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Effective window operation
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Indoor air quality
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Window feedback
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Introduction
Problem Statement

Automated window control
* Energy efficient window operation
+ At the expense of occupants’ comfort,

satisfaction and productivity

Manual window control

« Risk of inefficient energy use

« Occupants can satisfy their comfort
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Introduction
Problem Statement

Window Feedback System

« Occupants can satisfy their comfort « Occupants are informed about

window operation impact

To what extent can window feedback systems improve the indoor environment
and occupant satisfaction in open-plan workplaces?
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Literature Research
Window opening behaviour

Drivers of human window opening behaviour:

External Internal
Physical Contextual Psychological Physiological Social
Outdoor temperature Occupancy Expectations Age Social norms
Indoor temperature Window Design Concerns Gender Interrelationships
Air velocity Distance to facade Habits Health
Relative humidity Facade orientation Lifestyle/schedule Clothing
Solar radiation Thermal mass Knowledge/education Activity level
CO2 concentration Installations (HVAC) Stress level Food and beverages
PM2.5 concentration Interior doors
Noise Rainfall
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Literature Research
Window opening behaviour

Drivers of human window opening behaviour:

External Internal
Physical Contextual Psychological Physiological Social
Outdoor temperature Occupancy Expectations Age Social norms
Indoor temperature Window Design Concerns Gender Interrelationships
Air velocity Distance to facade Habits Health
Relative humidity Facade orientation Lifestyle/schedule Clothing
Solar radiation Thermal mass Knowledge/education Activity level

CO2 concentration Installations (HVAC) Stress level Food and beverages
PM2.5 concentration Interior doors
Noise Rainfall
Reasons for window opening (Ackerly & Brager, 2013): Reasons for window closing:
TO BE COOLER 75% HEAT LOSS
FOR FRESH AIR 70% RAIN
TO INCREASE AIR MOVEMENT 60% WIND
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Literature Research
Parameters for measurements and evaluation

Thermal comfort

Heat balance approach

Indoor air temperature

Indoor mean radiant temperature
Indoor air velocity

Air humidity

Metabolism

Clothing

Adaptive approach

Monthly mean outdoor air temperature

Operative temperature

Indoor Air Quality

+ Carbon dioxide (CO,)

+ Particulate matter (PM;; & PM,¢)

» Volatile Organic Compounds (VOC)
* Formaldehyde (HCHO)

* Radon (Rn)

+ Ozone (Oy)

* Carbon monoxide (CO)

Energy efficiency

* Indoor temperature
+ OQutdoor temperature
*  Window opening time
+ Air flow rate
* Air velocity
* Openable window area
OR
+ CO, concentration

*  Number of occupants

17
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Literature Research
Parameters for measurements and evaluation

Thermal comfort

Heat balance approach

Indoor air temperature

Indoor mean radiant temperature
Indoor air velocity

Air humidity

Metabolism

Clothing

Adaptive approach

Monthly mean outdoor air temperature

Operative temperature

Indoor Air Quality

Carbon dioxide (CO,)

Particulate matter (PM,; & PM,¢)
Volatile Organic Compounds (VOC)
Formaldehyde (HCHO)

Radon (Rn)

Ozone (Oy)

Carbon monoxide (CO)

Energy efficiency

* Indoor temperature
+ OQutdoor temperature
*  Window opening time
+ Air flow rate
* Air velocity
* Openable window area
OR
+ CO, concentration

*  Number of occupants
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Literature Research

Parameters for measurements and evaluation

Thermal comfort

Heat balance approach

* Indoor air temperature

* Indoor mean radiant temperature
* Indoor air velocity

* Air humidity

*  Metabolism

* Clothing

Adaptive approach
*  Monthly mean outdoor air temperature

« Operative temperature

Indoor Air Quality

+ Carbon dioxide (CO,)

+ Particulate matter (PM;; & PM,¢)

» Volatile Organic Compounds (VOC)
* Formaldehyde (HCHO)

* Radon (Rn)

+ Ozone (Oy)

* Carbon monoxide (CO)

Energy efficiency

* Indoor temperature
+ OQutdoor temperature
*  Window opening time
+ Air flow rate
* Air velocity
* Openable window area
OR
+ CO, concentration

*  Number of occupants
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Literature Research
Parameters for measurements and evaluation

Thermal comfort

Heat balance approach

Indoor air temperature

Indoor mean radiant temperature
Indoor air velocity

Air humidity

Metabolism

Clothing

Adaptive approach

Monthly mean outdoor air temperature

Operative temperature

Indoor Air Quality

Carbon dioxide (CO,)

Particulate matter (PM,, & PM,;)
Volatile Organic Compounds (VOC)
Formaldehyde (HCHO)

Radon (Rn)

Ozone (Oy)

Carbon monoxide (CO)

Energy efficiency

* Indoor temperature
+ OQutdoor temperature
*  Window opening time
+ Air flow rate
* Air velocity
* Openable window area
OR
+ CO, concentration

*  Number of occupants
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Design
Algorithm

To e

should
temperat
when the
2. The seq importance
comfort, iciency.

Important li

Air-condi

"

Energy

Tin > Tout

No Yes
Qutside is warmer Outside is colder

Y
Yes

) No Energy loss
Potential energy loss \

< Tin is rising? I

Yes

Internal heat load No
Energy loss P

<

A 4

Y

Indoor air quality

Weather conditions CO2 indoor > 800 ppm

Thermal comfort

Wind velocity > 3,5 m/s PMo c - -5 3 » T;,2033-T,,7+18,8°C+2 FOR 10 < Tz < 30 °C
Precipitation > 0.1 mm/h |Yes 2.5 indoor > 3 HO/M> -y, Tin = 24,1 °C FOR Tz = 10°C
Bad conditions PM10 indoor > 15 pg/m? Acceptable I1AQ Y TG il o
- . T,y = 30,7 °C FOR T,y = 30 °C
- es
Good conditions Unacceptable IAQ Yes No
— - Uncomfortable Comfortable
Outdoor air quality thermal environment thermal environment
» PM2 5 outdoor > 20 HG/M? €
PM10 outdoor > 30 Hg/m?
No Yes

Acceptable outdoor AQ Unacceptable outdoor AQ
Y

A
Window open Window closed

Green colour Red colour

Window open/closed

Orange colour if outcome is not
consistent for 3 min
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Experiment
Methodology

Existing situation

New situation

(Benchmark) (Window feedback system)
Start End
3 weeks , 3 weeks
MEASURED VALUES MEASURED VALUES
Temperature « Temperature
Relative humidity + Relative humidity
+ CO, concentration + CO, concentration
Particulate matter « Particulate matter
. . Window opening +  Window opening . .
Validation « Radiator usage Radiator usage Validation

)

SURVEY 1
e Personal information
*  Window operation
* Thermal comfort
* Indoor air quality

T

)

SURVEY 2
* Personal information
« Window feedback system
* Thermal comfort
* Indoor air quality
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Experiment
Measurement set-u P
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Window Feedback
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Results & Discussion: Existing situation

Temperature indoor (°C)

* Threshold value
*+ Mean exceedance per day = 2 h 19 min

Temperature indoor:
= 24]1°C

—— Measured days
= Mean "N
=== Threshold ‘/ I

20

10:00 12:00 14:00 16:00 18:00
Time (h)

¢ Threshold value
*+ Mean exceedance per day = 1h 43 min

Relative humidity indoor (%)

Relative Humidity:
=30%
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—— Measured days
= Mean
=== Threshold

10:00 12:00 14:00 16:00 18:00
Time (h)

* Threshold value
+ Mean exceedance per day = 1h 53 min

CO2 concentration indoor (ppm)

CO, concentration:
= 800 ppm

1000 -~ Measured days
= Mean A
=== Threshold h |
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* Threshold value
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PM25 concentration indoor (ug/m3)
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Results & Discussion: Existing situation

1.

40% of the respondents is satisfied
with the indoor air quality and
thermal environment

48% of the respondents is smelling
odours sometimes or more often

89% of the respondents is

experiencing thermal discomfort
sometimes or more often

Satisfaction indoor environment:

Indoor Air Quality 19% 35%

Thermal environment 32% 27%

0 5 10 15 20 25

Number of participants

Discomfort indoor environment

Smelling odours 16% 32% 1%

Thermal discomfort I 24% 62%

0 5 10 15 20 25

Number of participants

mmm Very dissatisfied

43% Dissatisfied

Neutral
Satisfied
e Very satisfied

41%
30 35
mm Always
Often
Sometimes
Rarely
mam Never
11%
30 k)
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Results & Discussion: Existing situation

Sources of thermal discomfort

Incoming sun

Heating/cooling system does not respond quickly enough

My area is hotter/colder than other areas of the building

Hot/cold surrounding surfaces

Air too dry

Air too humid

Air movement too high

| do not experience discomfort

16.4%

7.5%
3.0%
1.5%
0 5 10 15 20

Number of votes

31.3%
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Results & Discussion: Existing situation

Reasons for window opening

For fresh air

To be cooler

To increase the air movement

To feel a connection to the outdoors

Aco-worker asked me to open the window

Because of habits e.g. time of day

Other (taking pictures)

22.5%

39.3%

6.7%
1.1%
1.1%
0 5 10 15 20 25 30 35

Number of votes
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Results & Discussion: Existing situation

Reasons for window closing

To feel warmer

The draft was uncomfortable

To prevent rain, hail or snow entering inside

To reduce outdoor noise

To save energy

A co-worker asked me to close the window

Because of security/safety

==

17.2%

2%

16.1%

7.5%

5:4%

22%

5 10 15 20 25
Number of votes

30

33.3%
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Results & Discussion:

New situation

Temperature indoor:

* Threshold value = +24]1°C
*+ Mean exceedance per day = = 52 min
—— Measured days
= [ean Al

——- Threshold f

Temperature indoor (°C)

20 f

10:00 12:00 14:00 16:00 18:00
Time (h)

Relative Humidity:

e Threshold value =30%
*+ Mean exceedance per day = 0 min

55

—— Measured days

= Mean m
——- Threshold b AN
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Relative humidity indoor (%)

10:00 12:00 14:00 16:00 18:00
Time (h)

CO2 concentration indoor (ppm)

CO, concentration:

Threshold value = 800 ppm
Mean exceedance per day = 38 min

—— Measured days
== Mean
1100 - === Threshold

1000

«©
(=3
o

o]
o
o

-
o
o

D
(=1
o

500

400

10:00 12:00 14:00 16:00 18:00

Time (h)

PM25 concentration indoor (ug/m3)

PM, ; concentration:

Threshold value = 5pg/m3
Mean exceedance per day = 1h 19 min

35

—— Measured days
= Mean |
——- Threshold IH
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Results & Discussion: Objective measurements

Comparison

Exceedance per Workday

5 hours

4 hours

3 hours

139

2 hours

min

1 hour

Indoor Indoor
Temperature

Existing situation

- New situation

Indoor

Relative Humidity CO,

Indoor
pMZ.S

Qutdoor
pM2.5

Window Opening

171
min

48
min

Window Opening Ineffective
Time Window Operation
Time
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Results & Discussion: Subjective measurements
Comparison

1.

82% of the respondents understood

the meaning of the window
feedback colours

Occupants did understand the
purpose of the system

Occupants did notice and respond
to the system

Occupants were satisfied with the
implementation and did trust the
system

Noticing and responsive to window feedback:

Noticing I 9% T7%

Responsive ~ 9% 55%

0 2 4 6 8 10 12 14

Number of participants

16 18 20 22

Satisfaction and trust on the window feedback system:

Satisfaction 27% 50%

0 2 4 6 8 10 12 14

| trust
the system

0 2 4 6 8 10 12 14

Number of participants

16 18 20 22
16 18 20 22

mm  Never

Rarely
Sometimes
Often
Always

Very disatisfied
Disatisfied

| am not sure
Satisfied

Very satisfied

Strongly disagree
Disagree
| am not sure

Agree
Strongly agree
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Conclusion

The window feedback system does contribute to a better environment
1.  Window Opening time increased with 481%

2. Ineffective window operation reduced with 55%
« Temperature improved with 63%

* Relative humidity improved with 100%

+ CO,-concentration improved with 66%

3. Occupants do understand and trust the window feedback system

4. About 90% of the 22 respondents do notice and respond to the provided
feedback

Design guidelines
1. Include an additional parameter display

2. Do notinclude blinking lights or feedback messages to phone/computers

3.

Delft University of Technology
e t Faculty of Architecture
and the Built Environment
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