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Introduction

EU building stock

24 billion m2 floor area,

of existing EU dwellings
around residential

were built before 2000

Around residential

has poor energy
units are permanently inhabited

performance, of which ...

Ty o
Only 11 9% of existing bulcings undergo /| ) I .. s o i sibe o

some level of renovation each year place in 2050

4

- European
Commission
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Introduction - Key new elements of the
revised EPBD relating to HVAC sector

According to ASHRAE Standard 62.1, acceptable indoor air quality has “air in which there
are no known contaminants at harmful concentrations, as determined by cognizant
authorities, and with which a substantial majority (80% or more) of the people exposed do
not express dissatisfaction”,

‘Zero-Emission Building’ (ZEB) is introduced as a new definition, replacing Nearly-Zero
Energy Building (NZEB) as the standard from 2030 onwards for new buildings or those
undergoing deep renovation.

A ZEB, in the current Commission proposal, is a building with a very high energy
performance and where any energy needs are covered by renewable sources generated
on-site and they will need to have IAQ monitoring devices installed.

Article 11: Technical building systems

* MS shall require the installation of IAQ monitoring devices in new zero emission
buildings and where technically & economically feasible, in existing buildings undergoing
deep renovation as well.
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e
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Introduction - Current human habitat are
buildings

The "Da-building”code - o .

(>85% time is spent in buildings): @ W ¢

»79 years (average life time, male EU) - _q |

» 69 years (in buildings) \o Building @

> 54 years (at home) «K

> 26 years (sleeping) Air ;@gé

> 4.3 years (commute) \ &4 ¢ t

» 6 years (outdoor air) | ﬁ ot A ‘*“5?

We inhale 13 kq of air daily much more than we eat f 2

and drink Source: Klepeis et al. (2011)
ASHRAE) 55 93 NOVEMBER 2024 ENERGY IN BUILDINGS 2024
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Introduction — main goal for buildings

Buildings are for people - they must follow sustainability

principles in any activity and decision process during their design,
construction, operation and maintenance (Sustainable
develooment meets the needs of the present without
compromising the ability of future generations to meet their own

needs)
Buildings must ensure conditions that do not create the risks for

health and promote health and healthy behaviors of their
occupants

Buildings must be climate neutral by minimizing their carbon

footprint when constructed, retrofitted and operated



Introduction — IEQ definition

Temperature

Thermal Air speed
Relative humidity

Indoor environmental quality (IEQ) can be broadly categorized as a multitude of indoor
environmental components: thermal comfort, indoor air quality (IAQ), acoustics, visual
comfort, interior layout, biophilia, building’s location, and connection to services, etc.

ASHRAE ) 22-23 NOVEMBER 2024 ENERGY IN BUILDINGS 2024 3
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Introduction — main effects of IEQ

e Reduced comfort and well-being -
reduced quality of life

* Increased prevalence of acute non-clinical
health symptoms (e.g., headache)

@
Q
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* Reduced work performance, expected A R
. utdoor air supply rate (L/s per person
loss is at least up to 5%

Source: Seppanen et al. (2006)
* Increased absenteeism and presenteeism | o

e Reduced learning of children, expected 3 \ i
loss of up to 10-15%

* Disturbed sleep, poor sleep quality =>

reduced health, cognitive performance |
Source: Sekhar et al. (2020)

HRAE
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Introduction — economic implications

» Modest gains in work performance can deliver
significant financial benefits — even 1% increase in

AR _ 00000 0 1%
productivity is cost-effective 00000 | . s
» Pay-back times are usually <1 (max. 2) years ® 9%
Rental costs
» Crude estimate: Too short sleep (<7 hours) causes
3.7- 6 working days lost per year Staff costs in
salaries and
» Exposure in buildings estimated in EU to cause >2 benefits

mil. healthy-life years lost due to poor IAQ
(ca.€200 billion annually)

» This effects is comparable with, e.g. road traffic
injuries, cost similar to GDP of Cyprus
>

200 million in Europe live with allergies, asthma...
Source: WGBC (2014)

X
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Standards for IAQ

> They are not sufficiently Standards should ensure:
ambitious 1 Resili
» Address needs for an - REsllience
dverage person 2. Flexibility
» Neglecting individual , ,
preferences and 3. Diversity
differences ORE
> Comf?jrt (satisfaction) FITS ALL 4. Preferences
main design criteria = 5 Monitorin
» Do not address combined 6’@8&“"%% ' . 8/ .
effects LA Compliance Education
» Only risk reduction
5> No Ztrive for an 6. Promote health and

innovation well-being

—\
-~
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IAQ. - The main unsafe exposures

» Carbon monoxide
> Nitrogen dioxide We must agree on and select pollutants
> Benzene for monitoring
> Formaldehyde m Carbon dioxide (CO;_)
m Ventilation rate
» Naphthalene
»  Trichloroethylene = Nitrogen dioxide (NO,)
> Tetrachloroethylene ™= Benzene
. . m PM2.5 WHO/ t
. .
> Eoéycyd cha ro m(%fbl\lc'l ) m Formaldehyde (HCHO) i
yarocaroons S = Radon
> Ra do n . OZOne ] ALDREN TAIL index (Wargocki et al., 2019).
> P M 2 . 5 TAIL index Component Overall Parameters
m Ozone (chemical transformations and quality quality
> P M 10 ha rmfu| by_prod ucts) Greeln— high 1- hligh Temperature  Formaldehyde
quality quality Sound level Radon
> Sulphur dioxide ® o o
> Ozone ' e e Bemme Uluminanee
. moderate moderate Daylighting

> Infectious agents quliy - quality

(airborne pathogens) quality quality
AS@ 5593 NOVEMBER 2024 ENERGY IN BUILDINGS 2024 -
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Standards for IAQ

Parameters affecting indoor air quality and their maximum allowed tolerances for human recognized in different World regions.

Parameter Region
USA EUROPE CHINA JAPAN
temperature of air LIMIT 22.5-26°C in summer 22—27°Cin summer 22—28°C in summer 17—-28°C
20.0—23.5°C in winter 20—-23°Cin winter 16—24°C in winter
REFERENCE ~ ANSI/ASHRAE WHO AQSIQ MHLW
relative humidity LIMIT 40—60% in summer 25—45% 40—80% in summer 40—-70% as 8—h
30-60% in winter 30—60% in winter
REFERENCE ~ ANSI/ASHRAE WHO AQSIQ MHLW
air flow LIMIT 0.25m/s 0.25m/s 0.3 m/s in summer 0.5m/s
0.2 m/s in winter
REFERENCE ~ WHO WHO AQSIQ MHLW
ventilation (external air) Recommended according to the space or number of occupants depending on the type and purpose of the facility.
carbon dioxide LIMIT 8h outdoor ambient 1h 8h 24h 24h 24h
5000 ppm <700 ppm (1800 mg/m3) above 10000 ppm 5000 ppm 1000 ppm 1000 ppm 1000 ppm
REFERENCE ~ ASHRAE/ACGIH WHO/MAK AQSIQ MHLW
carbon monoxide LIMIT 1h 8h max 30 min 8h 1h 1h 24h
35 ppm 9ppm 200 ppm 60 ppm 30 ppm 10 mg/m3 20 ppm 10 ppm
REFERENCE ~ ASHRAE/OSHA/EPA WHO/MAK/HSC AQSIQ MHLW
formaldehyde LIMIT 30 min 1h 8h 5min 30 min 8h 1h 5h
0.081 ppm 76 ppb 27 ppb 1ppm 0.081 ppm 0.3 ppm 0.08 ppm 0.08 ppm
REFERENCE ~ ASHRAE/OSHA/EPA WHO/MAK/HSC AQSIQ MHLW
nitrogen dioxide LIMIT 15min 1h 1yr 1h 1yr 1h lyr No current consensus
5ppm 3 ppm 0.05 ppm 0.1 ppm 0.02 ppm 240 pg/m3 80 pg/m3
REFERENCE ~ AGGIH/NAAQS/EPA WHO/MAK AQSIQ, SEPA
ozone LIMIT 1h 8h 8h max 1h No current consensus
0.1 ppm 0.05 ppm 0.064 ppm 0.05 ppm 0.16 mg/m3
REFERENCE ~ ASHRAE/OSHA/EPA WHO AQSIQ
sulfur dioxide LIMIT 8h 1yr 1h 24h 1yr 1h No current consensus
2ppm 80 pg/m3 0.133 ppm 0.048 ppm 0.012 ppm 0.5 mg/m3
REFERENCE ~ ASHRAE/OSHA/EPA WHO/MAK SEPA
total volatile organic compounds LIMIT No current consensus 8h 8h No current consensus
300 pg/m3 0.6 mg/m3
REFERENCE UK AQSIQ
paniculate matter less than 2.5 um in size ~ LIMIT 8h 24h lyr 24h lyr No current consensus No current consensus
3 mg/m3 35 ng/m3 15 ug/m3 25 pg/m3 10 pg/m3
REFERENCE ~ ASHRAE/OSHA/EPA WHO
particulate matter less than 10 pm 8h 24h lyr 8h 24h lyr 24h No current consensus
10 mg/m3 150 pg/m3 50 pg/m3 4 mg/m3 50 pg/m3 20 pg/m3 0.15 mg/m3
ASHRAE/ACGIH/EPA WHO/MAK AQSIQ
total suspended particles LIMIT 8h No current consensus No current consensus No current consensus
15 pg/m3
REFERENCE ~ OSHA
extremely fine particles <1.0 microns LIMIT No current consensus No current consensus No current consensus No current consensus
REFERENCE

ASH:HAE> 22-23 NOVEMBER 2024
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ENVIRA - Construction of the measuring station: sensors, their sensitivity and
platform

Commercially available low-cost IEQ sensing units.

C rair 2
Tnl[filzglue Sensedge IAMS IEQ fixed Omni Awair 2nd

Name SAMBA SERINUS | IEQ Chek system Edition

Oreaninat U The (| Sernus |l Kai 10T LsI A A
Tganization Of[.]ls\’;;:lle)): TECh[lDIOgy acharac api aierra Fﬂclory LASTEM wair wair

Air

temperature | temperature

thermal comfort
radiant

d

relative | airspee

humidity

0,|No,| co | co,

measuring capabilities

particulate
maiter

indoor air quality

AVAILABLE ON THE MARKET!

Formaldehyde

TVOC

CURRENTLY, THERE ARE NO LOW BUDGET IEQ MONITORS

lighting
horizontal
illuminance

acoustics
sound

pressure level

ASHRAE ) ENERGY IN BUILDINGS 2024
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ENVIRA - Construction of the measuring station: sensors, their sensitivity and platform

ASHRAE )
Hellenicl[]hapter

22-23 NOVEMBER 2024

2.4 GHz

Wi-Fi connectivity |\

Air velocity sensor

Barometric pressure sensor |

‘ Sound pressure sensor

I Globe thermometer |

Luminosity sensor

|

TVOC sensor

PM, ; sensor

| = == S = E n - BT Ny .

CO:2 Sensor

RH sensor

Temperature sensor

ENERGY IN BUILDINGS 2024
Europe, the Middle East & Africa
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ENVIRA - Construction of the measuring station: sensors, their sensitivity and platform

ENVIRA sensor overview, measurement range, calibration accuracy and calibration instrumentation.

[EQ parameter Company Model Range Calibrated” accuracy R? Reference instrument
Globe temperature - NTC Thermistor —40 to 100 °C +0.3°C (10-35°C) 0.99 Testo 480, K type thermocouple
Dry Bulb temperature Sensirion SCD30 —40to 70 °C +0.3°C (10-35°C) 0.99 Testo 435,

Hot-Wire Anemometer
Relative humidity Sensirion SCD30 0-100% +2% 0.98 LI-COR LI-850

HOBO logger MX1102
Air velocity Modern device Rev. P 0-10 m/s +5% 0.97 Testo 435,

Hot-Wire Anemometer
Carbon dioxide Sensirion SCD30 400 to 10,000 ppm +30 ppm 0.98 LI-COR LI-850

+3%

TVOC Sensirion SGP30 0 to 60,000 ppb - b GrayWolf AdvancedSense Pro - [Q-610
PMoy 5 Sensirion SPS30 0 to 1000 pg/m> - b GRIMM - Model 1371 (miniWRAS)
Sound pressure DFROBOT SKU:SEN0232 30 to 130 dBA +1.5dB 0.99 UNI-T UT352
[luminance Adafruit TSL2561 0.1 to 40,000 lux 43 lux 0.99 Testo Lux probe
Barometric pressure Bosch BME280 300 to 1100 hPa +3 hPa 0.99 Testo 511

3 Accuracy evaluated after the initial 30-min warm-up of the unit sensors.

> No calibration accuracy is given as it can be significantly influenced by an air pollution source (Demanega et al., 2021).

ASH:HAE> 22-23 NOVEMBER 2024
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Airvisual s268 Oncer -10-40°C 0-95% 03-25um 400- 10.000 ppm
Pro CeHsop Sensirion SHT30 AirVisualM25b SenseAir S8
. -40-125°C 0-100% 0-1.000 pgim?*+15 | 0-60.000 ppb 0-60.000 ppm
Awair 2nd Oncer s o 03-25um 3 o o o
Edition $199 +0,2°C +2% pg/m? unu £15% +10% +10% .
Gensop Sensirion SHT30 Honeywell HPMA11550-XXX Sensirion SGP30 ?g”?%“;gf(' Telaire
0 —1.000 pg/m?
Oncer 156-45;+1°C |[30-85 5% |0,3-10um +10 pgim3 unun
Clarity +10%
$1000
Node® i Hrje
CeHzop Huje cneyudu. - Plantower PMS 6003
15-45°C 30-85% 0 —1.300 pug/m?® N
Foobot s199 Oncer s1°C +5% 0,3-25um | £20% +10% Ha ocHoey TVOC
CeHzop Sensirion SHT20 SHARP GPY1010AUOF iAQ-Core C iAQ-Core C
Kaiterra 20-60°C 0-100% 1-999 pg/m? 400-5.000 ppm
LaserEgg | ¢ o Oncer + 8% + 8% 0,3-25um | +8% +8%
+c0o2 CeHzop Sensirion SHT30 Plantower PMS 3003 SenseAir S8
N 5 N
H -40-85°C  [0-100% 0 - 200 Lgim 0-1.200ppbatg | 400- 10-000ppm
uHoo Oncer 05°C a0 0,3-25um +15 pg/m3 nnn b 5% 50 ppm unu
$329 =Y * +10% Ppb U £3%
CeH3op Bosch BME280 Shinyei ppdd2 c5s811 ELTT110
- “ - o -
Netatmo Oncer 0-50°C | 0 an 0 n5.000 ppm
inside +0,3 °C +3% 5%
- MH-Z14 NDIR
$165 CeHzop Sensition SHT20 CO2 Module
A0 _GE" . 5
R P
outside \
CeH3op Sensirion SHT20 - -

16



ENVIRA - Construction of the measuring station: sensors, their sensitivity and platform

GRIMM - Mopen 1371

FacHu aHanumsaTtop LI-COR LI-850

Testo 435 ca Testo aHemomeTpom ca Tonaom uuom (@ 7,5 mm)

MepeHu napamertap PM;o, PM, 5, 1 PM; npema EN 481 MepHu oncer 3a CO, 0 g0 20.000 ppm Oncer mepera TemnepaTtypa -20 po +70°C
Maca npawmHe 0,1 pg/m? - 100 mg/m? MpeumsHocT y 1,5% mepera Ipewka 10,2°C
PacnoH BesmM4mHa yectuua 10 nm- 35 um PenaTtBHa BAaxHOCT 0% - 100% Oncer mepetrba bp3nHe Basgyxa 0 g0 +20 m/s
+ 0,
Bpoj Kowesa 41 yKynHo Mpewwka +2% (20- 80 %) Ipewka +(0,03 m/s + 5% on mepe e

GrayWolf AdvancedSense Pro

Oncer VOC

-1Q-610

0,02 -20 ppm
Pesonyuuja 1 ppb, LOD <5 ppb

Aeroqual Photoionization Detector

Pacnox VOC

0-20 ppm

Oncer mepetba Temneparypa

BPEAHOCTH)

Testo 435 ca mobyc tepmomeTpom @ 150 mm, Tepmonap tvn K

0 o +120°C

Testo 545 Lux coHaa

Oncer mepera

0p 0 o +100.000 Ix

'pewka pabpruke Kanmbpauvje

UNI-T

Oncer mepera

<+0,2 ppm + 10%

30-130dB

Knaca tayHocTn

Testo 51

Oncer mepera

30004,1.200hPa

KnacaTauHoctn

4

Ipewka

+1,5dB

Ipewka

+3 hPa
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ENVIRA - Measurement of indoor environment quality parameters in real conditions and
processing of the results

In order to be able to calculate the index I IEQ, a combination of field measurements and
surveys of facility users was applied. Three facilities were selected for case studies:

1. two business buildings with open-plan offices and
2. one educational institution - the amphitheater of the Faculty of Technical Sciences.

ASHRAE ) ENERGY IN BUILDINGS 2024 18
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ENVIRA - Measurement of indoor environment quality parameters in real conditions and

processing of the results

Field measurements, selection of facilities and survey of users

VOHTHHK 0 KBATHTETY YHYTPAIllhe CPeHHE

*QfasesHo HPORUM AN HDE HORYVIbAGATHA VHUMHIKE *
‘Opaj yIMTHAE HMa 53 IHUB 03 IPYEH OUEHY YTHIEja NapaMeTapa YHy TPallse cpegHHe Ha
TMEPUEMIHjY KOPHCHHEA O0jeETa © KBATHTETY YHYTpallibe cpefuHe. Ha EBamHTeT
YHYTPAIIERE CPETHHE IPHMAPHO YTHIY -

*  TepuEIEE KoMbop

*  EEATHTET VHYTPAIImeT Basdya

- HHEOQ OCEET/BEEA

= Oyea

06pagoM pesyITaTa yOETHERA, cTelin fie ce gydube casHama 0 IOEESAHOCTH OBHX QaETopa
H BHXOEOT VTHII2{a NepUENIH]Y ECPHCHHEA O0jeETa 0 EEATHTETY VEYTPAlES CPEIHHE.

TIpeE Deo VIOETHEEA cf GABH HCHBYIHEO TPEHYTHOM OLEHOM TOpE TMOMEHVTHE (QakTopa IpH
CHPIHGHETEON CesOECEOM pesnty paga Crcrena - I'pejana cesona (Hosembap - Anprr), cesora
xnafjema (Ma) - OrTofap). ¥ Apyrom nemy YOHTEHEA CY MOCTAET:EHA MHTARA ¥ BESH C4 TIOMOM
CTAPOCHOM J00H H SOPABCTECHHM MPOGIEMHMA KOJH MOTY VIHIATH HA MePUENIHY KEATHTETE

VHYTPEIE:E CPEIHEE.
I I I I |
1 2 3 4 5
+  VIIHTHHE j& IOTIYHO 2HOHHMAH
=  Ogrosope Tpeda NaEaTH CyHjeETHERD,
+ Kanaje v meramy nara crama, noctaseTe "3 Ha SET0 KoM MeCTY Ha ckamion 1 g0 5.
Hpunen
| | g | |
1 2 3 4 5
Tlurame 1 - Tauro Epene je :
Iuramse 1 - VayTpamme oxpyaeme
Jla TH je EEZTHTET VEVTPaIIS: CPeTHES IPEXESTERE 53 Bac TPEHVTHO?
(3a0KpVEHTE jenaK 0T DoHY[jeHEX 0aroECpa)
JECTE HIJE
Iurarse 3 - YEyTpamme oRpykeme
Karo 68 TpeEyTHO Do Bamen MEmmery CLEHETH KEATHTET VHYTpamEe cpegrse TPEHYTHOT
{mocTagkTe “x” GHIC IO Ha CEATH)
I I I I |
1 2 3 4 5
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IuTame 4 - TepMEUKE KoMmdop
Karo §H 0oeEHNHE Bam TPeHVTHH TepMHUEH ocelia) Ha Eamen paxsEom Mecty TFEHYTHO
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EBEOMA MATIO
ATHD HATED | [IPOXITATED | EEVTPATED | rqomoe TOILIO EPFVRE

-3 -2 -1 0 +1 +2 +3
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wecty TPEHYTHO.
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1 2 3 4 5
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1 2 3 4
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1 2 3 4 5
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Lh
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IIutame 9 - OceeTbeme
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Iurame 10 - KeaIsTeT yHYTPALIILET BA3IYXA
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1 2 3 4 5
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ENVIRA - Measurement of indoor environment quality parameters in real conditions and
processing of the results

In this study, the research methodology for the development of a low-cost continuous IEQ sensing platform
“ENVIRA” was presented, followed by its deployment in three case study buildings (two offices and one
educational building). Through a combination of continuous measurements of individual IEQ parameters (thermal
comfort, indoor air quality, lighting, and acoustics) and survey-based occupant IEQ perceptions data, this study
provides new results of the importance of the individual parameters used to assess overall IEQ performance.
Total of 125 occupants participated in the field studies — 69 in two open offices and 56 in the educational
building. The results from occupant survey regression analysis show that occupants had similar preferences in
office-type buildings. When the results are averaged for both buildings, indoor air quality is observed as the most
critical environmental parameter with the weight of 0.35 followed by thermal comfort (0.285) acoustics (0.195),
and illumination (0.17). The preference of occupants differed in the educational building where thermal comfort
was seen as most important (0.31) followed by indoor air quality and acoustics equally (0.25), and lighting as the
least important (0.19). Calculated overall IEQ index and occupant perception results showed good agreement
with mean absolute error of <3%. At present, some green building certification programs assume equal
importance among the four IEQ categories. Further research is needed to understand the weight of individual IEQ
components, especially in relation to different building typologies.
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In the near future, the ENVIRA platform will be adapted to use the Zigbee network, which is currently favored in the
building management system (BMS) industry. Thus, the platform will be capable of BMS integration.

Furthermore, the platform will be developed to support multiple devices in parallel operation mode and data
monitoring that will enable complex spatio-temporal analyses.
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Conclusion
Healthy buildings => create healthy environment for occupants

* A healthy building should not compromise the basic human requirements of
every building occupant and foster high quality of life, good health, optimal
physical and mental activity, and sleep quality

* [EQ in buildings is crucial part in efforts achieving to secure public health and
sustainability.

* Decarbonization of buildings should not compromise I|EQ, because
consequences can be costly.

* Monitoring IEQ in all buildings should be mandated as a benchmark, to
provide information on performance (compliance), to improve and advance
methods for IEQ control, and last but not least to inform the public.

We must think of clean air as we think of clean water and fresh food. Here we
do not compromise, nor should we do so with the indoor climate
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