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Learning Objectives

1. Explain the impact of sensor performance and cost on GEB control and 

performance measurement 

2. Acquire the competency to assess and communicate the main indicators 

related to building energy and indoor environment quality 

3. Understand key technologies that have the potential to reduce sensor 

cost 

4. Describe how to implement low-cost sensor and sensor system for 

building-grid integration, energy efficiency and indoor environment 

measurement and improvement
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How has it started?

https://www.researchgate.net/publication/255971260_SPREADSHEETS_FOR_THE_CALCULATION_OF_

THERMAL_COMFORT_INDICES_PMV_AND_PPD [1]

https://www.researchgate.net/publication/255971362_PMV_PPD_MC_english_prot [2]



Comfort Categories in EN16798-1



IEQ Monitoring Case Study

Gemeentehuis Horst aan de Maas

A Case of Excellence in Indoor Environmental 

Quality Monitoring
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Architecture

IEQ Monitoring Case Study



IEQ Monitoring Case Study
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Long-term Evaluation of Thermal Comfort



01-Jan 02-Jan 03-Jan 04-Jan 05-Jan 06-Jan 07-Jan 08-Jan 09-Jan 10-Jan 11-Jan 12-Jan 13-Jan 14-Jan

Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun

1 10.4 9.1 6.4 8.1 8.9 9.0 10.1 6.2 5.6 5.1 5.1 5.1 5.2 5.8

2 10.5 8.8 7.0 8.0 8.6 8.3 10.3 5.3 5.3 5.7 5.0 5.2 5.2 5.9

3 10.7 9.0 7.0 7.8 8.3 8.1 10.8 6.5 5.4 6.0 5.0 5.3 5.2 6.0

4 11.0 8.0 7.1 7.8 8.1 7.8 11.0 10.3 5.8 6.8 5.2 5.3 5.2 6.0

5 10.6 7.6 7.2 7.5 7.6 6.9 11.1 12.2 5.9 6.7 6.1 5.2 5.2 6.1

6 9.3 7.0 6.8 6.6 6.8 7.2 11.2 11.7 6.4 6.8 6.0 5.3 5.2 6.1

7 8.6 7.3 6.6 5.9 6.8 7.4 11.3 9.5 7.2 5.7 5.5 5.4 5.2 6.1

8 7.0 6.8 6.1 5.4 6.3 7.5 11.4 7.6 6.2 6.4 5.2 5.4 5.2 6.2

9 7.3 6.7 5.7 5.5 6.0 7.7 11.3 6.8 5.7 5.4 5.0 5.4 5.2 6.3

10 6.9 6.5 5.6 5.5 5.9 7.8 10.8 5.8 5.4 5.0 5.1 5.3 5.1 6.2 A

11 6.4 6.4 5.6 5.5 6.1 7.2 10.3 5.5 5.1 5.0 5.2 5.3 5.0 6.2

12 5.5 6.6 5.5 5.4 5.9 7.7 9.8 5.3 5.0 5.1 5.3 5.3 5.0 6.3 B

13 6.4 6.5 5.4 5.5 5.8 8.7 9.1 5.0 5.0 5.1 5.2 5.3 5.0 6.4

14 6.6 6.7 5.3 5.9 5.8 9.5 7.2 5.2 5.0 5.1 5.2 5.2 5.0 6.4 C

15 6.8 6.7 5.3 6.7 5.6 9.6 5.2 5.1 5.4 5.1 5.3 5.2 5.0 6.5

16 6.8 6.7 5.3 6.9 5.6 10.0 5.8 5.4 5.8 5.1 5.1 5.2 5.0 6.5 D

17 6.7 6.7 5.7 6.5 5.9 10.3 8.0 5.1 6.4 5.1 5.1 5.4 5.1 6.6

18 6.8 6.6 6.0 6.1 5.9 10.6 10.5 5.3 6.1 5.3 5.0 5.6 5.1 6.2

19 6.9 6.8 6.5 6.4 6.3 10.7 11.5 5.6 6.0 6.0 5.1 5.6 5.2 6.0

20 7.0 6.7 7.4 6.7 6.9 10.7 12.1 6.2 5.8 5.3 5.2 5.7 5.2 5.9

21 7.2 6.5 7.1 6.7 7.2 10.5 11.7 5.8 5.4 5.1 5.4 5.7 5.3 5.8

22 7.7 6.3 7.5 7.1 7.8 10.4 11.0 5.4 5.1 5.0 6.0 5.5 5.3 5.9

23 8.8 6.5 8.7 8.3 8.7 10.0 10.2 5.3 5.0 5.1 5.9 5.4 5.5 5.9

24 9.2 7.3 8.6 9.0 9.3 9.9 8.2 5.1 5.0 5.0 5.2 5.3 5.7 5.9

Long-term Evaluation of Thermal Comfort



Prototype System for IEQ Analysis



Miniaturized IEQ Monitoring System

IEQ MULTIPROBE + IEQ Discoverer App



IEQ Monitoring & Categorization Software



IEQ Categorization Scheme



IEQ Monitoring in a Auditorium



Categorized Data Presentation
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Thermal Comfort Indoor Station



Thermal Comfort Indoor Station
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Calibration of low-speed affordable thermal anemometer
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Conclusions

• The concept initially defined for the IEQ monitoring systems has been 

successfully implemented. 

• The systems are an attempt to allow a better spread of the use of IEQ 

assessments, due to the integration of different probes in only one 

measuring device and to the innovative communication strategy. 

• It is expected that a larger number of users will have access and 

easily understand the different dimensions of the evaluation of IEQ, 

with positive impacts in terms of well-being, health, safety and 

productivity of people in buildings and other indoor environments
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Particularities of Nearly Zero Energy Buildings

Energy Performance of Buildings Directive Recast (EPBD 

2010) launched a target to the EU Member States regarding 

NZEBs

NZEBs are reached with self energy production, reduction of 

energy losses and better management of energy consumption

The management of ventilation/infiltration processes 

becomes very important in buildings with a much better 

insulation



Time Evolution of the Concentration of a Pollutant

Variation of 

Concentration
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Time Evolution of the Concentration of a Pollutant

C, mean instantaneous concentration of the 

pollutant(mg/m3)

G, generation of pollutants inside the compartment(mg/h)

V,  room volume (m3)

λv, air exchange rate (h-1)

Cext, outdoor concentration (mg/m3)

νd, rate of deposition of pollutant (mg/(m2h))

S, area of deposition surface (m2)

Qac, flow rate through the air purifier (m3/h)

εac, efficiency of air purifier (dimensionless)
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A typical theoretical evolution in a residential compartment

1 2 3 4

CC
V

G

dt

dC
ext −+=

A sequence of phases 

defined by step 

changes, occurring, 

for instances,  due to 

variation of the rate 

of emission, the 

speed of the fan, or 

the velocity of the 

wind



An actual evolution in a residential compartment

The effect of wind perturbations and the uncertainty in the 

measurement of the gas concentration are  main reasons for the 

differences.



Time Evolution of the Concentration of a Pollutant
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for the case of a step change, is: 
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Step Change Input Based Methods

Q
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Method 1 – Cequi based
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Requirements: The emmission rate G and room volume should be known. One

step non-disturbed rising signal



Step Change Input Based Methods

Method 2 – Time constant () 

based

Pros: Very easy and fast to implement

Cequi
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

0,632 .(C0 – Cequi)

Cons: The precise localization of 

may be difficult if the signal is noisy 
t

t

equi

equi
ee

CC

CtC −

− ==
−

−

0

)(

In the response of a 

first order system 

to a step change, 

the time constant  

is the time needed 

to reach 63.2% of 

the total response. 

The air exchange 

rate is the inverse 

of the time 

constant. 



Step Change Input Based Methods

Method 3 – Fitting of the decay points with an exponential line 

Pros: Better accuracy since

when taking into account all

the measuring points, the signal

noise is somehow filtered

Cons: A computer software with

a fitting algorithm is needed

Tip : Time should be expressed

in hours. What is the unit of a 

Microsoft time stamp?

t
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Step Change Input Based Methods

Method 4 – Fitting of the rising points with an exponential line 

Tempo Cmedidas Ccalculadas D^2

h ppm ppm

0,00 1839 1900 3721 39394,49525

0,00 1853 1906 2791

0,01 1868 1912 1904

0,01 1885 1917 1052

0,01 1897 1923 687 C0 = 1900

0,01 1910 1929 360 Cequi  = 4000

0,02 1930 1935 22  = 1,000

0,02 1951 1940 112

0,02 1968 1946 477 Sum = 31964734

0,02 1981 1952 850

0,03 1992 1958 1188 Coef Pearson = 0,99908

0,03 2003 1963 1584

0,03 2016 1969 2223
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Cons: Need to implement “by hand” the Least Squares Method for the

exponential curve fitting (Solver complement function of Excel is used)

Pros: The same as the previous method)



Step Change Input Based Methods

Method 5 – Fitting with a finite differences equation

Pros: it is quite general. May be used for any part of the time evolution of the

signal
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0 0 305 701 1261.8 1186.853 5617.060

1 0.016667 304 700 1260 1192.81 4514.445

2 0.033333 302 698 1256.4 1198.747 3323.871

3 0.05 302 698 1256.4 1204.663 2676.736

4 0.066667 299 695 1251 1210.558 1635.557

5 0.083333 297 693 1247.4 1216.433 958.985

6 0.1 300 696 1252.8 1222.287 931.073 SQR (SUM^2) = 978

7 0.116667 310 706 1270.8 1228.12 1821.579

8 0.133333 318 714 1285.2 1233.933 2628.288 corr = 0.99394

9 0.15 318 714 1285.2 1239.726 2067.887

10 0.166667 317 713 1283.4 1245.499 1436.522

11 0.183333 317 713 1283.4 1251.251 1033.566 Dt (hora)= 0.016667
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Step Change Input Based Methods

Method 6 – Logaritmizing the excess of concentration and 

fitting with a linear equation

Pros: it allows a beter identification of the transition of phases
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Step Change Input Based Methods

Method 6 – Logaritmizing the excess of concentration 

and fitting with a linear equation
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Periodic Input Based Methods

Maria Marrero  |   04

The solution of the differential equation is: )).(sin(
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Periodic Input Based Methods

Maria Marrero  |   04

Method 7 - Response of a 1st order system to a periodic input

Pros: The nethod allows the

assessment of a short-term

evaluation of air exchange rate

Cons: To apply it with CO2 as a 

tracer gas, the building must be

unoccuppied



Conclusions

 Different Methods are available to estimate AER from the monitoring of 

CO2 concentration in buildings

 The accuracy of assessment and the time resolution of AER data 

depend on the sophistication of the method

 A recent approach based upon the response to a periodic input signal 

has been addressed
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University of Coimbra Site Location
Departamento de Engenharia Mecânica

Rua Luís Reis Santos, Pólo II da Universidade de Coimbra

3030-788 Coimbra PORTUGAL

40º 11’ 10’’ N;  08º 25’ 06’’ W

3



DEM-UC Site Characteristics
University Building, located in Pólo II of UC, with a total area of 7 000 m2, including laboratories, 

classrooms, offices, libray, bar/cafetería, meeting rooms, and parking area. 

4



DEM-UC Site Characteristics
Monitored Zones

Room 6.3

Room 3.3

Local Weather 

Station

Local Weather Station
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DEM-UC Site Characteristics

Monitored Parameters

1 Local Weather Station  3 Indoor Meas Stations 2 Cubes

Air Temperature (ºC) Air Temperature (ºC) Air Temperature (ºC)

Dew Point Temperature (ºC) Relative Humidity (%) Relative Humidity (%)

Relative Humidity (%) Atmospheric Pressure (hPa) CO2 Concentration (ppm)

Wind Direction (º) CO2 Concentration (ppm) TVOC Concentration (ppb)

Wind Speed Avg (km/h) TVOC Concentration (ppb) Illuminance (lux)

Wind Speed Gust (km/h) Formaldehide Concentration (ppb) White Level

Atmospheric Pressure (hPa) PM10 Concentration (mg/m
3
) Light Color

Precipitation Rate (mm) PM4 Concentration (mg/m3) Light Flicker index

Precipitation Acumulated (mm) PM2.5 Concentration (mg/m3) Leq 10min (dBA)

UV Radiation (W/m
2
) PM1 Concentration (mg/m

3
)

Solar Radiation (W/m2) NO2 Concentration
6



DEM-UC Site Characteristics
Local Weather Station

https://www.wunderground.com/dashboard/pws

/ICOIMB23/graph/2023-09-20/2023-09-20/weekly 7
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DEM-UC Site Characteristics
Monitored Zones – Room 3.3 (MS 7)

Located in the ground–floor of the Didactic Block, (6.5 x 6.5 = 42 m2); Entrance door facing West 

located in the clauster corridor, five windows facing East in the external facade of the Building, 

total glazed area of 8 m2, Mechanical Ventilation System and an All-Air HVAC System.
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Site Characteristics
Monitored Zones – Room 3.3

Scada Interface of Building Management System
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Site Characteristics
Monitored Zones – Room 6.3 (MS 5 and MS 6)

Located in the first–floor of the Didactic Block, (6 x 10 = 60 m2); Entrance door facing West located in the clauster

corridor, four windows facing East in the external facade of the Building, total glazed area of 10 m2, Natural Ventilation

System, Total Recirculatin HVAC Split System and a Heating System based on warm water radiators supplied by a central 

natural gas boiler
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Site Characteristics
Monitored Zones – Corridor
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Web Platform Interface
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First Monitoring Period
Processed data from 2022-07-01 to 2022-07-08
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First Monitoring Period
Processed data from 2022-07-01 to 2022-07-08 Categories of EN 16 798 -1
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First Semester 2022/2023
2022-09-12 to 2022-12-19

(Business as Usual Situation)
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Corrective Measures

Room 6.3 (Natural Ventilation) Room 3.3 (Mechanical ventilation)

IAQ Awareness Campaign Commissioning Process of the Installed 

Ventilation System

Subjective Perception of Occupants Replacement of the Programmer

Assessment of Influence of Window 

Opening on the Air Exchange Rate 

Calibration of CO2 Sensors of the DCV 

System

Use of CO2 Traffic Light Meters Vigilance Phase of the Retrofitted 

System

1 2 3 4

5
6 7

8
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CONCLUSIONS

The DEM-UC IEQ Living Lab is a powerful tool, with very positive 

impact on the various vectors of activity of High Education 

Institutions

Generates meaningful data that is used for research, teaching 

and knowledge transfer activities

Provides very good conditions for project-based learning, 

promoting an easy contact of the students with their 

surrounding environment data

Allows benchmarking with other similar case studies 
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Thank you for your attention
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