

Tenant -

Tot. floor area

9203 fr(heated BRA)

Floors 5 + garage
Operation Office, garage
] ] o i Office hours -
Fig 3.25. Visualisation by Plank Arkitekter Plan type Flexible
Space efficiency 16 nf/lemployee
References (Haugland and Haugstad 2010)

Building design

The two building bodies are connected with a glazeshmunication space. The Building envelope is #-we
insulated and airtight concrete construction. Therage U-value is 0.30 WA and the design value of
airtightness is 1.5 ach at 50 Pa pressure differefice U-value of the walls is 0.18 Wi The windows have

a U-value of 1.1 W/AK and the total g-value including exterior solaadimg devices is 0.12 (glass 0.35). The

glazing area is small, WWR is 32% and WFR is 14%.
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Fig 3.26. Plan by Rom & Design.

HVAC+L

The control set-points for indoor temperature &€2°C. The building is provided with district hieat and
cooling. The heat is distributed via radiators thetre are no room units for cooling. Instead theecooling
battery in the central AHU. At night, the indoomtgerature is allowed to drop to 19°C. The ventiasystem is
a VAV-system, controlled by occupant sensors addan air temperature. The average air flow is &8fl
during working hours and 0.55 I/8mt night (night ventilation as extra cooling efjed rotating heat
exchanger with an estimated efficiency of 80% recsthe heat from the exhaust air. SFP is 2.0 K&/m
(design value). Occupancy and daylight sensorgaithie lighting system with an installed power6od Wi/nf.

Energy performance

The specific end-use energy according to BBR isnesed to62 kWh/m?yr (excl. tenant electricity), calculated
with SIMIEN. Stavanger BP is aiming for a certifieaccording to EU GreenBuilding.
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Fig 3.27. End-use energy (calculated).
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UN House (renovation), Arendal

Fig 3.28. Photo by SINTEF Byggforsk

Building design

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation
Operation hours
Plan type
Space efficiency
References

Arendal (N 58.46° E 8.77°)
HDD 3001 /CDD 172
1965/2006
GRID-Arendal
A7 Arkitekter
Skanska
GRID (UNEP)
2391 fmAtemp (office 428 )
5+1
Office, school, health centre
50 h/week
Open/cell
19.5 nf/employee (office)

(Skanska 2008b; Grini,
Mathisen et al. 2009)

The building was originally constructed in 1965 bampletely rebuilt in 2006 with focus on energficéncy

and carbon neutrality. A double skin fagade withcADcavity was installed in order to insulate ardtitate the
facade. Furthermore, 20-30 cm insulation was adioléige roof and the external walls. The enveloperage
U-value is 0.66 W/AK. The airtightness was improved but because oéfp®sed position by the sea the design
value of airtightness was estimated to 2.0 acld®& pressure difference. The windows’ total U-gaful.0
W/m?K and the g-value is 0.27 (double glass). WWR i&%hd WFR is 25%. Manually controlled solar

shading screens are installed in the double skiadia cavity.

Fig 3.29. No approval to publish plan yet

HVAC+L

The target indoor temperature is 21-23°C. Two newling machines, connected to seawater heat purithaw
1.5 km long pipe system, produce 95% of the bugtiteating and cooling demand. An electric bailevers
the peak load. New solar thermal collectors (3panver 50% of the domestic hot water demand. Rawiare
used for space heating and ceiling elements prdadte radiant cooling and supply air. The ventiatis a
VAV-system controlled by occupant sensors. Thdairfate is 2.4 l/sfand SFP is estimated to 2.9 kW#h
The exhaust air is collected at a single pointachéloor, to reduce the pressure drop, and aimgtheat
exchanger with an estimated efficiency of 65% recsthe heat from the exhaust air. Occupancy sensor
control the lighting system with an installed powé7Z W/n?. Installed power for office equipment is 10.5
W/m?. The building uses 100% renewable electricity aditg to the electricity provider.

Energy performance

Before renovation, the end-use energy was appraglyn@00 kWh/miyr. The new specific end-use energy
according to BBR waS2 kWh/m? (excl. tenant electricity) in 2008. The buildingisw carbon neutral.
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Fig 3.30. End-use energy (monitored 2008).

3.2.3 Denmark

Kolding Company House lli
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Fig 3.31. Photo NCC Property Development

Building design

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation
Operation hours
Plan type

Space efficiency
References

Kolding (N 55.53° E 9.47°)
HDD 2415/ CDD 240
2009
NCC Property Development
C. F. Mgller Architects
NCC Construction
Alectia, Hjem-Is, others
5147 fmAtemp
2+basement
Office, restaurant
8-17
Flexible
20 nflemployee
(Ladekjaer 2011; NCC 2011a)

The building shape is square with a central, un@mlecourtyard for daylight access. The envelopeeis
insulated and very airtight with a concrete santivdienstruction and an average U-value of 0.28 fK/(mncl.
thermal bridges). WWR is 40% and WFR is 17%. Thedwivs’ U-value is 1.0 W/fiK and the measured
airtightness is 0.6 I/s?mtemp (wsg). Note that the basement area is included indted heated floor area (~780

m?).
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Fig 3.32. Plan by NCC Property Development

HVAC+L

The target indoor temperature is 23°C and the ngaet-point is 25°C. The building is connectedisirict
heating and heat is distributed with radiators.rélee no room units for cooling but a cooling &attin the

AHU cools the supply air. Night ventilation is pidds for extra cooling during summer why the bougboling
energy can be set to zero (Danish regulations).véhélation is a VAV-system (20-100%) with a maxim air
flow rate of 1.8 l/srh A rotating heat exchanger with an efficiency 4¢8(design value) recovers the heat from
exhaust air. The lighting system is according n@&reenLight Standard. It is controlled by occupand

daylight sensors and the estimated installed pisvéW/nf according to the energy calculation.

Energy performance

The specific end-use energy according to BBR isneged to36 kWh/m>2yr (excl. tenant electricity),
calculated with Be06. Note that basement areeclsdied in this calculation. The building is cegiaccording
to EU GreenBuilding and complies with Danish lovergy class 1 (BR08).
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Fig 3.33. End-use energy (calculated).
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Skejby Company House llI
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Fig 3. 34 Photo by NCC Property Development

Building design

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation
Operation hours
Plan type
Space efficiency
References

Aarhus (N 56.19° E 10.18°)
HDD 2786/ CDD 191
2011
NCC Property Development
C. F. Mgller Architects
NCC
5900 fmAtemp (1-3)
3 + basement
Office, restaurant
8-17
Flexible
20 nflemployee
(Jensen 2011; NCC 2011a)

The office will soon be built in Skejby Park neatAarhus. The building will be well insulated wiihquite
heavy construction with load bearing internal cetemwalls. The exterior walls are wooden wall eletaavith a
U-value of 0.16 W/TK. The average U-value of the envelope is 0.29 ¥/(incl. thermal bridges). WWR is
only 18% and WFR is 15%. The windows will have adlue of 1.1 W/fK and a g-value of 0.36. Manually

controlled internal Venetian blinds will reduce @ogains.

s ) ETSAEE T T

Fig 3.35. Plan by NCC Property Development

HVAC+L

Control set-points for indoor temperature are 20229 he building will be provided with district hir@g and
heat is distributed with radiators. Cooling is pd@d with cooling machines (COP 3.2) which cool the
ventilation air. The ventilation system is a VAVssgm with ceiling air diffusers for sub-cooled @i7°C) and
low air-flows (30%). The average air flow is 1.8nf during working hours, otherwise the ventilatiorfsbut
night ventilation is possible during summer asa&xtwoling. A rotating heat exchanger with an edficy of
80% (design value) recovers the heat from the esttaiu The lighting system is according to the ébitgght
Standard. It is controlled by presence- and daykghsors and the estimated installed power isr@*W/

Installed power for computers is estimated to 6 ¥v/m

Energy performance

The specific end-use energy according to BBR ismesed to46 kWh/m2yr (excl. tenant electricity),
calculated with Be06. The building will be certdi@ccording to EU GreenBuilding and has a pre-assest

according to BREEAM (Very Good).
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Fig 3.36. End-use energy (calculated).

3.2.4 Finland

Alberga Business Park (building A)

Location

Climate
Completion year
Client/developer
A - Architect

_ Contractor

Tenant
Tot. floor area
Floors

: g 3 Operation
Figure 3.37. Visualization by Arkitekturbyrd Brunow Office hours
& Maunula. Plan type
Space efficiency
References

Building design

Espoo (N 60.21° E 24.66°)
HDD 3921 / CDD 251
2012
NCC Proprty Development
Brunow & Maunula
NCC
AF, SATS
8460 fmAtemp (office)
5 + underground garage
Office, gym, garage
Weekdays 8-17
Flexible
18 nflemployee
(Utriainen 2011; NCC 2011b)

This will be the first building of five separatefioE blocks in Alberga Business Park. The Builderyelope is
well insulated with U=0.09 W/ in the roof and U=0.17 W/ in the walls. The average U-value is 0.36
W/m?K.The windows have a U-value of 1.0 WHnand a g-value of 0.46, WWR is 34%. The designieaif

air leakage is 0.9 ach at 50 Pa pressure difference
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Fig 3.38. Plan by Arkitekturbyr& Brunow & Maunula.

HVAC+L

The control point for indoor temperature is minim@daiC. The building is provided with district hemiand a
condenser chiller with COP 5. The ventilation systis a VAV-system, controlled by occupant sensord a
indoor air temperature. The average air flow isl&s@? during work hours and the SFP is 2.1 k\i§i(design
value). During summer the Indoor Air Quality classiegraded from the highest class S1 to S2 inrdodsave
cooling and ventilation energy. A rotating heat leager with an estimated efficiency of 74% (desigiue)
recovers the heat from exhaust air. Occupancy agtigtht sensors control the lighting system withirstalled
power of 7-15 W/rh

Energy performance

The specific end-use energy according to BBR isnesed t062 kWh/m?yr (excl. tenant electricity and gym).
The office part of the building achieves FinnisheEgy Class A according to calculations. The bugdivill be
certified according to EU GreenBuilding and BREEAMry Good (goal).
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Fig 3.39. End-use energy (calculated).
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Plaza Pilke, Vantaa

Building design

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References

Vantaa (N 60.29° E 25.04°)
HDD 3891/ CDD 221

2011

NCC Property Development
Forma-Futura

NCC

Ramirent among others
6882 fmitemp

7 + garage

Office, garage

Weekdays 8-16

Flexible
20 nflemployee
(Utriainen 2011)

Plaza Pilke is the first completed building of thé@d phase in Plaza Business Park near Helsinlpokt. The
building shape is rather compact with a large atritowards the north for daylight penetration. THanp
arrangement is flexible and the tenants can chbo#e open landscape and cell office rooms. Roorghtds
3.0 m. The Building envelope has an average U-vafl36 W/niK and the windows are well insulated with a
U-value of 1.0 W/fK. The glass area is limited and the WWR is 27% tedWFR is 17%. The design target
of airtightness is 0.7 ach at 50 Pa pressure difilez.

Fig 3.41. Plan from NCC Property Development.

HVAC+L

The control set-points for indoor temperature ake€?3°C. Heat is provided with district heating amadiators.
Cooling is provided with a condenser chiller wit®RE 5 and distributed with cooling beams. The vatitih is a
VAV-system, controlled by occupant sensors and éndar temperature. The air flow is 1.76 I/5(1.56 ach)
during working hours and SFP is 2.45 kWh (design value). Rotating heat exchangers withmestéd
efficiencies of approximately 75% recover the Heatn outgoing air. Occupancy and daylight sensorstrol
the lighting system with an installed power of 5\n7. Heat balance simulations were made with IDA ICE
(Equa) for an office room and a meeting room tausethat the cooling system is sufficient duringutenmer

day.

Energy performance
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The specific end-use energy is estimate82&Wh/m2yr (excl. office equipment but incl. lighting). PlaPéke
is the first commercial building complying with tf@nnish requirements of Energy Class A. The boddwill
be certified according to EU GreenBuilding and ®REEAM (target Very Good).
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Fig 3.42. End-use energy (calculated).

3.2.5 Germany

In German buildings, primary energy is generallgldeed but sometimes end-use energy is
declared in addition. In the cases where primagrgnwas declared only, these figures have
been re-calculated to end-use energy accordingetm@ conversion factors (see table X).

Table x: Primary energy conversion factors for Ganyaccording to DIN 4701, 2003,
index: p primary energy, e end energy (Voss, Hezkal. 2007).

Primary energy

conversion factor

kWh ,/kWh ¢

Fuels Oil, natural gas 1.1

Wood chips, pellets... 0.2
District heating Fossil fuel 1.3
(heating only) Biomass 0.1
District heating Fossil fuel 0.7
(CHP) Biomass 0.0
Electricity German mix 3.0
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Fig 3.43. Photo by Martin Duckek, GAP
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Building design

Location
Climate
Completion year
Client/developer
Architect

Tot. floor area
Floors
Operation
Office hours
Plan type
Space efficiency
References

Eberswalde (N 52.83° E 13.83°)
HDD 2505/ CDD 514
2007
District of Barnim
GAP Architekten
17 131 fiNFA
3-4
Office + conference
Weekdays 7-18
Cell rooms
23 nflemployee
(Bine 2009b; EnOB 2011)

This complex of four compact buildings in the Neethst of Germany houses the local authorities ofiBaand
the district administration centre. In each buitgithe office rooms are arranged around an unhegdsd-
covered interior courtyard. The buildings have sta concrete constructions with prefabricated veoodall
elements with cellulose insulation. The U-valuethefwalls and roof are 0.2 and 0.12 W/m2K respelti The
windows are triple glazed with U-values of 1.0 d&ndl W/m2K. The solar protection consists of autocadly
controlled two-section exterior blinds which makeassible for daylight penetration in the uppent pathe
windows even when they are closed. There are aswally controlled interior glare protections. Theldings’
airtightness is estimated to 0.8 ach (n50). Rooighhés 3 m and there is no suspended ceiling.

Fig 3.44. Plan by GAP Architektens' floor building D.

HVAC+L

The heating set-point for room air temperature plasned to be 20°C but during 2008, when the bugdias
monitored, the actual room temperature was aro@ra42°C. Heat pumps provide the basic heat sugply v
absorbers installed in the buildings’ 9 m deep &ation piles. The absorbers extract geothermaldmedicold
from the ground in a waterborne system with bufterage tanks. When the ambient air is warmer &@nthe
heat pumps use outdoor air as a heat source ingieatlis distributed with radiators in the offitmms and
floor heating in the communication space. In theser, the reversible heat pumps use the groundlds c
source in combination with a water-glycol re-cookdditional cooling is provided with automatic hig
ventilation via windows. Domestic hot water is po®d with a decentralised electrical system. Tloem® have
high thermal inertia and additional phase changeeriads (PCM). The ventilation is a conventionaldreed
system with a rotating heat exchanger (estimatiéciaricy 80%). Daylight- and presence sensors obtite
electric lighting system and the installed powerlighting is 8-12 W/m2 in office rooms and only®/m2 in
corridors.

Energy performance

Building D was monitored the first two years and fystems are still in a trimming phase. Total rwoad
primary energy in 2008 was 62 kWHimn (excl. tenant electricity). From this, the sgiecend-use energy
according to BBR was estimated, with German printanyversion factors, 81 kWh/m2yr (excl. tenant
electricity). In 2009, the District of Barnim reged a Golden German quality label for sustainahiéling.
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Fig 3.45. Primary and end-use energy (monitore@200

BOB, Aachen
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Fig 3.46. Photo by Euku, 2011 (Wikimedia Commons)

Building design

Location

Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Plan type

Space efficiency
References

Aachen (N 50.78° E 6.08°)
HDD 2156/ CDD 412
2002
VIKA Ingenieur
Hahn Helten
B. Walter
Vika, Helten, Walter et al
2076 AINFA
4
Office
2-3 pers/room
22 nflemployee

(Kalz, Herkel et al. 2009;
BOB 2011; En0B 2011)

“Balanced Office Building” (BOB) is a low-energyfafe concept in Germany. The building has a compact
shape and a heavy construction with concrete floists, concrete pillars and precast facade pamitts

concrete interior surface (U=0.17 ). There are no load-bearing interior walls, mgiglass walls for
daylight penetration. The envelope has an averaygallk of 0.48 W/fK. The windows are triple glazed with a
U-value of 0.8 W/ifK and a g-value of 0.50. Internal Venetian blinds eontrolled by daylight sensors. WWR
is 41%. The building is very airtight with a meastiairtightness of 0.3 ach (n50). Surface-to-voluat® is

0.37 mt.

Fig 3.47. No approval of publishing plan yet

HVAC+L

For generating heat and cold there are 28 borelnl@és heat pump (COP 4.3). Heating and cooling is
distributed with concrete core temperature corft@ TC) which means that hot and cold water cireulatthe
concrete floors. The water supply temperature sdraween 19-26 °C. The ventilation is a CAV-systeith
timer. The nominal airflow is only 20 ¥ and person (0.26 l/jrand in addition, windows are operable. The
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ventilation heat exchanger has an efficiency of {B#%asured). Daylight sensors control the lightpstem.
The installed power for lighting is 7.5 W/m

Energy performance

In 2006, the primary energy consumption was 86 k¢ (incl. lighting), and the specific end-use &yye
according to BBR wa$9 kWh/ m2yr (excl. tenant electricity). The savings with treahpump is estimated to
40 kWh/nfyr. BOB is GreenBuilding certified according to DBN
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Fig 3.48. End-use energy (monitored 2006).

Energon, Ulm

Building design

Location
Climate
Completion year

e Client/developer

Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Fig 3.49. Photo by G8w, 2012 (Wikimedia Commons) Office hours

Plan type
Space efficiency
References

Ulm (N 48.42° E 9.94°)
HDD 2822/ CDD 413
2002
Software AG Foundation
Oehler Faigle Archkom
Freie Planungsgruppe 7
Software AG Foundation
6911 ANFA
5
Office + restaurant
Weekdays 7-18
3 persons/room
13 nflemployee

(Kalz, Herkel et al. 2009; EnOB
2011; Energon 2011; PHI 2012b)

This very compact, triangular building with a cuiMagade has a concrete skeleton construction with
prefabricated wooden wall elements. There is aelaaptral atrium with communication space, daylagtess
and ventilation openings. The envelope is well g with 350 mm insulation in the walls (U=0.13rK),
500 mm in the roof and 200 mm in the slab. The winslare triple glazed with a U-value of 0.84 \f#nand
an effective g-value of 0.17 (because of exterfiatlb, glass g-value is 0.50). The WWR is 44%. Bhiding
is very airtight with a measured air-tightness @& &ch at 50 Pa pressure difference. The room hsgh9 m
and surface-to-volume ratio is 0.22'm
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Fig 3.50. Plan by Oehler Archkom Solar Architektur.

HVAC+L

For heating and cooling, there are 40 borehole éxzttangers (100 m deep) in the ground but nogheap.
Heating and cooling is distributed with concreteeciemperature control, which means plastic tubesét and
cold water in the concrete floors. Waste heat fommpression refrigeration machines in server roems
gathered and the remaining heat requirement isreduay district heating. The outdoor air is chaletethrough
a 28m long underground duct (earth-to-air heat amxghr) for preheating/cooling the supply air. Wherded,
the air is further heated/cooled by the borehobd bechangers and finally by district heating. @ivflow is
approximately 1.1 I/sm(30 ni/h and person). The ventilation heat exchangeahaafficiency of 65% but
together with the underground channel, the totsiesy efficiency is 80%. There are 328 ah PVs on the
building with a power of 15 kW. Occupancy- and i@yl sensors control the lighting system. The iitesta
power for lighting is 14 W/rin office rooms and 10 W/hin corridors.

Energy performance

In 2005, the end-use energy according to BBR4vakWh/ m2yr (excl. tenant electricity) and the total primary
energy consumption was 82 kWh/m2yr. However, thie@fvas not fully occupied that year. Energon is
certified as “Quality Approved Passive House”.
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Fig 3.51. End-use energy (monitored 2005).
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Lamparter, Weilheim

Fig 3.52. Photo by Menerga, no approval yet

Building design

Location
Climate
Completion year

Client/developer
and tenant

Architect

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References

Weilheim (N 48.62° E 9.54°)
HDD 2563/ CDD 458
2000

Ingenieur- und Vermessungs-biiro
Hans Lamparter GbR

weinbrenner.single.arabzadeh
1000 fiNFA
3 (+ underground car park)
Office
Weekdays 7-18
2 pers/room (flexible)
29 nf/lemployee

(Bine 2001; Eicker, Seeberger et al.
2005; Eicker , Huber et al. 2006;
EnOB 2011)

Lamparter is one of the first and smallest offiedding based on the German Passive-house prinaipdet was
built with a cost effective approach. The buildings a central open stairwell with a large skylifgitnatural
ventilation and daylight inlet. The building haskeleton steel/concrete construction with prefateid wooden
wall elements (U=0.14 W/tK). The envelope is well insulated with 240-350 rimsulation and an average U-
value of 0.3 W/IfK. The windows are triple glazed with a U-valuelaf W/nfK. The windows are split in two,
with an upper part for air- and daylight accessréhare external louvres for sun protection. WWR4%6 and
the g-value is 0.60. The building is very airtighith a measured airtightness of 0.3 ach)(rBurface-to-volume

ratio is 0.4 .

)

Fig 3.53. Plan by weinbrenner.single.arabzadehtaath.

HVAC+L

The target room temperature is 22°C. The buildisgsugas-fired condensing boilers for heating aadtoling
system is passive. There are no radiators; h@abigded with the AHU. The supply air is drawn thgh an
earth-to-air heat exchanger for cooling/preheating is further preheated in the AHU rotating heahanger
(measured efficiency 80%) if needed. The gas-fa@udensing boiler system is used for backup heafihg
cooling system is a passive night ventilation cphckeased on thermal buoyancy and wind forces drilg.
workers have to manually open the upper sectiotiseofvindows when they leave in the evening. The
mechanical airflow during day is 30°% and person (~0.56 I/sm2) and the pressure $osmall. A small (47)
thermal solar system facing S/SW produces hot Wa#) and a PV-system on the roof (7€ BikW) covers
one third of the electricity demand for lightingdaventilation. Daylight sensors control the liglgtisystem and
the installed power for lighting is 11.6 W/iim office rooms and 6.1 W/nin corridors.
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Energy performance

The building has been monitored for four years iesearch study. Hourly internal loads, temperatiai
change rates, heating and cooling were measuredraigsed. In 2000-2003 the average specific erd-us
energy according to BBR wa8 kWh/ m2yr (excl. tenant electricity) with a big contributi¢®7%) from free
solar energy. The passive night ventilation systerks satisfactorily during a normal central Eurapsummer
climate but in the hot summer of 2003, office terapare exceeded 25°C too many hours.
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Fig 3.54. End-use energy (monitored 2000-2003, et

Building design

Regionshaus, Hannover

Fig 3.55. Photo by Bilfinger Berger

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Office hours

Plan type
Space efficiency
References

Hannover (N 52.37° E 9.72°)
HDD 2497/ CDD 397
2007
Hanover Region
blnemann & collegen
Bilfinger Berger
Hanover Region
7134 ANFA
6
Office + hall
No information
2 persons/room
12 nflemployee
(Bine 2009a; EnOB 2011)

The new “Regionshaus” is an additional buildingateomplex of existing buildings. A large hall burlg for
540 people sticks out from the facade on the flogir. The heavy, L-shaped building has a solichficriced-
concrete construction and exterior walls with 166 rimsulation (U=0.23 W/AK). The windows are triple
glazed with a U-value of 1.2 WA and window areas are moderate (WWR is only 30@&xk anthracite-
coloured granite on the facade makes the windowniage appear larger. Intermediate sun protectictih wi
daylight redirection in the upper part makes itgiole for daylight to enter even when the sun e is
closed. In case of strong solar irradiation onfégade, the solar shading is automatically pulledrbut it can
also be operated manually. The building is airtighh a measured air-tightness of 0.4 ach)(The surface-to-
volume ratio is 0.3 fh
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HVAC+L

Office heating is supplied by district heating aadiators. The cooling system is nearly passivé @itoncrete
core temperature control which means that cold miatpumped through plastic tubes within the cotecjeist

floors. There are no suspended ceilings. The watorm water is cooled again in a heat sink systeth $2

underground boreholes (70 m). A chiller is providesda reserve. The borehole heat exchanger isuaésb for
pre-heating the supply air in the winter. The hatev production is provided with electricity. A hid

ventilation system provides the office rooms witiiural window ventilation while the hall, the meetirooms
and the sanitary facilities have mechanical vetidifawith heat recovery (airflows and efficiencykmown).

Presence- and daylight sensors control the ligltirsiem. The power supply to all equipment sockatseasily
be switched off on each floor.

Energy performance

In 2008, the primary energy consumption was 81 kWi (excl. tenant electricity}rrom this, the specific end-
use energy was estimated, with German primary asiose factors, t®1 kWh/m2yr (excl. office equipment).
Because of the window design, the effective sotatgetion and the moderate climate, no cooling nesded

the monitored years.
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Fig 3.57. Primary and end-use energy (monitore@200
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Solar Info Center, Freiburg

Building design

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References

Freiburg (N 47.98° E 7.85°)
HDD 2283/ CDD 599
2003
PLB
Architekturbiiro Epp
No info
Provinzial-Leben-Baubetreuung
13 822 iNFA
6 + garage
Office + conference
Weekdays 7-19
Office rooms
22 nflemployee

(Bollin, Fernandes et al. 2008;
EnOB 2011)

This large innovation and conference centre lieshatfoot of the Schwarzwald mountains in the soofth
Germany. The U-shaped building has a reinforcedieta skeleton construction and exposed concrdtegse
with a room height of 2.99 m. The exterior wall® dight with 200 mm insulation (U=0.19 W7K). The
windows are double glazed with a U-value of 1.3 Wrand the average U-value of the envelope is 0.5:3/
WWR is approx. 45% and WFR is 23%. Venetian bliads automatically closed when room temperature
exceeds 24°C and solar irradiation exceeds 130Wminformation was found regarding the air-tigkgs. The

surface-to-volume ratio is 0.29'm

Fig 3.59. Plan by Architekturbiiro Epp.

HVAC+L

The building is heated with radiators which arepdiggl with district heating from a CHP plant at thearby
hospital. Five borehole heat exchangers (80 m dasp)available for cooling the conference areaavitoor
cooling system. The borehole heat exchangers soeuaked for pre-heating the supply air in the camfee area.
The ventilation is a mechanical exhaust air systeirnich secures the necessary hygienic airflow of
approximately 7 I/s,person (1-2 ach). Supply amgigates through window ventilators except fordbeference
area where there is a balanced supply and exhiausststem with heat recovery. The office rooms@reled in
the summer with mechanical night ventilation (meaduto maximum 1.25 ach). An intelligent dynamic
operational management concept determines the sagastensity of night ventilation. The installpdwer for
lighting is 10 W/niin both office rooms and corridors. A PV system238?) is installed on the roof and facade
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and contributes to approximately 13 kWh/m2yr ofctie energy. The additional bought electric energy
almost 100% CO2 neutral. Four solar collectorsisstalled to cover the total hot water demand lug t large
distribution losses they only cover 30%. Every tdr@n control their own space separately via iddial time

programs.

Energy performance

In 2007, the specific end-use energy accordingB& Bvas42 kWh/m?r (excl. tenant electricity).
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Fig 3.60. End-use energy (monitored 2007).

Wagner & Co, Colbe

Commons)

Building design

Fig 3.61. Photo by Hydro, 2009 (Wikimedia

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References

Colbe (N 50.85° E 8.78°)
HDD 2277/ CDD 563
1998
Wagner & Co Solartechnik
Architektur Stamm
No information
Wagner & Co Solartechnik
1 948 fNFA
3
Office, seminar, exhibition
Weekdays 7-18
Open/cell
35 nf/lemployee

(Schneiders and Feist 2002; Wille,
John et al. 2004; EnOB 2011)

Wagner & Co’s administration building, in centrabi@any, was the first office building built accargito
passive house principles. The building has a regctan floor plan with a round ending on the weslesiThe
construction is a concrete skeleton with prefalbeidavooden wall elements. The envelope is welllated with
400 mm insulation in the walls (U=0.13 Wi&) and 240 mm foam-glass under the slab (U=0.17 ijrand
the roof U-value is 0.11 W/AK. The windows are triple glazed (low E with krgptgas fill) with a U-value of
0.8 W/nfK and a g-value of 0.46. The average WWR is 45% &ditomatically controlled external blinds have
daylight redirection in the upper part, which makgsossible for daylight to enter even when the ptotection

is closed. The measured air-tightness is 0.75 860 Ra pressure difference. The surface-to-volatie is 0.36

m™.
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Fig 3.62. Plan, no approval yet
HVAC+L

The control set-point for heating is 21°C. The tiui) requires heating only from December to Felyru@he
small amount of heat is distributed via the supgilyand no radiators are needed. The air can btede¢a
temperatures between 30 and 40°C. The outdoos pireheated through four 32 m long undergroundsdidte
air is further heated with the heat exchanger énvéntilation system, a four-way-cross-flow heath@anger with
80% efficiency (design value). There are additiemabll heat exchangers which are supplied withrdwating.
The solar heating (64 Trtollectors on the roof) is collected in the warronths and then stored in a huge
seasonal storage tank (87)nplaced in the centre of the rotunda. For backepting, the gas-driven power
plant, mainly providing electric power, can be ussda heat plant as well. The balanced ventilai@iem has
an average airflow of 0.5 ach (~0.5 IBmwhich is necessary for hygienic purposes. Thelieg system is
passive. The supply air is pre-cooled in the grecmapled ducts with a measured cooling capacitypofo 6K
during a warm summer day. The building is also edoht night using natural night ventilation, driven
thermal buoyancy. The airflow is approximately 4 and the measured cooling capacity is about 3ylipht
sensors control the lighting system with an intgnsét point of 500 Ix. The installed power forhtmg is high
with 20 Wi/nf.

Energy performance

The office was monitored and analysed in detaitlioee years by the Passivhaus Institut. In thesea
2000/2001, the total end-use energy 8a&kWh/m?yr (incl. tenant electricity). The experiences havenbesry
positive so far and the occupants are pleasedthgtindoor climate.
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Fig 3.63. End-use energy (monitored season 2000)j200
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3.2.6 Austria

In the office buildings from Austria, informationas received on both primary energy and
end-use energy. Primary energy conversion factorddstria are shown in table X.

Table x: Primary energy conversion factors for Alast
index: p primary energy, e end energy (BuildUp@01

Source Primary energy
conversion factor
KWh o/kWh ¢

Fuels Gas 1.1

Electricity “Wienstrom” 2.7

ENERGYbase, Vienna
Location Vienna (N 48.2° E 16.37°)
Climate HDD 2394/ CDD 623
Completion year 2008
Client/developer and Vienna Business Agency
tenant
Architect POS architekten
Contractor Divided contract
Tot. floor area 7500 friettable area
Floors 5+garage
Operation Office and research

Fig 3.64. Photo by Hertha Hurnaus Office hours Weekdays 8-18
Plan type Mixed
Space efficiency 15 nflemployee
References (Rauhs, Schneider et al. 2008;

ENERGYbase 2009; BuildUp
2010; Greenbuilding 2011; Pos
2011)

Building design

This award-winning office and research centre waitt ccording to the passive-house standard witreat
focus on renewable energy and sustainability. Tdrapact and narrow building has a construction efccete
joist floors and prefabricated wooden wall elemanith 26 cm insulation (U= 0.22 W/i). The U-value of the
roof is 0.13 W/rK and the windows are triple glazed with a U-vatid®.9 W/nfK and a g-value of 0.42. The
extraordinary south facade has a saw-tooth shajteintegrated PVs and solar panels. These workfastige
passive solar and glare protections in summeralioiv direct solar radiation into the building dugi winter.
The conventional windows have light directing Veaetblinds which channel daylight into the depttighe
rooms. The WFR is approximately 36%. The plan ayeament is open on the south facade, allowing dhalylig
penetration deep into the building, and contairisoice rooms on the north facade. No informatiwas found
regarding the airtightness. The surface-to-voluati®is 0.29 r.
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Fig 3.65. Plan by POS architekten

HVAC+L

The control set-points for indoor temperature &€@°C. Geothermal energy and solar energy provideing
and cooling. Ground water heat pumps supply theret@ core temperature control system with warmwodat
water, circulating within the concrete floors. Hesahlso generated on the south facade when diodat

radiation heats the air, which is transported tdeoareas via heat exchangers. For cooling, theoaiditioning
system has a solar sorption cooling unit suppliét tieat from 300 fsolar thermal collectors. The balanced
mechanical ventilation system has a rotating heett&nger with 75% efficiency (design value). Thél@wv is

30 ni/h and person. Electric lighting is hardly needatlthe installed power for lighting is 10 Wiim the north
office area and 5 W/fin the south office area. There are 400R¥'s generating about 42 MWh per year (19%
of total electricity consumption). For extra usentdort, there is a so-called green buffer zonetaioing 500
plants (Cyperus Grass), humidifying the indoor air.

Energy performance

The specific end-use energy according to BBR isnased t020 kWh/m?yr (excl. tenant electricity), with a
contribution from the PV system estimated to 5 kiWigt. Calculations were carried out with TRNSYS and
CFD-simulations as part of a research project. &tenated primary energy for heating is 11 kWAytnand for
cooling 15 kWh/rfyr.
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Fig 3.66. End-use energy (calculated).
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SOL4, Modling
Fig 3.67. No approval yet

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant
Tot. floor area
Floors
Operation
Office hours
Plan type

Modling (N 48.@816.27°)

HDD 2394/ CDD 623

2005

BM Ing. Klausjurgen Kiessler
Solardyou Consulting

No information

Many small companies

2 740frgross floor area (BGF)
4

Office, fitness centre

Flexible

Space efficiency 8 nf/person (incl. gym?)

References (Kiessler, Stockinger et al. 2005;
Kornadt and Wallasch 2008)

Building design

This innovative training and business centre isa$éd in a nature reserve at the foot of the Eitlrsbluth of
Vienna and has a great ecological focus. The mgléi square and compact with a central atriundé&ylight
penetration and night ventilation. The load-beastrgcture is made of cement-free concrete and bmesonry
with optimized storage capacity. The external watks made of clay blocks insulated with 30 cm nah&yam
(U=0.11 W/niK), except for the walls behind the “clip-on” P\¢tde system on the top floors which have 36
cm straw insulation (U=0.13 WA). The interior walls are made of unfired bridte floor has 35cm
insulation and the green roof system has 30cmatisul (U=0.10 and 0.11 W/). The windows and the glass
roof of the atrium are triple glazed with U-valug<.9-0.97 W/rfK. The windows have an advanced shutter
system for solar shading. The measured air-tigltize8.56 ach at 50 Pa pressure difference.

Fig 3.68. Plan by, no approval yet

HVAC+L

Heating and cooling is supplied with two reversigi®und water heat pumps (COP of 4.0) coupled With
boreholes, each 80 m deep. A concrete core tenyerabdntrol system distributes and circulates tlaenwor
cold water within the concrete floors. The buildisgalso cooled at night using natural night veutitin, driven
by thermal buoyancy through the atrium. The nataidlow is approximately 6-12 ach in the summealftbf
the large annual hot water demand is covered hy%blar thermal collectors on the roof; the resiasered by
an electric heater. The PV system (21%) on the facades produces a rough 6 kWhafrelectric power, which
covers all the energy needs of fans and pumpsyvé&htiation is a VAV-system with a rotating heathanger
with 85% efficiency (design value). The airflowds5-2.5 ach which correspond to approximately 004Hant
(assuming 3 m room height). Daylight sensors cdrtre lighting system and 80% of all work staticen®
placed within 5 m of a window.

Energy performance

The specific end-use energy according to BBR isnased to37 kWh/mPyr (excl. tenant electricity). The high
domestic hot water demand is due to the gym. Narimétion was found on the tenant electricity. Thienpry
energy for heating and hot water is 19 kWiyn{design value).
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Fig 3.69. End-use energy (calculated).

3.2.7 Switzerland
Primary energy conversion factors for Switzerlarelshown in Table X.

Table X. Primary energy conversion factors in Ssvlend according to the Minergie
standard

Energy source Primary energy
conversion factor

kWh p/kWh ¢
Solar and ambient heat 0

Biomass (wood, biogas) 0.7

Waste heat 0.6
Fossil fuels 1.0
Electricity 2.0
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Dreieck GHC, Esslingen

Building design

Fig 3.70. Visualization by Stiicheli Architekten.

Location
Climate
Completion year
Client/developer
Architect
Contractor
Tenant

Tot. floor area
Floors
Operation

Office hours
Plan type

Space efficiency
References

Esslingen (N 47.28° E 8.72°)
HDD 2600/ CDD 471

2010

Rehalp Verwaltungs AG
Sticheli Architekten

Basler & Hofmann et al.
2621frheated floor area (EBZ)
4+basement

Office+ boutiques

Flexible
22 nflperson

(Filleux 2009) (Braun, Filleux et al.
2009)

This is the third out of five office buildings (bding C) in Esslinger Dreieck southeast of ZurigH.buildings
on the site have a high sustainability focus amdaséming for the Minergie-P-ECO certificate. BuildiC is
rectangular and compact with a load-bearing streattade of recycled concrete and prefabricatedretec
elements. The exterior walls are prefabricated woadall elements with a U-value of 0.10 WKnThe U-
value of the roof is 0.11 W/i{. The windows are very well insulated with a Uwelof 0.7 W/rK (incl.
frame) and the g-value is 0.45. The WFR is 27%. §gectacular south facade has a shell with anratied PV
system with a slope designed for excellent soladsty. In addition, the double skin protects thieBar
Venetian blinds. No information was found on thdding’s airtightness but it ought to fulfil the gsive house
standard (0.6 ach at 50 Pa pressure differenceg glits a Minergie-P certified building.

Fig 3.71. Plan by Stiicheli Architekten.

HVAC+L

The control set-points for indoor temperature &€8@°C. The heating concept is an innovative system
completely supplied with solar energy. There arer®6f thermal solar collectors integrated on the redfich
store heat in the ground in the summer through@aHhwoles (35 m deep) for winter use. In the wirttes,solar
collectors are used for direct pre-heating of tleenwvwater supply. The heat store in the groundshibatreturn
water in the heating system. The system is newnahget evaluated. By estimate, it takes aboutyrars to
fully load the ground with heat. Heating and coglis distributed with convectors in the window [zt
working with modest supply temperatures (26°C feating and 20°C for cooling). The incoming cold evas
used for evaporative cooling of the convector dgirddeat from the server rack is used for heathegreturn
water both in the heating and cooling seasons evitefficiency of 2K. In addition, the temperatundhie server
room is reduced. The ventilation system is a VAteyn with CO2 control. No information was found abo
the airflow rate or the heat exchanger efficiendyD lighting is installed in the bathrooms. The 260PV
panels on the south facade produce enough poveewgr all lighting and fan electricity demand.
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Energy performance
The specific end-use energy for heating is estichaa® kWh/m?yr. No other information was found on the

energy consumption so the figures are uncertaiiidiBg C was certified as a Minergie-P-ECO building
December 2010. Thus, the primary energy for heatitayhot water should not exceed 15 kWAymtdesign

value).
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Fig 3.72. End-use energy (calculated).

76



3.3 Discussion

Detailed information was collected for 14 low eneoffice buildings in the Nordic countries
and 10 office buildings located in other parts afffdern Europe. Although the attempt was
to list the most energy-efficient office buildinggthin this region, with a special focus on the
Nordic countries, this study cannot be claimedaa@bdmprehensive. The buildings presented
are good examples but there are more buildingshwylific different reasons, were difficult to
document. There are also energy-efficient buildiogsently in the design phase or in the
pipeline which have not been studied. Furthermitie selected buildings are not entirely
representative for each country’s building standoit example, the examples from Denmark
and Finland all represent the same developer ardftire they exhibit many similarities in
the design. In this discussion, an effort is madélustrate differences and resemblances in
building design, HVAC, lighting design, etc., ftvetdescribed cases.

3.3.1 Building year

The most energy efficient buildings in the Nordaaintries are obviously younger than the
ones from Germany. All but one of the presentedrptas from the Nordic countries were
constructed after 2006, while many good exampl€sarmany were built already in 1998-
2002. This is likely to depend on the InternatioBaksive House programme with its origin in
Germany. The Passive House Institute was found@@% (PHI 2012b) and the first passive
office building, Wagner & CO, was built shortly efévards, in 1998. Another strong
influence is clearly the demonstration programmBdin launched in 1995 by the German
Federal Ministry for Economy. EnBau stands for ‘$edtung flr Energieoptimiertes
Bauen“(Energy-Optimised New Buildings, EnOB) andswatiated in order to gain access to
information on energy use in office buildings. fparticipating and sponsored buildings, the
total primary energy limit for heating, lightingentilation and air conditioning is 100
kwh/m2yr (heated net floor area, NFA) (Voss, Herdehl. 2007; EnOB 2011). Furthermore,
the European Commission initiated the GreenBuilgirggramme in 2004 (Greenbuilding
2011). In a pilot phase, in the years 2005-2006 GheenBuilding infrastructure was set up in
ten European countries, among them Sweden. le& that Sweden began to design
GreenBuildings in this pilot phase and that otherdit countries followed.

3.3.2 Location and climate

In this study, no low-energy offideuilding further north than the 60th degree otlate (the
height of Helsinki and Stockholm) was found (seguFe X). Although the North European
region was studied because of the similaritiedimate, there are some climate differences
within the region According to heating and cooling degree days (Bi2BE1), Finland has
the largest heating demand and Austria has thesapoling demand while Germany has the
smallest heating demand and Norway has the smatlesihg demand (see Figure X.). As an
example, Stockholm in Sweden has about 3200 HDBea gnd 260 CDD compared to
Freiburg in Germany with 2300 HDD and 600 CDD. Timsans a difference of 900 HDD
and 340 CDD. Heating and cooling degree days aaglr tool which should not be used for
calculating heating and cooling demand. In hisgiug used primary to indicate and
compare climate differences.
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Figure 3.73. Locations of the 24 studied officddings (Google 2011).
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Figure 3.74. Heating and cooling degree days (dasaperature 15.5 °C) for locations representativetfie
office buildings studied. An average based onyeers of weather data.

3.3.3 Building body design

The Nordic buildings and Swedish in particular, quée large in comparison to the rest of

the studied buildings. The floor area varies mafriyn 5 000-30 000 fin the Nordic

countries while many of the buildings further soath between 1 000-3 00G.rThis could

be the result of a more experimental and cost-lieduapproach when building according to
the passive house standard and the EnBau prograntmadarge buildings in the Nordic
countries, with many floors, automatically yielthigh compactness. Considering the shape of
all the buildings, there are both rectangular/narpaoildings and square/deep ones. More than
half of the buildings have a glazed atrium for dgtyi access and/or as part of a ventilation
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strategy. Half of the atria are placed along tlpad® and half have a central location within
the building. In the Nordic countries, all the sadloffice buildings are open plan offices or

at least with a degree of flexibility so that teadant can choose between cell rooms and open
plan or a mix of both. In Germany, all buildinge aesigned with office rooms but it seems

to be common with rooms for two or three peoplechtentails rather space-efficient
buildings.

Several buildings in the study are designed withed-bearing concrete skeleton construction
with concrete joist floors, concrete columns anefgiricated wooden wall elements. About
one third of the buildings have a concrete wallstarction in addition and high thermal
inertia. Most buildings in the Nordic countries kaauspended ceilings, whereas many cases
from other countries have exposed concrete floogdscailings, which are used for heating
and cooling distribution and heat storage.
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Fig 3.75. Average U-values of walls, windows aniding envelopes in the studied office buildings.

The average U-values of the constructions in thedsst buildings are slightly worse than
the average in other regions (se figure X). Thdsamve U-values between 0.2-0.3 Vi#m
and the windows have U-values between 0.8-1.4 3/(frames included). In Germany and
the nearby countries, the buildings are betterlated and the U-values of walls are 0.10-0.23
W/m?K and the U-values of windows are 0.7-1.4 \imThus, some of these buildings fulfil
the basic features of the international passives@qguidelines, suggesting that suitable U-
values should be maximum 0.8 Wfor windows (glazing and frames) and about 0.15
W/m?K for other construction components in the envel@tél 2012b). For the cases where
the average U-value of the building envelope idated, it mostly varies between 0.3-0.5
W/m?K. These values fulfil the Swedish GreenBuildinigezion which is 25% under the
requirement in BBR which was 0.7 at the time tHasédings were designed (Boverket
2011a).

Regarding the airtightness of the envelope, theuarcountries use diverse quantities and
units from the European standard EN 13829 (CEN p&04a different criteria. For example,
the Swedish passive house criterion is 0.34/&gy) (FEBY 2009) and the international
passive house criterion is 0.6 acko(rffPHI 2012b). In Sweden, test results were fourd f

79



three buildings and one of them fulfil the Swedisissive house criterion. In Germany and
the nearby countries, six buildings fulfil the imational passive house criterion and the best
declared airtightness is 0.2 acgjnin Norway and Finland, none of the case buildihgve
been tested and the design values for airtightakespoor; 0.7-2.0 ach {j).

3.3.4 Solar control

There are relatively great variations in window ammand solar heat gain coefficients in the
study (see figure X).
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Fig 3.76. Average window-to-wall ratio (WWR), wimdto-floor ratio (WFR) and solar heat gain coeféint
(SHGC).

The window-to-wall-ratio (WWR) is quite small ingiNordic countries, often 20-40%. In
Germany, the WWR s just below 45% in most cagesat hard to find information about
window-to-floor-ratios (WFR) but the declared vauange between 12-36% with values
below 20% in the Nordic buildings. The SHGC isidifft to analyse since in some cases the
glazing SHGC is declared, and in other cases tia¢effective g-value inclusive solar

shading is declared. Most buildings have both smatrol glazing and solar shading devices.
The SHGC in the Scandinavian cases is often 30-¥%ermany and nearby countries, the
studied SHGC vary between 42-60%. The best SHGBeolvhole study is 27% and the best
effective g-value (inclusive shading devices) dexdds 12%. The international passive house
criterion suggests a SGHC around 50% (PHI 2012b).

In the Nordic countries, all types of solar shadiegices are represented; external blinds,
internal blinds and tinted glass. In Germany aratime countries, solar shading devices are
almost exclusively external, which is the mostaéint placement for reducing cooling loads.
In some buildings, the shading devices are intedrat the facade as permanent passive
devices, designed to let the low winter sun intbygrevent solar radiation from the high
standing summer sun. Another characteristic indlvesintries are solar shadings with
daylight redirection, i.e. the blinds consist obtparts which can be adjusted separately to
permit daylight to enter through the upper partnewden the blinds are closed. Combined
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with a high reflective ceiling, the natural ligharcbe distributed deeper into the room. Many
of the studied buildings are designed with glazeid #or daylight access. These atria are not
equipped with solar shading devices in general.

3.3.5 HVAC

Design set-points for indoor air temperatures dr@% C in the Nordic countries in general,
or 20-25°C in some cases, while other countriesafi0-26°C and often without an upper
limit. For comparison, in Swedish guidelines fodaor climate, R1 (Ekberg 2006), the next
most stringent classification, TQ2, requires opeeatemperatures of 20-26°C which is
supposed to correspond to a PPD (Predicted PegeeDiasatisfied) index of 10%. The most
stringent classification, TQ1, also requires opeegiemperatures of 20-26°C but in addition,
an individual temperature control must be possibhe temperature control set-points are not
always equal to real temperatures though. Fromreequee, target temperatures in Sweden
often lies within 22-23°C throughout the year whiohcourse, increases the heating and
cooling load.

In Sweden, Denmark and Finland, heating demanxicisigively provided by district heating.
In Norway, half of the buildings have electric hpatps. Heating is mainly distributed with
radiators/convectors and cooling is mainly disti@alwith ventilation air. In Germany and

the nearby countries, geothermal boreholes withitirout reversible heat pumps are very
common for heating and cooling. Heating and coolngften distributed with a concrete core
temperature control (CCTC) which is a water-botnerfheating and cooling system with
moderate temperature range. In addition, undergroucts (earth-to-air heat exchangers) are
used for preheating and precooling the supplyTdiere are two example buildings in which
solar heat is stored over the year in the groumdimfarge accumulator tanks.

In the Nordic countries, most air handling stragésgare demand controlled VAV systems
with airflows changing with temperature and £®he airflows vary from 0.35 to 2.4 1/ém
for buildings with large cooling demands. AccordingSwedish guidelines R1 (Ekberg
2006), the minimum hygienic airflow should be 0l&5"* and the minimum person based
airflow should be 7 I/'s and person. The normal @etsased airflow is often larger though,
15-20 I/s and person, due to internal gains (EnB8@a®). There are two Swedish buildings
with CAV systems, characterized by low air veloatyd low pressure drop. In both cases, the
constant airflow is 1.5 I/sfrduring office hours. A couple of Swedish buildirigs/e special
air diffusers with built-in occupancy sensors fptimal demand control. These air diffusers
operate on an average 30% of maximum capacityyaady basis. None of the Swedish
buildings have natural ventilation and this is esgntative for the building stock in general.
A recent report (Boverket 2010) presents the stAbeiilding technique in existing buildings
in Sweden. According to this report, 95% of theserp non-residential buildings in Sweden
have a mechanical balanced ventilation system 388@ ttave additional heat recovery. In
Germany, Austria and Switzerland, CAV systems watiner low airflows are most common.
Only two buildings have VAV systems. The airflonary from 0.26 to 1.1 I/sfA couple of
buildings have hybrid ventilation with operable aaws combined with exhaust fans
securing minimum hygienic airflow. There is no satbuilding with entirely natural
ventilation.

Total Specific Fan Power (SFP) varies from 1.0kM®m3s* in Sweden and Denmark. In
Norway and Finland SFP is higher, 2.0-2.9 k8§ No information was found about the fan
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efficiency in Germany and the nearby countries. $tvedish building code recommends an
SFP of maximum 2.0 kW/fa® for mechanical balanced ventilation with heat ey
(Boverket 2011a), but other voluntary guidelinesoramend SFP 1.3 kWAs' in low-energy
non-residential buildings (BELOK 2011). Regardireahrecovery, almost all buildings
recover heat from the exhaust air, except the witbshybrid ventilation. Most air handling
units have rotating heat exchangers with efficies@f 75-85% on a yearly basis. In Norway,
the efficiency is generally lower, i.e. around 65%.

Night ventilation for passive cooling is used inflwd the studied office buildings in Germany
and the nearby countries. Night ventilation is ualsg in buildings without heavy walls but
where thermal mass is high because of the expasexntate ceilings for heating and cooling
distribution. Only a couple of Swedish office buriigs use night ventilation. In Denmark and
Norway, half of the studied building use night vkation. Most of the buildings with night
ventilation use the existing mechanical air hargllinit at night, but some German offices
have natural night ventilation, driven by thermabipancy forces only.

3.3.6 Lighting, equipment and internal heat gains

Almost all of the presented office buildings haweng sort of lighting control strategy in

order to avoid excessive electricity for lighting.Sweden, the most common control strategy
is having occupancy sensors and there are onlekamples with daylight control. There has
been no clear focus in limiting the installed povaerlighting in Sweden. Best practice is
Pennfaktaren with 7.2 W/ninstalled power and daylight control in additidine Swedish
guideline for lighting (Ljuskultur 2010) recommenasninimum illuminance of 500 lux on

the task area in office rooms. The requirementrfstalled power is 10 W/frin individual

office rooms, 12 W/rhin landscape offices and about 8 W/mz2 in othecspaln the studied
Norwegian buildings, the installed power lies witiéi.4-10 W/ and is mostly controlled by
occupancy sensors. In the two Danish buildingsctmrol strategy is daylight control and

the installed power is 8 W/miIn Finland, the installed power is high, 15 \¥/tiout in return,

the control strategy is daylight dimming. In Germamd the nearby countries, there is a great
variety in installed power for lighting, from 2 W#rim communication areas and up to 20
W/m? in office spaces. Almost every building has a iigglcontrol strategy.

The study reveals no information on installed pofeeelectric office equipment. This is
understandable for recently completed buildingsesine equipment is highly user-related
and not the designer’s responsibility, unlike tleagral lighting design. However, not even
the older buildings, which have been monitoredaf@puple of years, show much focus in
equipment operation and limiting the internal hgans.

3.3.7 Energy performance

The primary energy use, declared in some of thielibgss in Germany, Austria and
Switzerland, has been translated into end-use gnvegrimary energy conversion factors in
order to be able to present all buildings togeth@ne chart (see figure X). Note that most of
the Nordic buildings are newly built and have neeb monitored yet. These design values
are marked with an asterisk (*). The first two bars fictive and represent the existing office
building stock in Sweden (Energimyndigheten 20@ggther with a typical office building
just fulfilling the requirement in the Swedish lling code BBR 18 (Boverket 2011a). The
Swedish building code treats the specific end-usegy for heating, cooling and facility
electricity and thus, all the buildings are soréed presented in descending order according
to this specific end-use energy. For buildings whenant electricity is available, this is
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presented in white stacks and in case tenant ig¢gis inseparable from facility electricity,
the total electricity is shown in grey-to-white &ahstacks.
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Figure 3.77. Monitored and calculated end-use epdog the studied office buildings.
*Design value (not monitored)

The energy use in the Swedish buildings (SE) is edbw the average of the existing office
building stock in Sweden. Except for one renovapooject, the Swedish buildings are at
least 25% better compared to the regulations in BRBRNd the GreenBuilding effect is clear.
Best practice in Sweden is Jungmannen 3 in Malnti aviotal end-use energy for heating,
cooling and facility energy of 43 kWhfyr (design value). Kungsbrohuset in Stockholm has
a very low demand for heating and cooling but,fendther hand, large facility electricity
(design value). These energy demands have notveedied though, and best monitored
building in Sweden is Kaggen in Malmé with a tatald-use energy for heating, cooling and
facility energy of 65 kWh/riyr.

The Norwegian buildings (NO) have moderate heaimd)cooling demands but in return
some of them use much pump electricity. Best prads the renovation project, the UN
House in Arendal, with a total delivered energytieating, cooling and facility energy of 52
kWh/mfyr (monitored). The two similar Danish office builds (DK) are both energy-
efficient. Best practice is Kolding Company Houséwa total end-use energy for heating,
cooling and facility energy of 36 kWhfyr (design value). The two Finnish buildings (FI)
have low cooling demand and high heating demanst @actice is Alberga Business Park
with a total end-use energy for heating, cooling fatility energy of 62 kWh/Ayr (design
value).
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There is a great variety in end-use energy in theedbuildings in Germany (DE), Austria
(AT) and Switzerland (CH). A large share of thergyas provided with “free” energy from
solar thermal collectors, photovoltaic systems eardh-to-air heat exchangers which is not
shown in the chart. Most buildings do not haveug any cooling energy at all. Best practice
is BOB in Germany, ENERGYbase in Austria and EggirDreieck in Switzerland. The total
end-use energy for heating, cooling and facilitgresy is 19 kWh/rfyr for BOB (monitored),
30 kWh/nfyr for ENERGYbase (design value) and only 9 kWAyinfor Esslinger Dreieck
(design value).

The GreenBuilding label is the most frequent en@ggessment in the Nordic countries. 10
out of 14 buildings are, or are about to becomsifisel GreenBuilding partners. Two
buildings are classified (or pre-classified) acoogdo Miljdbyggnad, two according to

LEED, and three according to BREEAM (SGBC 2012)Gkrmany, Austria and
Switzerland, three of the studied buildings arel@uapproved Passive Houses (PHI
2012b), two are classified according to GreenBngdand one has a Golden German quality
label for sustainable buildings (DGNB 2012). Getlgr#his region focuses more on
sustainability and ecological issues than the Norelgion.

84



4. Parametric study

4.1 Method

This method section describes in detail the dynainnulations carried out with IDA ICE 4
on a model of a typical office building with periteecell rooms. First, a reference building
was modelled as a base case, designed to corresptrecurrent energy regulations in the
Swedish building code. Then, different design fezgwere studied in a parametric study and
the results were analysed and compared to thedaase The evaluation was performed on
the result of the entire building and on a wholanjgasis (annual energy balance). The
parameters which were analysed were airtightnasalation levels and thermal mass of the
building envelope, glazing and solar control, cegland ventilation strategies as well as
control and installed power of lighting and eleceguipment. The impact of climate,
occupancy rate and room design was also studiadgénsitivity analysis. Finally, the most
effective design features were combined as a lasst solution and simulated in order to
obtain the maximum energy saving potential withveroand cost effective technique.

4.1.1 The simulation software

The simulations were carried out with IDA ICE (vers4). IDA ICE is a dynamic multi-zone
simulation program for study of indoor climate oélividual zones within a building, as well
as whole-year energy consumption for an entiredingl It is written in the neutral model
format (NMF) which is program-independent and wdiéfierential-algebraic equations for
modelling dynamical systems (Kalamees 2008). Thabkes the user to change and write
new models. IDA ICE was developed in the mid-eightt the Royal Institute of Technology
(KTH) in Stockholm and is now launched in a globmrket with focus in Sweden, Finland,
Germany, Switzerland and the UK. The simulation ies@rovided by EQUA Solutions AB
and it has been validated according to CEN 137&8HRAE 140-2004, CEN 15255, CEN
15265, CIBSE TM33, RADTEST and Envelope BESTEST (&Q2012).

In the simulation process of IDA ICE, one or mooaes are modelled and together they
define a building. The zones can be modelled m&éynaabeing imported from common 2D
and 3D CAD files and to some extent even BIM mo@Blslding Information Modeling)
(EQUA 2012). The construction parts (walls, roofl dloor) separate the zones from each
other and the building from the ambient climateridas heating and cooling devices,
ventilation systems, lighting systems, building ematls, windows and shading devices and
controller set-points can be chosen from a libeargt be attached to each zone. The climate
model is an algorithmic model that, from a giveratier file and location data, calculates air
temperature, sky temperature, ground temperatureymidity ratio, air pressure, GO
fraction, direct and diffuse horizontal solar rdutia, wind direction, wind velocity and the
elevation angle and azimuth angle of the sun. Tme zodel calculates the indoor climate
and energy consumption in each zone and IDA ICEpcavide output files for any data
object in any system with high time resolution. ID2E 4 handles a number of different
features and can be used for calculation of (Kat2908):

- Full zone heat and moisture balance with contrangifrom solar radiation, occupants,
equipment, lighting, ventilation, heating and cogldevices, heat transmissions, thermal
mass effects, air leakage, cold bridges and fumitu

- Wind and buoyancy driven airflows through leaks apdnings

. Air and surface temperatures and operative temyrerat any occupant location
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- Temperature, C@and moisture levels which can be used for comiglthe air handling
system

. Solar influx thorough windows and the influencdaxfal shading devices and surrounding
buildings

. Daylight level at any room location

- Comfort indices (PPD and PMV)

- Energy cost (based on time-dependent prices)

IDA ICE is the probably the most frequently usedl ior energy simulations of non-
residential buildings and low-energy houses in Sametdday. Thus, the program was selected
for this study even though it is rather complex antconsidered optimal for multi-zone
parametric studies.

4.1.2 The reference building

The virtual reference building, which was defingdyiously by Poirazis (2008), is a typical
large office building with peripheral individualfafe rooms and a central core with stairways,
elevators and other facilities. The office bloclisix storey building with a narrow shape
(approximately 66 m x 16 m) with the short sidasmtated to east and west. The room height
is 3.2 m and the floor height is 3.5 m with 0.3 omcrete intermediate floors and a thin
ceiling. Each floor is 1030 fiwith a total heated floor area &y of 6180 nf (internal
constructions included). More building data is présd in Table 4.1 in section 4.1.3. In IDA
ICE, the building was modelled with as few thermahes as possible in order to reduce the
simulation time. Identical floors and identicaliof rooms within the floors, with the same
amount and orientation of external envelope surfaeee therefore modelled once and
multiplied several times in the simulation (seeurggX and X). This is current practice for
speeding up the simulation and has a negligibkecetin the result.

Figure 4.2. Model in IDA ICE of ground floor'®and 8" floor. 3¢ floor was muliplied four times in the
simulation.
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Figure X. Typical floor plan in IDA ICE.

Figure X shows the distribution of office spacehe reference building. The individual office
rooms and the meeting rooms correspond to 56%edidlbr space (office rooms 54%). The
corridors answer to as 34% and the remaining spaagists of stairways and other facilities
(10% in total).
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34%

m Office & meeting m Corridor  Stairway Cloak m Copy and store

Figure X. Distribution of office space in the reface building.
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4.1.3 Input for parametric study

Base case

The base case input was chosen in order to comdgpamormal praxis and regulations in the

recent Swedish building code BBR18.addition, the input is to a great extent in lmigh the
standardized input parameters for energy calculatio office buildings (SVEBY 2010)
provided by the SVEBY programme which stands fdaffélardize and verify the energy
performance of buildings” (SVEBY 2012). The SVEBtarsdard is the Swedish building
industry’s interpretation and clarifying of the egy regulations in the building code BBR.

The SVEBY standard was developed with the intentiioagree on a common building praxis
and to prevent disputes between different actotlanndustry. Remaining input are values
experienced by members of the project and refergramg. The base case input is presented

in Table 4.1 and further described in text in tbkkofving sections.

Table 4.1 Base case simulation input

Parameter Simulation input Comment
Climate Location Stockholm 59.35N, 17.95E
conditions Temperature Dry-bulb -18.3/6.5/26.1°C ASHRAE
min/mean/max Fundamentals 2001
Horizon angle 15° EN I1SO 13790:2008
Dimensions Heated floor area (Atemp) 6 180 m” BBR definition
Air volume 19776 m°
Envelope surface 5193 m°
Surface-to-volume ratio 0.26 "
Facade surface 3133 m°
Window-to-wall ratio 35% (glazing-to-wall-ratio
(WWR) 31%)
Window-to-floor ratio (WFR) | 18%
Building External wall U-value 0.20 W/m*°C 170+50 mm mineral
elements wool
External roof U-value 0.11 W/m*°C 300 mm mineral
wool
External floor U-value 0.17 W/m*C 200 mm EPS
(excluding ground
resistance)
Windows U-value (including | 1.4 W/m*°C Pilkington Suncool 2-

frames)

glass

Glazing

LT 72%, SHGC 43%

Pilkington Suncool
70/40

Internal blinds 0.83 x SHGC SHGC multiplier
Total UA transmission 2119 W/°C
Thermal bridges 445 W/°C Calculated in HEAT2

21% of total UA

(BuildingPhysics
2011)

Air leakage rate

1.5 ach (nsp)

EN 13829:2000

Heating/cooling | Boiler COP 0.9 Total heat supply
efficiency Heating coil COP 0.9 In air handling unit
Domestic hot water COP 0.9
Domestic hot water use 2.0 KWh/m®yr SVEBY standard
Chiller COP 0.9 Total cooling supply
Cooling coil COP 0.9 In air handling unit
Thermal Set-points for mean air 22-23°C Normal target values
climate temperature
Ventilation Ventilation operating hours | Weekdays 7:00-19:00
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Constant Air Volume

1.5 l/s,m*

SVEBY Standard

Heat exchanger efficiency

70%

Yearly average

Total Specific Fan Power, 2.0 kW/m’s™ BBR18
SFP
Supply air temperature 17°C

Office Office hours Weekdays 8:00-18:00 1 hour lunch break
operation Occupant space 20 m°/person SVEBY standard
Activity level 1 met, 108 W Sensible and latent
heat
Occupancy rate 0.7 SVEBY standard
Lighting Installed power in office 10 and 6 W/m?2 Blomsterberg [13]

rooms and other spaces

Control

Manual switch on/off

Computers and

Power on/standby

140/10 W/person

Blomsterberg [13]

office
equipment

Building envelope

The base case construction is typical with heangcie joist floors and light curtain wall
elements. The U-values are given in Table 4.1 hadiverage U-value of the envelope is 0.5
W/m?C (including thermal bridges). In the parametticdy, the roof and floor components
were kept intact since these constructions onlelesmall impact on the total transmission
losses in a multi-storey building with a comparatyiarge facade area. External walls and
windows, on the other hand, have a larger impadttl@a different constructions studied in the
parametric study were walls with a U-value of Ontl avindows with U-values of 0.7, 0.9 and
1.1 W/nf°C. The wall U-value was achieved with a woodenstarction with 80+195+70

mm mineral wool. Walls with U-value 0.1 and windowih U-value 0.9 W/ifiC correspond
to the guidelines in the Swedish passive houselatdn

Heavier constructions with more internal thermairiim were simulated next. A medium
heavy version with exposed concrete walls in siayrand cloak rooms, and a heavy version
with additional concrete sandwich walls in the faeavere performed. U-values were kept the
same. In order to optimize the conditions for Istatage, larger temperature variations were
allowed and simulations were performed with meanesnperature set-points of 21-24°C.

The base case air leakage rate was set to 1.:&@hich corresponds to the former
Swedish regulation of 1.6 I/Snoso). A wind driven flow was specified in IDA ICE, bes on
wind pressure, fan pressure and thermal buoyariegtef The wind profile was based on a
suburban location. Pressure coefficients deperfdrom factors and wind direction. The
chosen pressure coefficients are a common handtetakset (from the Air Infiltration and
Ventilation Centre) based on a semi-exposed byldmthe parametric study, two airtight
models were evaluated as well, one with an ainigés level according to the international
passive house standard (0.6 agh) and the other according to the Swedish passiuséo
standard (0.3 I/sfrenvelope surfacegg). 0.3 I/snf correspond to 0.28 ach in the reference
building.

The initial window-to-wall ratio (WWR) in the refence building was 35%. In the parametric
study, WWR 60% was simulated which is a commorratimodern office buildings. WWR
35% and WWR 60% are equivalent to glazing-to-watilos GWR 31% and GWR 54%
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(frames excluded). The base case glazing has alsmagain coefficient (SHGC) of 43%.
Together with internal venetian blinds, SHGC isuaet to SHG; 36%. The window
integrated shading device is controlled by the amhofisolar radiation that penetrates the
glazing. As default in IDA ICE, the blinds are drawhen solar radiation level on the inside
of the glass exceeds 100 W/rin the parametric study, intermediate blinds (S}RGL7%)
and external blinds (SHG46%) were analysed as well as a more efficientigipwith a
SHGC of 27% together with internal blinds (SH&22%). In addition, all models in the
study have a fixed horizontal shading of 15° (fritve middle of the facade height)
representing surrounding buildings and other sltadbjects.

Studied parameters of the building envelope:

«  Wall U=0.1 W/nf’C

«  Window U=1.1 W/Mi°’C

«  Window U=0.9 W/M’C

«  Window U=0.7 W/M°C

« Wall U=0.1 W/nf’C and Window U=0.9 W/fC
* Medium heavy construction

e Medium heavy with set-points 21-24°C

» Heavy construction

« Heavy with set-points 21-24°C

» Airtightness 0.6 ach €g)

« Airtightness 0.3 I/sf(0so)

« WWR 60%

» SHGC 27% and internal blinds (SHG22%)
* Intermediate blinds (SHG&17%)

» External blinds (SHG( 6%)

Thermal bridges for the different constructionsha parametric study were calculated with
HEAT2 version 6.0. HEAT?2 is a two-dimensional higahsfer software provided by Blocon
(BuildingPhysics 2011). For the base case, totahtial bridges are 445 W/°C which
corresponds to 21% of the total transmission logsesigh the envelope (UA-value). The
calculated thermal bridges for other constructiontfie parametric study are shown in Table
4.2. When constructions are improved and transomndsisses are reduced, the total share
from thermal bridges naturally increases if nothsgone to time improve also the thermal
bridges.

Table 4.2 Total thermal bridges calculated with HR2A

Total thermal | Share of

bridges (W/°C)| total UA-value
Base case 445 21%
External walls U=0.1| 437 22%
Windows U=1.1 445 24%
Windows U=0.9 445 27%
Windows U=0.7 445 32%
WWR 60% 430 14%
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HVAC strategies

This parametric study does not include the studyiftérent heating and cooling supply or
distribution systems. Thus, only the building’suattheating and cooling consumption was
calculated and district heating and cooling withRCOO0 was assumed. In the IDA ICE
model, each zone is equipped with its own ideatdrdgaadiator) and ideal cooler (cooling
beam). In addition, heating and cooling is distiolivia heating and cooling coils in the
central air handling unit. In order to compensatedistribution losses in pipes and ducts, the
total performance of the heating and cooling systexs reduced with 10% (COP 0.9) and the
air-side efficiency of the heating and cooling soil the air handling unit was reduced with
another 10% (COP 0.9). A standard air handling with mechanical supply and return air
and an air-to-air heat exchanger with effectiverfets) 70% was applied in the base case.
Set-point for supply air temperature was 17°C (adteemperature rise in the fans by 0.5°C).
The pressure rise in the fans was set to 600 Palantficity-to-air efficiency was set to 0.6
which gives a specific fan power (SFP) of 1.0 k\igfrper fan and a total 2.0 kW7sT for

the whole system. Furthermore, the air handling was set to operate weekdays from 7:00
to 19:00 and otherwise shut off. The base caselagon strategy was a constant air volume
(CAV) system with a constant airflow during opengthours of 1.5 I/sfn

In the base case, control set-points for indootemperature were 22-23°C during working
hours, which is a realistic target value for a nrad#fice building in Sweden. However,
since a larger temperature range is allowed aaogrdi Swedish guidelines (Ekberg 2006),
the impact of temperature set-points were studigde parametric study. In one simulation,
the mean air temperature was allowed to drop t€ 2ilitside working hours and in another
simulation, control set-points during office howsre changed to 21-24°C. IDA ICE controls
the indoor thermal conditions with strict set-psifdr mean air temperature and unlimited
heating and cooling supply. In order to make shat &lso operative temperatures are
acceptable, temperatures were controlled in the exggsed rooms during the warmest
summer day and the coldest winter day. Summer aonmwis checked in the corner room
towards SW on the"5floor on the warmest work day which happens tehiee24” of June.
Winter comfort was checked for a room towards Ntenground floor the 31of January.
Some of these controls are displayed in the resalion.

In the parametric study the heat exchanger’s e¥feness was changed from 70% to 60%,
80% and 85%, where 60% represents a plate heahmegehand 85% represents the best
available rotating heat exchanger on the markethEtmore, the air handling unit was
studied with improved fan efficiencies of SFP 1\8/kn°s™.

In the next simulation setup, a variable air voluiviAV) system with airflows of minimum 7
I/'s and person, and maximum 100 I/s and persorstualsed. These airflows correspond to
0.8 and 6.7 I/sfand the actual flow is controlled by both meartainperature (22-23°C)

and CQ level (maximum 800 ppm) even though it usuallhis temperature requirement that
determines the airflows rather than the,Qi@it in office buildings (Jardeby, Soleimani-
Mohseni et al. 2009). The supply air temperatutgeats were changed in order to optimise
the cooling and heating efficiency. Set-points waéned as a function of outdoor
temperature with a linearly variety between 15.%18 from summer to winter. When the
airflow is variable, rated SFP is customary setraéstimated rated flow corresponding to an
average airflow during operation. However, thisneated rated airflow differs in different
guidelines. In the Swedish Ventilation Industryigdgline (Backstrom 2003) and in the
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SVEBY programme (SVEBY 2009), 65% of maximum amfles recommended. According
to BELOK'’s guideline (Organization for Commercialiling Owners) rated flow is 70%
(BELOK 2011). In this simulation study, SFP wasedetined at 70% of maximum airflow.

Finally, the cooling potential with mechanical niglentilation was investigated. In order to
make the most of the night ventilation concept,ltbigding was designed with high internal
thermal inertia and the night temperature set-poad lowered to 18°C. The night flush
ventilation was activated when the following coratis were all fulfilled:

- Cooling season (May - September)

- Sunday - Thursday night, between 22:00 and 07:00
- Outdoor temperature warmer than 12°C

- Outdoor air at least 2°C colder than return air

- Return air warmer than 20°C

Night ventilation was simulated with both variabled constant flow rates. For night
ventilation in combination with VAV, the same aaridling unit as mentioned above in the
VAV study was used with airflows varying betweeB-6.7 I/snf. For night ventilation in
combination with CAV, a constant night flush of @ghavas studied. 4 ach is considered by
many researchers as the minimum airflow for achga good cooling effect with night
ventilation. The daytime airflow was still kept atant at 1.5 l/sfithough, as in the base
case. A two-speed motor was assumed in the fatts awated flow of 4 ach (3.6 l/Sjrand a
reduced flow of 1.5 I/sfa SFP was determined at the rated flow of 4 aclhvhiake the fan
electricity during normal day operation much lowlesn the base case. Hence, in order make
the comparison reasonable, both night ventilatioruktions were compared to similar
models without night flush.

Studied parameters of the HVAC systems:

« 21°C (nights and weekends)
« 21-24°C (day and night)

e eta 60%
e eta 80%
e eta 85%

« SFP 1.5 kw/ns*

« VAV 0.8-6.7 I/snf

« Night ventilation with VAV 0.8-6.7 I/sf
* Night ventilation with CAV (4 ach)

User related electricity and internal gains

In the simulations, office hours were defined agkadays 8:00-18:00 with one hour lunch
break. No summer vacation or other holidays wersicered. The degree of automatic
schedule smoothing was set to = 1h in IDA ICE, Whizeans that people were assumed
arriving between 7:00-9:00 and leaving between 0-2:®.00 (see Figure 4.X). The

occupancy factor was set to 70% (SVEBY 2010). Howilding with individual office room,

this assumption might be a source of error. Initygdahere are of course not 70% persons in
each room, rather 7 out of 10 rooms are occupiadhwineans that some rooms can be heated
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and some rooms cooled at the same time and thisetasgarded in the simulation study.
Meeting rooms were presumed occupied 4h per dalgwther spaces were presumed not
occupied. The office workers were assumed havingcaimity level of 1 met (reading, seated)
with an emission of 108 W per person in sensibtélatent heat. The amount of clothing was
assumed 0.85 £ 0.25 clo (ASHRAE???7?). User rekldtdricity was in this study defined as
office lighting and office equipment in terms ofnaputers, printers and copy machines,
projectors, chargers, adjustable desks, officenkits, servers and more. The frequency of
both lighting and equipment was in the base cats® s#% during office hours and to 15%
otherwise due to standby losses and power leftyanibtake (SVEBY 2010). Additionally
facility energy included pumps (8.9 kWHim), elevators (11 MWh/yr) and entrance heaters
(4 MWhlyr) but these were not studied further (Emayndigheten 2007; SVEBY 2010).

Figure 4.X Occupant schedule

The power input for office equipment in the basgecand in the parametric study (see “best
practice”) is presented in Table 4.3. Each offm@n was equipped with a computer, a
charger and an adjustable desk (electric). In best'practice” simulation, the stationary PC
was exchanged for a laptop computer with an efitci€CD screen. The power to each office
room was also completely shut off outside officeitso resulting in no “off mode” power.

Table 4.3 Power input for office equipment for bease and best practice. Numbers from SVEBY (21d)
EnergyStar (2012).

Tenant equipment On (W) Off mode (W) Per area

Base case| Best Base case| Best

practice practice

Computer 125 50 5 0 Office room
Charger 10 5 1 0 Office room
Adjustable desk 4 0,5 4 0 Office room
Copy/printer 560 8.5 2.5 Floor
Fax 4 0 4 0 Floor
Projector 375 213 30 0.4 Meeting room
Pentry (20W/person) 1020 30 Floor
Server (150 kWh/person) | 0,9 0,9 im
Engine warmers 1.5 kWhhyr

The base case installed power for lighting wasak W/nf in office rooms and 6 W/frin
other spaces which are realistic design valuesyt(@eEBY 2010). In IDA ICE, all installed
power is converted to heat (Johnsson 2011). Flueresubes were assumed and the
luminous efficacy was set to 60 Im/W. The lighteantrol was manual on/off switch by the
door, reflecting the occupant schedule. In thepatec study, the lighting concept was
improved with daylight control (photo electric dinmg) with a minimum required light
intensity of 500 lux at the desk (Dubois and Fladli2012). The installed power was reduced
to 8 W/nf in office rooms and 4 W/frin other spaces, which can be considered bestiggac
today (BELOK 2011). However, standby losses of p&Wroom and ballast losses of 15%
during office hours were added for the dimming eystFurthermore, the electric lighting
was shut off completely during night, without stapdosses.
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Studied parameters of the lighting and office equapt design:

* Improved equipment (55 W/room)
« Improved equipment and lighting (LPD 8 and 4 \k/dmylight control)

Best case

The most effective design features in the paramstudy were combined as a best case
solution and simulated in order to obtain the maxmenergy saving potential with existing
and cost effective technique.

Design features in best case simulation (based@results of the parametric study):

«  Wall U=0.1 W/nf°C

«  Window U=0.9 W/Mi°’C

« Airtightness 0.3 I/sth

» External blinds (SHG( 6%)

« Temperature set-points 21-24°C

* Heat exchanger eta 80%

« SFP 1.5 kw/ns*

« VAV 0.8-6.7 I/snf

* Improved equipment (55 W/room)

« Improved lighting (LPD 8 / 4 W/fa daylight control)

Sensitivity analysis

In a final sensitivity analysis, the reference 8 was studied regarding aspects which are
not likely to be able to influence when designinguading, such as the actual building site
and climate and the user related operation of tiildibhg. The impact of building shape and
interior planning was also analysed.

There are three different climate zones in the $stelouilding code. Stockholm (base case) is
situated in the north part of the south zone (abdpeOther big Swedish cities simulated in

the sensitivity analysis were Malmo in the souttt pathe south zone (zone Ill), Karlstad in
the middle zone (zone I1), Ostersund in the soatth @f the north zone (zone ) and finally
Kiruna in the north part of the north zone (seauFegd.X). Frankfurt am Main in Germany
was also studied as a reference. Frankfurt is ¢mBmrmstadt where the International
Passive House Institute originated. Climate dafaesented in Table 4.4.
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Figure 4.X Climate zones in BBR. (www.rockwool.se)
Table 4.4 Location and climate. Climate files irPAIDCE

Location Latitude / Temperature | Temperature
Longitude Dry-bulb Dry-bulb
mean °C min /max °C
Kiruna 67.82N / 20.33E-1.1 -30.2/21.0
Ostersund 63.18N / 14.508.1 -25.8/23.2
Karlstad 59.37N / 13.47E5.9 -20.6/25.1
Stockholm 59.35N / 17.95E6.5 -18.3/26.1
Malmo 55.55N / 13.37E8.3 -13.9/25.0
Frankfurt 50.05N /8.60E| 10.1 -11.0/30.3

The impact of occupancy attendance was investigatee this parameter is difficult to

predict, and since it affects both heating, cooing electricity. The base case occupancy rate
was set to an average 70% during office hours wisicecommended in the SVEBY
programme. However, a study by Maripuu (2009) asdghat 70% might be too high since
different monitoring studies have shown that thei@ooccupancy attendance is closer to 50%
or even 40%. Two simulations were performed, oitk &low occupancy factor (50%) and
one with the highest possible occupancy factor ¥d)0@s reference. The occupancy rate
influences both the number of people and the pdaresomputers and lighting in the
simulation model.

The impact of building shape and interior plannives analysed at last. Interior planning is
often is optional an can be changed with time. Basg model with open landscape offices
and an atrium was simulated. The building measamesnterior zones were obtained from
the Kaggen office in Malmo (see figure 4.X and dxl Table 4.X). Kaggen is a six storey
building approximately 48 m x 37 m with the atri@tthe south facade. The atrium is not
used for natural ventilation, solely for daylighstibution. The room height is 3.4 m and the
floor height is 3.7 m Otherwise, same input asmreference building were used in the base
case model, and the same design features weredtuda parametric study.
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Figure 4.X South and East facades of Kaggen in Md|photo: Rafael Palomo).

Figure 4.X Kaggen interior, 2nd floor (visualizatioMetro Arkitekter)

Figure 4.X IDA ICE model of Kaggen.
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Table 4.X Kaggen building data

Dimensions Heated floor areaéfy) 9083 m
Air volume 34911 m
Envelope surface 7 092°’m
Surface-to-volume ratio 0.20
Facade surface 353%m

Window-to-wall ratio (WWR) | 43% (GWR 38%)
Window-to-floor ratio (WFR) | 17%

Occupant space 20°tperson (incl. ground floor)
13 nf/person (office space only)

4.2 Results

This section presents the results from the basesiasulation, the parametric study, the best

case simulation and the sensitivity analysis. Resuk displayed as annual delivered energy
for heating, domestic hot water, cooling, fan eleity, additional facility electricity as well

as tenant’s electricity for lighting and office @guent. Results from the parametric study are
presented as total heating, cooling and electra&tyiation from the base case.

4.2.1 Base case

The total delivered energy for the base case isk¥@8/nfyr including user related electricity
for lighting and equipment (see Figure 4.X). Exahgdthe user related energy, the specific
end-use energy is 92 kWhiyn. This is below the requirement in BBR 18 of 300h/mfyr
plus addition for large airflows (Boverket 2011idgnce, the base case achieves the
regulation with a small margin, just as anticipafElde most dominating posts are heating
energy (48 kWh/fyr) and user related electricity for lighting argligment (48 kWh/ryr).
Even though internal heat gains from lights and@gent are quite large, and the cooling
set-point is strict (23°C), it is clear that theaheg load dominates at this high latitude. The
heating demand is mainly covered by zone heatadjgtors) and the contribution from the
heating coils in air handling unit is small.
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Figure 4.X Total end-use energy for the base case.

Thermal conditions the warmest and the coldest degslisplayed in Figure 4.X. In summer,
the operative temperature deviates at most 1.39@ the set-point temperature and in winter,
the operative temperature hardly deviates at@athfthe set-point temperature during working
hours.
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4.2.2 Building envelope design

In the first parametric setup, the building enveloyas studied. Thermal mass, insulation
levels, airtightness, window-to-wall ratio, orietid@ and solar shades were varied. The
results are presented in Figure 4.X and Figure #.¢an be added that the design features
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only affected the zone heating and zone coolirggetiergy for the air handling unit was not
affected.

The results in Figure 4.X show that thermal masktharmal inertia have rather small impact
on heating and cooling demand and that the sawtengal for a heavy construction can save
2.5 kWh/nfyr compared to the base case. A larger range woingir temperature actually
decreases the impact of thermal mass. Regardintation levels and U-values, it is more
effective choosing passive house windows (U=0.9h thassive house walls (U=0.1), despite
the rather modest window-to-wall ratio. The resldpends on the base case starting points
which provided an improvement of 0.5 W@ for the windows (from 1.4 to 0.9) and only

0.1 W/nf°C for the wall elements (from 0.2 to 0.1). The aidge aspect with improved U-
values is the increased cooling demand, but thisngpensated by the even larger decrease in
heating demand. With a combination of passive hausdows and passive house walls, the
total energy saving potential is 11 kWH§mcompared to the base case. Finally, an improved
airtightness turns out to have a large impact erbthlding’s heating demand. The result is
not surprising since the base case has a parficigaky building envelope (1.5 ach or 1.6
l/sm? envelope area at 50 Pa). According to the sinariatithe Swedish passive house
criterion for airtightness is sharper than thenmagional criterion, at least for the shape of the
reference building.
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Figure 4.X shows the impact of a larger window aed different solar shading systems. The
presented result indicates that a larger WWR hasdisputably negative effect on energy
saving, both for the heating and cooling demandotal, an extra 25 kWh/fyr is needed for
this case with WWR 60% compared to the base cateWWVR 35%. The building

orientation, on the other hand, does not affecetiergy consumption. Regarding solar
shadings, cooling energy is saved when the blinglsrmved further out in the facade as
expected. However, the heating energy increasibe aiame time and the difference in total
energy demand between the external and the intéatedalinds is small. The case with
improved glazing (SHGC 27%) and internal blinds tiesleast saving potential since it
increases the heating demand during winter when$lare not used.
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Figure 5. Impact of window area and solar shadiggtems on delivered energy for heating and cooling.

4.2.3 HVAC strategies

Figure 4.X. 4.X and 4.X show the results from thelg of temperature set-points, heat
exchangers, fan power and ventilation strategibe.@nergy-saving potential when allowing

a larger temperature range is far from negligible(Figure 4.X). According to this study, up
to 7 kWh/nfyr heating energy and 5 kWh#ym cooling energy can be saved by accepting 1°C
colder in winter and 1°C warmer in summer.
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Figure 4.X. Impact of indoor temperature on deleagenergy for heating and cooling.

Figure 4.X shows the results for different air Harglunits and strategies. The impact of the
heat exchanger efficiency (compared to base cts&080) is larger when the eta is reduced
with 10% than when it is improved with 10%. Anot86 improvement makes no difference
at all. A total saving potential of 3 kWhfygm is possible (mainly in the heating coil in thie a
handling unit). The specific fan power (SFP) waoamproved in the parametric study. The
base case fan efficiencies with an SFP of 2.0 k& rfor both fans were improved to 1.5
kw/m®s™. However, this only decreased the electric enaritly 2 kwWh/nfyr. The greatest
saving potential according to the parametric stochurs when changing the CAV system
into a VAV system with airflows depending on inddaemperatures and G@evels. For the
reference building, a total of 21 kWHyn can be saved which is 15% of the total energy
demand. The airflows per hour are shown in Figuxeahd 4.X. The average airflow over the
year is actually the same, 3200 I/s, for both sgi@s but the demand controlled ventilation
distributes the airflow in a more efficient wayysay both zone heating and zone cooling
energy. The fact that fan electricity is savedtf@ VAV system even though the average
airflow is the same, indicates that 70% rated fioight be too high.
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Figure 4.X shows the potential cooling effect frarachanical night ventilation with variable
respectively constant airflows during night. Fag #AV case, the energy saving potential is
negligible (< 2 kWh/rfyr) compared to a similar model without night véation. For the

CAV case with a constant night flow of 4 ach, thgisgs in cooling energy does not weigh
up to the extra energy gains for fans and radiaidre total increase compared to a similar
model without night ventilation is almost 5 kW#m
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Figure 8. Impact of night ventilation on deliveredergy for heating, cooling and electricity.
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In a closer study of the night ventilation resultss revealed that the improvement in thermal
comfort is negligible for the two night ventilati@oncepts. Figure 4.X shows the operative
temperatures during the warmest day for the VAMeyswith and without night ventilation.
Note that set-point temperatures are 21-24°C isetlstmulations. The operative temperature
peaks at 14.00 in both cases and is only a feasesfta degree cooler for the case with night
ventilation.
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Figure 4.X Indoor temperatures and operative terapges for the warmest room during the warmest @ay
Friday). Above: VAV without night ventilation, BetoVAV with night ventilation.

Figure 4.X shows the operative temperatures duhiagvarmest day for the CAV system

with and without night ventilation. Note that setipt temperatures are 21-24°C in these

simulations. Just as for the VAV system, the opegaemperature peaks at 14.00 in both
cases and is only a few tenths of a degree comleéhé case with night ventilation.
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Figure 4.X Indoor temperatures and operative terapees for the warmest room during the warmest @ay
Friday). Above: CAV without night ventilation.. Bel: CAV with night ventilation.

Figure 4.X presents the airflows the warmest weelkife VAV case (above) and the CAV
case (below). For the VAV case, the night timelavs are smaller than the day time
airflows. The day time airflows are actually smatlean the airflows in the similar model
without night ventilation. This explains why thenfalectricity is not increased when having
night ventilation. For the CAV case, the night timieflows are more than twice the size of
the day time airflows.
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Figure 4.X Night time and day time airflows duritg warmest week. Above: VAV system. Below: CA¥nsys

4.2.4 Lighting and electric equipment

Figure 4.X presents the results from the paramstudy when using more efficient office
equipment and lighting, with reduced installed pmagnd improved control. Compared to the
base case, approximately 10 kWfymof electric energy is saved when improving tffece
equipment and another 10 kWHimis saved when improving the lighting system.
Meanwhile, the cooling energy decreases and thinlgeanergy increases due to reduced
internal heat gains. The total energy saving p@krmompared to the base case, is 12
kWh/mfyr when both office equipment and lighting is imyed.
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Figure 9. Impact of equipment and lighting on deded energy for heating, cooling and electricity.

4.2.5 The best case scenario

Figure 4.X presents the most efficient design festdrom the parametric study, combined
into a “best case” with the intension to reachva-émergy solution. The best case solution
shows a great improvement in especially heatingedectricity. The space heating energy is
reduced with 25 kWh/fyr (36% heating energy saved and 18% total eneaggdy and the
total electricity is reduced with 26 kWhfym (54% electricity saved and 19% total energy
saved). The reduction in cooling energy is 15 kWhyfni77% cooling energy saved and 11%
total energy saved). The total saving potenti&6i&Wh/nfyr (49%). This total energy use
can probably be further reduced if an effort is smemlreduce remaining facility electricity, in
particular energy for pumps which in this study wasto almost 9 kWh/fyr.
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Figure 4.X Energy saving potential for the bestecaslution.

Thermal conditions the warmest and the coldest deg/slisplayed in Figure 4.X. Even
though indoor air temperature is allowed to rangvieen 21-24°C, the operative temperature
stays between 20.5°C and 24.5°C during office hotlie maximum operative temperature
does not even exceed the peak in the base caskeigsee 4.X). However, the room is
constantly warm during the entire working day.
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Figure 4.X Indoor air temperatures and operativenperatures for the best case. Above: the warmeshithe
warmest day. Below: the coldest room the coldegt da

4.2.6 Sensitivity analysis

This section presents the results from the seitgitwnalysis concerning the impact of
climate, occupant attendance and building shaperdexdor planning.
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Figure 4.X illustrates the climate’s impact on egand cooling energy from room units and
the air handling unit. The difference in deliveestergy between the coldest (Kiruna) and the
warmest city (Frankfurt) is 39 kWhfyr. Placed in Kiruna, the reference building regsis8
kWh/mfyr more delivered heating energy than in Franktust,placed in Frankfurt it requires
18 kWh/nfyr more cooling energy on the other hand. One éstarg result, regarding the
Swedish building code, is the fact that the diffeeebetween Stockholm and Karlstad only is
3 kWh/nfyr. Nevertheless, the cities represent differeimate zones, and office buildings in
Karlstad are allowed to use 20 kWH§mmore energy than Stockholm (Boverket 2011a).
Likewise, Kiruna and Ostersund both represent trehrclimate zone, although the
difference in total delivered energy is 24 kWFhym Furthermore, which is not obvious in the
graph, the ventilation cooling battery is hardlgdsn Kiruna (0.5 kWh/fyr) while the
ventilation heating battery hardly is used in Frfank(1.3 kWh/nfyr). This indicates that the
supply air temperature of 17°C can be met almostd®/cooling and heating in the ambient
air combined with the recovered air in the heatexger. This indicates the importance of
considering the climate when designing efficientA8/systems.
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Figure 4.X Impact of climate on heating and coolergergy. Note that the axes have been changed

The presence of occupants varies over the day\ardioe year and is difficult to predict.
Figure 4.X shows what happens with the energy ussvthe average occupancy rate is high
and low compared to the base case (70%). The lgeattiergy increases when the building is
less occupied but meanwhile, the cooling energysdses to some extent. As long as the
equipment and the lights are turned off in un-ot@dipooms, the electricity decreases as well
and the total energy demand is reduced. The tothuse energy is reduced with 3 kWhym
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(3%) when the occupancy rate is reduced from 7090%. Hence, if the normal occupancy
rate is as low as 50% this only has a positivecetba the delivered energy. It is not very
space-efficient though. The positive effect migatdmaller in landscape office buildings
since the lighting is fully on even though the qeancy rate is 50%.
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Figure 4.X Impact of occupancy rate on deliveredrgy.

The total end-use energy for the Kaggen buildingh) wn open landscape design, compared
to the reference building with individual roomgpigsented in Figure 4.X. The result
indicates that impact of building shape and intgpianning is negligible. However, the two
buildings are not strictly comparable since thefflbeights and window-to-wall ratios are
different. Kaggen vyields a little bit more heatizgd less cooling energy. The specific energy
for lighting is a little bit larger since Kaggenshanuch office space and hardly any corridors
with reduced installed lighting power.
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Instead, it is more interesting to compare the ichpathe different design features in the
parametric study (see Figure 4.X). The figure shive total deviation (%) from the base
case simulation for each parameter for the twodngl types. The impact of thermal mass,
heat exchanger efficiency, specific fan power, lason levels, solar control and electric
equipment is basically the same for the two buddypes. The impact of VAV system is
smaller for Kaggen compared to base case but thatime impact of mechanical night
ventilation and the impact of occupancy rate argda The most significant differences
between the two building types are the effectshainging window-to-wall ratio and
airtightness. Kaggen can actually benefit from nwiredows and save energy. The saving
potential for improving the airtightness is alseafer for Kaggen compared to the reference
building.
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Figure X. Results from parametric study, comparsibimpact from parameters between the referendeihg
and the open landscape building. Deviation fronaltbese case energy use (%). el best availablepeggemt and
lighting

4.3 Discussion

Dynamic simulations were carried out with IDA ICE# a typical narrow office building

with peripheral individual office rooms in Swedés expected, air-tightness, insulation and
solar shades are important design features in éod#gcrease heating and cooling loads.
However, the most crucial design features turndédahbe glazing sizes relative to the facade
and ventilation strategy. The least crucial featuvened out to be building orientation,
thermal inertia and cooling with mechanical nigantilation. The most important results
from the parametric study are discussed in thevolig text.

An increase in glazing-to-wall ratio, from 31% t4%, has indisputable great negative effect
on the building’s energy demand. Heating increasts14 kWh/ m2yr (28%) and cooling
with 11 kWh/m2yr (57%) compared to the base cassid® the additional energy demand,
large glazing amounts increase the risk of glaszofding to a recent daylight study on a
similar building, the optimal glazing-to-wall ratio Sweden is 20-40%, with the lower value
preferable on the south fagade where the riskaregk higher (Dubois and Flodberg 2012).
Furthermore, the study shows that increasing themg-to-wall ratio to more than 40% has a
negligible effect on available daylight inside thalding, and no electric lighting will
therefore be saved. Hence, the results presentadsiarticle are supported by Dubois’ study,
and it can be concluded that the glazing amourit bb&ept as small as possible in order to
save energy and to avoid glare, but not less tB&h i2 order to secure enough daylight and
view out. However, the sensitivity analysis revdaleat the phenomena might be different in
a deep building with open landscape design. Kaggerbenefit from increased solar gains
thanks to open building and perfect mixture of air.

The study of solar control indicated that the fartbut in the facade the solar shades are
placed, the more cooling energy can be saved lretimn more heating energy will be
needed. Therefore, climate and the amount of hgpatid cooling hours must be considered
when selecting solar shading strategy. One poskilileather expensive solution is to have
both internal and external solar shades in ordeptonize the solar heat gains in different
seasons. It could also be an alternative to imptioealazing performance and select a glass
with low solar heat gain coefficient but not toavlsince there is a risk the solar heat gains
will be reduced more than needed. Another risk efficient glazing is if the visual
transmittance and window view are degraded.

Regarding ventilation, the simulations showed Haating demand-controlled ventilation with
combined temperature and €€bntrol is the most energy efficient feature imts of

heating, cooling and fan electricity. Comparedi® base case with constant airflow, a total
26 kWh/m2yr can be saved (heating 28%, cooling 42belectricity 41%). This result is in
line with recommendations from the Passive Housgtute, which states that comfort and a
good indoor air quality should be ensured and plediby using just the necessary air
guantities. On the other hand, this simulationlgtshowed that the efficiency of the heat
exchanger in the air handling unit is not as imgatreis expected. Improving the efficiency
from 70% to 80% saves only 3 kWh/m? yr in heatingrgy and improving from 80% to 85%
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efficiency saves no heat at all. This is most jikdlie to the way a normal office is operated:
the ventilation operates during day while solangaind internal heat gains from people,
lights and equipment occur. The heating demanideiefore lowor non-existing while the
ventilation is on and the heat exchanger will bpasged. The recommendation based on this
study is therefore to have a rotating heat exchaaige the required efficiency should be
determined with a sensitivity analysis.

Other important findings deal with passive desigattires that are common in many German
low-energy office buildings, such as high thernmartia for heat storage or passive cooling
with night ventilation which are not necessarilteresting for other countries. According to
this parametric study, a mechanical night ventilastrategy actually has a rather small effect
on energy savings. The cooling energy decreasbdesis than 2 kWh/fyr (8%) and the

total energy saving is 2% compared to the base &aseuld probably be more suitable to
use the night ventilation strategy in combinatidthva natural ventilation strategy which does
not use any fan electricity. However, a naturaltNatmon strategy demands a carefully
planned building design, based on current condstiarthe surroundings, and was therefore
not investigated in this study. Furthermore, regaydhe result from the thermal inertia study,
a heavy building with concrete floors, concretedseinh walls and various internal walls in
concrete has a negligible impact on the heatingcanting loads. This result indicates that
the cooling load, due to solar gains and intereal lgyains, is not large enough in countries at
high latitudes to take advantage of thermal ineAi@other explanation can be the strict
temperature range used in Sweden, not allowinggagdbiations in the indoor air temperature
as in Germany and hence activating heating andngpsystems too soon.

Modern Swedish office buildings often have a vericsindoor temperature target at about
22-23°C during working hours. The energy-savingeptil when allowing a larger
temperature range, for example 21-24°C, is far frmgligible. According to this study, 7
kKWh/mfyr (14%) heating energy and 5 kWH#m (25%) cooling energy can be saved by
accepting a larger range in indoor temperaturesavbad complains and dissatisfaction, it is
important to keep the operative temperature closkd mean air temperature by avoiding, for
example, solar radiation impinging on the occupahtould also be a good idea to inform
the workers of the underlying reasons for tempeeatariations.

In a final best case simulation, the most effectigsign features were combined to see the
lowest reachable energy use in the reference bgildihe simulation result is promising and
shows that 49% energy can be saved compared to affiee building designed according to
the current Swedish building code, which meanstti@tnitial goal of this project was
reached. By improving walls and windows, reducingdew-to-wall ratios, introducing
demand-controlled ventilation and lighting, allogia larger range in temperature, and by
installing more efficient equipment which is contplg turned off outside office hours, the
heating, cooling and electricity can decrease Baaritly. One aim was to completely remove
the cooling energy but this was not fully achievElis goal might however be possible to
achieve if, for example, the air handling systermambined with an earth-to-air heat
exchanger for pre-cooling the ambient air durirg¢boling season, but this has not been
evaluated. If other renewable energy sources, asdolar energy and wind power, also are
added to this best case scenario, there is a chiaaicthe yearly produced energy will exceed
the yearly consumed energy and a net zero-enelggiriguwill be accomplished, but this
must be further investigated.
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5 Summary and conclusions

The state-of-the-art indicates that Germany, Aasind Switzerland might be ahead of
Sweden when it comes to designing very low-eneffijgeobuildings. Improvements should
be possible in Sweden when it comes to insulageals, airtightness, solar shading devices
together with heating, cooling, ventilation anchligg strategies. In Germany and nearby
countries, a number of extraordinary solutions Haeen applied and tested. Some of these
particular solutions could be tested in a Swedffhebuilding as well, for instance earth-to-
air heat exchangers, cooling with solar energyridyentilation and more sophisticated
night ventilation concepts. One barrier in Swedenld have been the large size of the
Swedish office buildings which may have prevent@ae of these more experimental
techniques due to higher costs and risks.

Popular environmental classification systems seehave a great impact on building design
and energy performance. In the Nordic countriegre/the GreenBuilding standard is rather
common for office buildings, small improvementgisign have been made just to fulfil the
standard and meet the building code regulation ai#%% margin. The GreenBuildings in
this region have more insulation, better airtighg)dess glazing and more efficient heat
recovery than other recent buildings, but aparnfthis and from demand controlled
ventilation and lighting, the building techniques ¢he same as in regular buildings. In
Germany and nearby countries, where the Passiveditandard is often used, more
experimental office buildings were designed in ottdefulfil the rigorous standard. Some sort
of new incentive could be necessary in Swedenderaio further develop the office
buildings. In general, Sweden is also in need df daumented examples of low energy
office buildings as demonstration projects, reljgiérformance-monitored and evaluated.
Some of the Swedish examples in this study are giogbut they have not been evaluated
yet and they are not well documented.

The outdoor climate has less effect on heatingcaating demand than expected. Despite
more significant cooling degree days in Germanyragatby countries, the purchased energy
for cooling is almost negligible. This is possilige to more sophisticated cooling strategies,
using free cooling from the ground and from the emtbair to a greater extent, but also
because of a larger range of acceptable tempesatline effect from the climate is more
obvious when it comes to heating demand. The HAmmisldings have the largest heating
demand even though the building envelopes areimsilated. These climate differences
ought to be reflected either in building designmheating and cooling demand but this is
apparently not the case. Germany and nearby ceartave a lower demandlaodth heating
and cooling energy. One consequence might be sde use of free cooling, where the
Nordic countries can benefit from cooling with aeti air while the Southern countries use
the ground as a cooling source instead.

Another conclusion from the study is the indicatibat national building guidelines and
traditions can affect and make it difficult to lulbw-energy buildings. In Sweden for
instance, generally stricter requirements for imdmoquality, hygienic airflows, control
temperatures and lighting intensity might resultiare heating, cooling and facility energy
than in countries with less demanding requirements.

Finally, the study shows no general consideratamarding the often high internal gains from
office equipment and lighting. From experienceetnal gains are seldom in focus in the
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design phase. When designing future very low-eneffige buildings, internal gains will
probably have a greater focus since the benefitii-dimensional. Beside a reduction in
installed electric power for equipment and lightifess cooling and ventilation energy will be
needed to keep the indoor temperature at accepaiaks.

Dynamic simulations were carried out with IDA ICE#d a typical narrow office building
with perimeter cell rooms in Sweden. The most ¢iffeadesign features were combined to
see the lowest reachable energy use in the refetarilting. The simulation result is
promising and shows that 48% energy can be savaga®@d to a new office building
designed according to the current Swedish buildode, which means that the initial goal of
this project was reached. By improving walls anddews, reducing window-to-wall ratios,
introducing demand-controlled ventilation and light allowing a larger range in
temperature, and by installing more efficient equamt which is completely turned off
outside office hours, the heating, cooling andtelgty can decrease significantly.

Both the parametric study on energy-efficient eqept and lighting as well as the sensitivity
analysis on occupancy rate, indicate that it isiatito decrease the user related electricity
and thus the internal heat gains. A common peraepti the building industry is that low-
energy buildings suffer when the internal gainslaneered, but this does not apply on office
buildings with an active cooling system. This i®afi the reasons that tenants’ electricity
must be regulated in the building code in a sodmréu Not only is the user related electricity
diminished, but the cooling energy is also redused it will be easier to remain a stable
operative temperature.

One aim with this study was to completely remowedboling energy, but this was not fully
achieved. This goal might however be possible loeae if, for example, the air handling
system is combined with an earth-to-air heat exgbafor pre-cooling the ambient air during
the cooling season, but this has not been evaluHitether renewable energy sources, such as
solar energy and wind power, also are added td#ss case scenario, there is a chance that
the yearly produced energy will exceed the yeaslysttmed energy and a net zero-energy
building will be accomplished, but this must betlier investigated.
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