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Introduction to measured data, 

instrumentation and sensors in 

relation to building physics and 

energy performance. 

What is important to know? 
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1 - INTRODUCTION

1

2



3/66

1 – INTRODUCTION: CONDUCTION

Conduction is the transfer of energy from the more energetic particles of a

substance to the adjacent less energetic ones as a result of interactions betw een

the particles. Conduction can take place in solids, liquids, or gases.

FOURIER’S LAW OF HEAT CONDUCTION:

dx

dT
kAQcond −=

(W)
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Convection is the mode of energy transfer betw een a solid surface and the adjacent

liquid or gas that is in motion, and it involves the combined effects of conduction and

fluid motion. The faster the fluid motion, the greater the convection heat transfer.

1 – INTRODUCTION: CONVECTION

NEWTON’S LAW OF COOLING:

In the absence of any bulk fluid motion, heat transfer

betw een a solid surface and the adjacent fluid is by

pure conduction.

)( −= TThAQ ssconv
 (W)
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1 – INTRODUCTION: RADIATION

Radiation is the energy emitted by matter in the form of electromagnetic w aves (or

photons) as a result of the changes in the electronic configurations of the atoms or

molecules.
STEFAN–BOLTZMANN LAW:

Unlike conduction and convection, the transfer of energy by radiation does not

require the presence of an intervening medium. In fact, energy transfer by radiation

is fastest (at the speed of light) and it suffers no attenuation in a vacuum.

4

max, ssemit TAQ = (W)
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1 – INTRODUCTION: RADIATION

RADIATION HEAT TRANSFER:

Difference between emitted and absorbed

KIRCHOFF’S LAW

4

emit ssTAQ = (W) incidentabsorbed QQ  = (W)

)( 44

rad surrss TTAQ −=  (W)
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1 – INTRODUCTION: MULTIDIMENSIONAL HEAT TRANSFER

MULTIDIMENSIONAL HEAT TRANSFER

• Heat transfer problems are classif ied as being one-dimensional, tw o-dimensional, 

or three-dimensional.

• Depending on the relative magnitudes of heat transfer rates in different directions 

and the level of accuracy desired.
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Heat transfer problem

Mathematical formulation 
(differential equation and 

boundary and initial conditions)

General solution of the 
differential equation

Application of boundary and 
initial conditions

Problem solution
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1 – INTRODUCTION: SOLVING A CONDUCTION PROBLEM
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INTERFACE BOUNDARY CONDITIONS
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1 – INTRODUCTION: SOLVING A CONDUCTION PROBLEM
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2 - STEADY HEAT CONDUCTION IN PLANE WALLS

• The w all of a house during w inter time

dx

dT
kAQ wallcond −=,



L

TT
kAQ wallcond
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2 - STEADY HEAT CONDUCTION IN PLANE WALLS

THE THERMAL RESISTANCE CONCEPT

• Conduction:

wall

wallcond
R

TT

L

TT
kAQ 2121

,

−
=

−
=

kA

L
Rwall =

Thermal-Electrical 
analogy

Conditions: 

• Steady-state

• NO heat generation
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2 - STEADY HEAT CONDUCTION IN PLANE WALLS

THE THERMAL RESISTANCE CONCEPT

• Convection: ( )
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• Radiation:
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2 - STEADY HEAT CONDUCTION IN PLANE WALLS

THERMAL RESISTANCE NETWORK
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2 - STEADY HEAT CONDUCTION IN PLANE WALLS

MULTILAYER PLANE WALLS
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2 - STEADY HEAT CONDUCTION IN PLANE WALLS

DETAILED INFO IN REFERENCE [1]
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3 – MASS TRANSFER: VENTILATION AND/OR INFILTRATION

SIMPLEST CASE: ONLY INFILTRATION

𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = ሶ𝑉𝑎𝑖𝑟 inf 𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

Tin

Tin

Tout

Pout(v)

Pin

Pin

Tin  >  Tout

Q

Pout(v) ≠ Pin

Q 

The heat that the infiltrations will require for the building’s heating system [kW]

The infiltration heat loss coefficient is [kW/ºC]:

𝐶𝑣 = ሶ𝑉𝑎𝑖𝑟 inf 𝜌𝑎𝑖𝑟 𝑐𝑝𝑎𝑖𝑟
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3 – MASS TRANSFER: VENTILATION AND/OR INFILTRATION

𝜂 =
𝑇𝑠𝑢𝑝 − 𝑇𝑜𝑢𝑡

𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

The percentage of heat recovered [-]

GENERAL CASE: VENTILATION WITH HEAT RECOVERY PLUS INFILTRATION

The heat exchanged inside the heat exchanger [kW]:

൯𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = ሶ𝑉𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇𝑖𝑛 − 𝑇𝑒𝑥ℎ

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = ൯ሶ𝑉𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇𝑠𝑢𝑝 − 𝑇𝑜𝑢𝑡

൯𝑄𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 = ሶ𝑉 ሻ𝑎𝑖𝑟(𝑣𝑒𝑛𝑡 𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇𝑖𝑛 − 𝑇𝑠𝑢𝑝

The heat that the ventilation system will require for the building’s heating system [kW]
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3 – MASS TRANSFER: VENTILATION AND/OR INFILTRATION

GENERAL CASE: VENTILATION WITH HEAT RECOVERY PLUS INFILTRATION

A relation between Tsup, T in, Tout and 𝜂 can be obtained 

[kW]:

൯𝑄𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 = ሶ𝑉 ሻ𝑎𝑖𝑟(𝑣𝑒𝑛𝑡 𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 1 − 𝜂 (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

Therefore, if the heat recovery system is added 

to the building, the ventilation plus infiltration 

heat loss coefficient is [kW/ºC]:

𝐶𝑣 = ሶ𝑉 ሻ𝑎𝑖𝑟(𝑣𝑒𝑛𝑡 𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 · (1 − 𝜂ሻ + ሶ𝑉𝑎𝑖𝑟 inf 𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟

𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = ሶ𝑉𝑎𝑖𝑟 inf 𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡
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4 – BUILDING ENVELOPE HEAT LOSS COEFFICIENT (HLC)

𝑑𝐸𝑐𝑣

𝑑𝑡
= ሶ𝑄𝑐𝑣 − ሶ𝑊𝑐𝑣 + ෍

𝑖

ሶ𝑚𝑖 ℎ𝑖 +
𝑉𝑖

2

2
+ 𝑔𝑧𝑖 − ෍

𝑒

ሶ𝑚𝑒 ℎ𝑒 +
𝑉𝑒

2

2
+ 𝑔𝑧𝑒 [kW]
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4 – BUILDING ENVELOPE HEAT LOSS COEFFICIENT (HLC)

𝑑𝐸𝑐𝑣

𝑑𝑡
= ሶ𝑄𝑐𝑣 − ሶ𝑊𝑐𝑣 + ෍

𝑖

ሶ𝑚𝑖 ℎ𝑖 +
𝑉𝑖

2

2
+ 𝑔𝑧𝑖 − ෍

𝑒

ሶ𝑚𝑒 ℎ𝑒 +
𝑉𝑒

2

2
+ 𝑔𝑧𝑒 [kW]
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4 – BUILDING ENVELOPE HEAT LOSS COEFFICIENT (HLC)

෍

𝑖= 1

𝑧

൯𝑚𝑖 𝑐𝑖(𝑇𝑖 𝑡2 − 𝑇𝑖 𝑡1 + ෍

𝑘=1

𝑁

𝑄𝑘∆𝑡 + ෍

𝑘 =1

𝑁

𝐾𝑘∆𝑡 = 𝐻𝐿𝐶 ෍

𝑘 =1

𝑁

൫𝑇𝑖𝑛,𝑘 − 𝑇𝑜𝑢𝑡 ,𝑘ሻ∆𝑡 − ෍

𝑘= 1

𝑁

(𝑆𝑎 𝑉𝑠𝑜𝑙 ሻkሻ ∆𝑡

Thus, if the thermal level is not equal at the start and end of the analysis period [kW/ºC]

𝐻𝐿𝐶 =
σ𝑖=1

𝑧 ൯𝑚𝑖𝑐𝑖(𝑇𝑖 𝑡2 − 𝑇𝑖 𝑡1 + σ𝑘=1
𝑁 ൫𝑄𝑘 + 𝐾𝑘 + (𝑆𝑎𝑉𝑠𝑜𝑙 ሻkሻ ∆𝑡

σ𝑘=1
𝑁 𝑇𝑖𝑛,𝑘 − 𝑇𝑜𝑢𝑡,𝑘 ∆𝑡

Thus, if the thermal level is equal at the start and end of the analysis period [kW/ºC]

HLC =
σ𝑘=1

𝑁 𝑄𝑘 + 𝐾𝑘 + (𝑆𝑎𝑉𝑠𝑜𝑙 𝑘ሻ

σ𝑘=1
𝑁 𝑇𝑖𝑛,𝑘 − 𝑇𝑜𝑢𝑡,𝑘

𝐻𝐿𝐶 = 𝑈𝐴 + 𝐶𝑣 [kW/ºC]

DETAILED INFO IN REFERENCE [2]
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5 – INTRODUCTION TO MEASUREMENTS FOR BUILDING 
ENERGY PERFORMANCE ASSESSMENT

• Dynamic testing of building components requires a very well

controlled and positioned set of sensors with a correct

measuring and control system that will provide high quality

data sets.

• The quality requirements developed during the different

PASSYS and PASLINK projects have been found to

perform an optimal full scale testing of a building

component.

• These results are also valid for any building component

or building in its whole that wants to be monitored since

the focus is done in optimising the measuring and monitoring

systems

21
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6 – BUILDING COMPONENT: PASLINK METHOD
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6 – BUILDING COMPONENT: PASLINK METHOD

To obtain reliable data sets for dynamic data analysis :

• Average temperature difference of about 20ºC. 0.5ºC accumulated error → 2.5%.

• Heating or cooling s ignals generated inside the test room must not be correlated to

the exterior temperature → PRBS (Pseudo Random Binary Sequence) or ROLBS

(Randomly Ordered Logarithmically Binary Sequence).

• Inner surface heat flux w ith accuracy must be better than a 5%: direct heat f lux

measurement vs. indirect measurement for semitransparent elements (HFS Tile

method).
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24



25/66

6 – BUILDING COMPONENT: PASLINK STANDARD SENSORS

Internal air temperature measurements

• Seven air temperature sensors (PT100) protected against radiation posit ioned as

in figure w ith an accuracy of ± 0.1 °C.

• The PA SLINK netw ork test requires the maximum differences of indoor air

temperatures must be under 0.5 °C.

• Average of those seven sensors is used as the internal air temperature.
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6 – BUILDING COMPONENT: PASLINK METHOD

Internal air temperature measurements

Interior air temperatures
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6 – BUILDING COMPONENT: PASLINK METHOD

Considerations on temperature measurements: thermal equilibrium

A thermal equilibrium B

B thermal equilibrium C

A thermal equilibrium C

• It is a matter of experience that w hen tw o objects are in thermal equilibrium w ith a

third object, they are in thermal equilibrium w ith one another.

• This statement is called the Zeroth law of thermodynamics and is tacitly

assumed in every measurement of temperature.
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6 – BUILDING COMPONENT: PASLINK METHOD

Considerations on temperature measurements: THERMOCOUPLES
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Considerations on temperature measurements: THERMORESISTANCE

6 – BUILDING COMPONENT: PASLINK METHOD
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6 – BUILDING COMPONENT: PASLINK METHOD

Internal surface temperature measurements

• Seven surface temperature sensors (PT100) w ith an accuracy of ± 0.1 °C.

• The maximum deviation betw een sensors is reduced to around 0.5ºC.

• This permits to w ork w ith a single value of surface temperature inside the test

room, obtained by averaging.
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30



31/66

6 – BUILDING COMPONENT: PASLINK METHOD

Internal surface temperature measurements
Interior surface temperatures
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6 – BUILDING COMPONENT: PASLINK METHOD

Internal air and surface temperature measurements

Internal air average temperature vs. Internal surface average temperature
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6 – BUILDING COMPONENT: PASLINK METHOD

Outdoors temperature measurements
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6 – BUILDING COMPONENT: PASLINK METHOD

Test cell exterior temperatures
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Outdoors temperature measurements
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6 – BUILDING COMPONENT: PASLINK METHOD

Solar radiation measurements - concepts

For other medium:  
2

1
1

n

C
C =

n: Index of refraction

PLANCK’S LAW: The spectral blackbody emissive power:

]/[1038065.1 23 KJxk −=

]/[
1exp

2

2

5

1 mmW 
]T)/ (C [λ

C
,T)(Ebλ 




−
=

]/[1074177.32 2482

01 mmW  x  h c C  ==

] [1043878.1 4

02 Km    x  /kh cC ==

36/66

6 – BUILDING COMPONENT: PASLINK METHOD

Solar radiation measurements - concepts

Blackbody Blackbody 

• α =1
• ρ=τ=0

Specular
surface
Specular
surface

• ρ =1
• α=τ=0

Transparent 
surface

Transparent 
surface

• τ =1
• α=ρ=0

Opaque 
surface
Opaque 
surface

• τ =0
• α+ρ=1

Matt surfaceMatt surface

• ρ =0
• α+τ=1

GGGG trarefabs =++

1=++ 
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6 – BUILDING COMPONENT: PASLINK METHOD

Solar radiation measurements - concepts

38/66

6 – BUILDING COMPONENT: PASLINK METHOD

Solar radiation measurements - concepts
ATMOSPHERIC EMISSION

H2O and CO2: emission at λ= 5-8 μm

Effective sky temperature (Tsky) : depending on atmospheric conditions 230-285 K

]/[ 24 mWTG skysky   =

]/[ 244

, mWTTGE skyskyskyabssky         ===

 −= emittedabsradnet EEq ,

emitabsskyabssolarradnet EEEq −+= ,,,

44

, sskysolarsradnet TTGq      −+=

]/[)( 244

, mWTTGq sskysolarsradnet   −+= 

Kirchhoff’s law:    =
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6 – BUILDING COMPONENT: PASLINK METHOD

Solar radiation measurements - concepts

D = 1.39 x 109 m

L = 1.50 x 1011 m from the Earth

Esun= 3.8 x1026 W

Ereaching the earth = 1.7 x 1017 W

Tcore = 40 000 000 K

Texterior = 5 800 K

CHARACTERISTICS OF THE SUN

Total solar irradiance: solar energy reaching to 

the atmosphere  Gs = 1373 W/m2
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6 – BUILDING COMPONENT: PASLINK METHOD

Solar radiation measurements - concepts

Solar radiation is attenuated when crossing the atmosphere

99% of the atmosphere is inside a distance of 30 km

O2: absorption λ= 0.76 μm

O3 (ozone): absorption λ= 0.30 μm (ultraviolet region)

H2O and CO2: absorption λ= 1.5 μm (infrared region)

Solar radiation incident over the Earth surface: 

Solar radiation flux: 950 W/m2

Wavelength: 0.3-2.5 μm

ATMOSPHERE ABSORPTION
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Solar radiation measurements - concepts

Direct solar radiation GD: The part of solar radiation that reaches the earth’s surface 

without being scattered or absorbed by the atmosphere.  

Diffuse solar radiation Gd: The scattered radiation is assumed to reach the earth’s 

surface uniformly from all directions.

]/[cos 2mWGGG dDsolar   += 

ϴ : angle of incidence
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Solar radiation measurements

• Global solar radiation on the building component plane

(pyranometers w ith a 3% accuracy) and the outdoors

temperature are the most important environmental

variables.

• Diffuse horizontal solar radiation (pyranometers 3%

accuracy) and longw ave radiation (pyrgeometer 5%

accuracy) are also recommended although not used in

some modelling approaches.
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Solar radiation measurements

• Global solar radiation on the building component plane (pyranometers with a 3%

accuracy) and the outdoors temperature are the most important env ironmental

variables.
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Solar radiation measurements

•Diffuse horizontal solar radiation (3% accuracy).

]/[cos 2mWGGG dDsolar   += 

ϴ : angle of incidence
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Solar radiation measurements

• longw ave radiation (pyrgeometer 5% accuracy) are also recommended although

not used in some modelling approaches .

]/[)( 244

, mWTTGq sskysolarsradnet   −+= 
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Solar radiation measurements

• longw ave radiation (pyrgeometer 5% accuracy) are also recommended although

not used in some modelling approaches .
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Solar radiation measurements

]/[)( 244

, mWTTGq sskysolarsradnet   −+= 
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Other meteorological variables measurements

Meteorological Data
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Other meteorological variables measurements

Air Direcction
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Other meteorological variables measurements
Meteorological Data
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HEAT FLUX SENSITIVE TILES (HFS TILES) AND POWER TRANSDUCER FOR HEAT 

BALANCE ON THE TEST ROOM - Power transducer: SINEAX model M562
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HEAT FLUX SENSITIVE TILES (HFS TILES) AND POWER TRANSDUCER FOR HEAT 

BALANCE ON THE TEST ROOM - Power transducer: SINEAX model M562

Measured electric power
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Calibration: the maximum error is found to be 0.3 [W] (0.04%) 

when measuring 690 [W] while the maximum relative error is found 

when measuring 69 [W] with a 0.17 [W] absolute error making a 

0.25%. 
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HEAT FLUX SENSITIVE TILES (HFS TILES) AND POWER TRANSDUCER FOR 

HEAT BALANCE ON THE TEST ROOM - Design of the HFS Tiles arrangement
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TYPICAL SIGNALS USED FOR MODELLING PURPOUSES

Measured electric power
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INSTRUMENTATION ON THE ROOF TEST SAMPLE COVERED BY GRAVEL
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INSTRUMENTATION ON THE ROOF TEST SAMPLE COVERED BY GRAVEL

Temperatures in LAYER 1
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Average SIGNAL error below ±0.3ºC is obtained for the whole test and 

using the average of the four sensors without 2STT05 an average error 

below ±0.1ºC for the whole test
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HEAT FLUX MEASUREMENTS IN DIFFERENT LAYERS

Heat flux sensors of the test component 
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• HP Agilent 34980A 

• 5 multiplexer 34921A

• 1 control 34951A module

• “dayflies” where each sensor signal is 

recorded every minute
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𝜂 =
𝑇𝑠𝑢𝑝 − 𝑇𝑜𝑢𝑡

𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

The percentage of heat recovered [-]

GENERAL CASE: VENTILATION WITH HEAT RECOVERY PLUS INFILTRATION

The heat exchanged inside the heat exchanger [kW]:

൯𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = ሶ𝑉𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇𝑖𝑛 − 𝑇𝑒𝑥ℎ

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = ൯ሶ𝑉𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇𝑠𝑢𝑝 − 𝑇𝑜𝑢𝑡

൯𝑄𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 = ሶ𝑉 ሻ𝑎𝑖𝑟(𝑣𝑒𝑛𝑡 𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇𝑖𝑛 − 𝑇𝑠𝑢𝑝

The heat that the ventilation system will require for the building’s heating system [kW]

7 – MONITORING WHOLE BUILDINGS
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