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Abstract
A deviation between the calculated and the measured data
of energy use in buildings (known as performance gap)
has been extensively reported. The aim of this study is to
identify the underlying causes of the deviation between
the measurements and simulation data of the temperature
profiles in a test cell facility located in Trondheim,
Norway. Simulated and measured temperatures were
compared and the occupants’ feedback was analysed in
detail. The results show that the deviation between the
simulations and the measurements was smaller for the air
and operative temperature than that for the surface and
mean radiative temperature. The underlying reasons for
the deviations can mainly be attributed to the missing
ability to consider temperature stratification and the use
of constant air velocity in the simulation program, and
errors in splitting global horizontal radiation in its direct
and diffuse components.

Introduction
The advancements of computational power and large
availability of software in the field of building energy
performance simulations (BEPS) has made simulation
tools an important part of the building planning and
design process over the last few decades (Clarke and
Hensen, 2015). The building construction sector is
responsible for ca. 36% of global final energy use and ca.
39% of energy-related carbon dioxide emissions (Kibert,
2016). Therefore, the interest in green and sustainable
buildings is steadily increasing. Moreover, many national
building codes in the EU have been set consecutively to
higher energy standards (Berardi, 2017). To meet these
requirements, BEPS tools are often used in the design
process. Validation processes containing test cases are
used to ensure accuracy and conformity between different
BEPS tools, as for example in ASHRAE Standard 1402014 (American Society of Heating, Refrigerating and
Air-Conditioning Engineers, 2014). However, a vast
number of publications reported significant deviations
between simulations and measurements, known as
performance gap (van den Brom et al., 2018; Dyrstad
Pettersen, 1994; Majcen et al., 2013; Thomsen et al.,
2017).
There are several explanations for this gap, and one of the
most critical underlying causes appears to be occupant
behaviour (van Dronkelaar et al., 2016). Energy-related
occupant behaviour encompasses adjusting thermostat

settings, opening and closing windows, switching or
dimming the luminaires, and operating shading and
HVAC systems. Additionally, behavioural adaptations
such as clothing adjustments, consumption of drinks, and
changes of the activity level impact the individual
comfort, thus influencing the occupants’ energy-related
behaviour and the building energy use (Hong et al., 2016).
The modelling of occupant behaviour is therefore
regarded to be of particular interest in both residential and
office buildings (Ahn et al., 2017).
According to Imam et al. (2017), scientific literature does
not indicate a tendency by building professionals such as
architects, engineers and sustainability experts to be
critical on their own work. This lack of self-reflection,
therefore, introduces an entirely new dimension to the
problem of the performance gap. In Imam et al.’s case, a
factor of 2.4 between the lowest and the highest annual
heating energy use was reported, which was simulated by
108 experts with different education and experience. The
variation of the simulated energy use ranged between +18
% and -50% of the validated model of the test case. It
would seem that too much trust is given to the results of
energy simulations with respect to their reliability and the
accuracy of depicting real scenarios (Imam et al., 2017).
The validation of building thermal simulations can be
classified according to different criteria such as the
approach used in each case, the quality of experimental
data, and the building use (Mateus et al., 2014). Judkoff
et al. (1982) define three different validation approaches:
analytical, empirical, and code-to-code comparison.
In empirical validation processes, simulation results are
compared to test cells or experimental field data. A test
cell typically consists of one room, well insulated from its
surroundings except for one wall exposed to real weather
conditions (Loutzenhiser et al., 2009). Such a validation
process is based on the comparison between single
measured and simulated data points in a large multidimensional parameter space. Despite high-quality data
acquisition and exact knowledge of the input values,
uncertainties remain.
Ryan and Sanquist (2012) proposed an additional
criterion to minimize some of the uncertainties of the
simulation model, such as those connected to the building
envelope parameters. They differentiated between
idealized and realistic validations. Idealised validation
studies aim to validate the coupled physics and the
modeller’s assumptions that go into the model.
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Unoccupied test cells are commonly used to simplify the
boundary conditions of the simulation model to isolate the
effects of specific building features. On the other hand, in
realistic validation studies, simulation results are
compared to metering data from actual residential or
commercial buildings. Differently, a classification may be
made based on whether the investigated object is a freerunning building or has active temperature controls. In the
final two examples, real users are exposed to real-life
conditions.

Research goals
This analysis presents an empirical validation of BEPS
simulations. High-quality experimental data were
compared with the results from the BEPS tool IDA Indoor
Climate and Energy (IDA ICE) (Bring et al., 1999). The
code is used for calculating air and operative temperature
in the zone, surface temperatures of the envelope, air
flows to and from the zone via mechanical and natural
ventilation and thermal comfort indices. It is validated
against several test cases (Loutzenhiser et al., 2007; Equa
Simulation AB and Equa Simulation Finland Oy, 2010;
Equa Simulation AB, 2010; Kropf and Zweifel, 2001).
Different indicators are used to evaluate the performance
gap between the simulation model and the measured data.
These are the percentage error, the coefficient of variance
of the root mean square deviation CV(RMSD), the
difference between the predicted daily maximums, and
the coefficient of determination of the linear regression
R2.
The simulation model of the ZEB Test Cell Laboratory
was created and calibrated by Brozovsky et al. (2018a;
2018b) and has been further improved during this study.
The objectives of this study are:

Method
Experimental setup
A group of 10 participants with varying age (20 to 60
years old), gender (3 males, 7 females) and ethnicity
(North, Central and South Europe, Middle East and Asia)
used the ZEB (Research Centre on Zero Emission
Buildings) Test Cell. Each participant sat in the Test Cell
for at least 5 hours per day and primarily doing paperwork
on a personal computer. Information regarding the scope
of the experiment was given to the participants before the
experiment. Specifically, they were instructed to use the
test cell as their working space and to do as much as they
could to maximize their comfort. To reproduce a typical
office setting, an office desk, a reclining office chair, a
sofa, and a plant were placed the cell. The participants
were asked to answer a questionnaire for reporting their
perceived thermal comfort, environmental conditions
associated with thermal comfort and comfort in general,
such as lighting, clothing, and number and reasons for
breaks. Interviews were repeated after the informant had
completed their period in the test cell. The interview
summarised the informant’s experience of thermal
comfort within the facility and highlighted actions and
events that had implications for measurements.
Concurrently, measurements of the indoor air, radiative,
and surface temperature, and heating energy use in the
working space were taken. In addition, the use of
windows, sun shading, and doors were recorded. The
experiment lasted from April 30th, 2018 until May 25th,
2018 in the Cell A (Figure 1).

•

Compare the simulated temperature profiles with
the measurements and identify the underlying
reasons for the resulting deviations.
• Analyse the deviation between the predicted
simulated thermal comfort (in IDA ICE) and the
predicted measured thermal comfort.
• Compare the results from both the predicted
simulated and the measured thermal comfort
with the actual Thermal Sensation Votes and
thermal acceptability votes given by the
occupants.
Adaptive thermal comfort models, such as those used in
ASHRAE Standard 55 (American Society of Heating,
Refrigerating and Air-Conditioning Engineers, 2013) and
in EN 15251 (European Committee for Standardization,
2007), are based on the assumption that building
occupants achieve thermal comfort through behavioural
adjustment and environmental control (e.g. clothing
changes, operating windows, fans, radiators, etc).
According to these models, contextual factors and the past
thermal history of the occupants influence the occupant's
thermal satisfaction and preference (Halawa and van
Hoof, 2012; de Dear and Schiller Brager, 2001).

Figure 1: ZEB Test Cell Laboratory on the NTNU
campus in Trondheim, Norway, viewed from the South
(Photo: Nicola Lolli).
Experimental facility
The ZEB Test Cell Laboratory is located at the Norwegian
University of Science and Technology (NTNU) in
Trondheim, Norway (Goia et al., 2017). The facility is
constituted by two identical cells the size of a typical
single person office room (W x L x H): 2.4 m x 4.2 m x
3.3 m. The layout of the windows installed in the ZEB
Test Cell Laboratory for the experiment described in this
paper is shown in Figure 2.
Each window has dimensions (W x H) 2.018 m x 2.088 m
and is constituted of four glazed units. The specifications
are summarized in Table 1. Units 1 and 4 are fixed, unit 3
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is manually controlled and can be opened or tilted. Unit 2
is motorized, and the tilting was automatically controlled
by the main acquisition and control system according to
the internal temperature of the room.

Figure 2: Layout of the test cell window.
Table 1: Specification of the test cell windows.
Window Part
Areas
Total window area
4.57 m²
Total glass area
3.35 m²
Total frame area
1.22 m²
Frame fraction
27%
Composition of glazing unit (inside to outside)
Glass with low-e coating
4 mm
Argon filling
16 mm
Clear glass
4 mm
Argon filling
16 mm
Glass with low-e coating
4 mm
g-value
0.38
Visible light transmittance
0.59
U-value (glass)
0.62 W/(m2K)
U-value (frame)
1.45 W/(m2K)
U-value (window)
0.84 W/(m2K)
Shading factor
0.11

The same system controlled the ceiling-mounted lights,
the mechanical ventilation air-flow and temperature, and
the solar shading were controlled by the main acquisition
and control system. Cameras were used to record the
participants' presence and clothing factor every minute.
The room’s mechanical ventilation airflow and
temperature were not user-controlled not user-controlled
to replicate a setting typical of HVAC operation in office
buildings. Cell heating was provided with a water-based
radiator connected to the ZEB Test cell's warm water
loop, and the inlet water temperature was kept stable at
35°C.
The water flow entering the radiator was controlled by a
thermostatic. The thermostatic valve was kept at a fixed
position of ~21°C. The surface temperature of the internal
wall was measured by several K-type thermocouples. The

air temperature was measured with three Pt100
thermometers mounted on racks at different heights
following the recommendation of ISO 7726:1998
(International Organization for Standardization, 1998).
The radiant temperature of the room was measured by a
black globe thermometer mounted on the rack by the side
of the office desk. Three omnidirectional hot-wire
anemometric probes were installed next to the three Pt100
thermometers. The illuminance sensor was placed on the
window-side of the office desk, to trigger the deployment
of the automatic shading as soon as direct sunlight was
hitting the desk. The ceiling-mounted lights were
operated by the system in response to the illuminance
measured on the desk according to the following logic:
a) If the 1-minute-averaged illuminance at the
sensor was higher than 1500 lux, the ceiling
fluorescent lights were switched off.
b) If the 1-minute-average illuminance at the
sensor was between 600 lux and 1500 lux, no
action was taken.
c) If the 1-minute-average illuminance at the
sensor was below 600 lux, the ceiling
fluorescent lights were switched on.
The motorized top window was operated according to the
average value of the air temperature registered by the
PT100 thermometers, according to the following logic:
a) If the 1-minute average air temperature at the
three PT-100 is higher than 25 ˚C, the window
is opened.
b) If the 1-minute average air temperature at the
three PT-100 is between 21 ˚C and 25 ˚C, no
action is taken by the computer.
c) If the 1-minute average air temperature at the
three PT-100 is lower than 21 ˚C, the window is
closed.
The motorized sun shading, mounted outside the window,
was operated according to the same parameter used to
control the ceiling lights, according to the following logic:
a) If the 1-minute average illuminance at the
sensor is higher than 3000 lux, the screen is
lowered.
b) If the 1-minute average illuminance at the
sensor is between 600 lux and 3000 lux, no
action is taken by the computer.
c) If the 1-minute average illuminance at the
sensor is below 600 lux, the screen is fully
opened.
The participants' thermal satisfaction and thermal
sensation votes (TSV) were obtained from computerbased questionnaires that were filled in every 30 minutes.
In the questionnaires, the participants reported their TSV
and thermal acceptability by using a 7-point scale (from
Hot to Cold) and a 4-point scale (from Clearly acceptable
to Clearly unacceptable), respectively.
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Numerical setup
The model consists of the test cell, surrounded by three
zones. One adjacent to the test cell ceiling, one to the
interior walls, and one to the test cell floor (see Figure 3).
Those zones contain ideal heating and cooling elements.
This way, the measured temperatures from the experiment
can be used as an input file (like a schedule) for the
simulation model. The cell is actually surrounded by only
one room but splitting it up into three rooms enables
setting different temperatures in these zones. This is
especially important as the measured temperature
stratification in the guard volume can be more easily
included in the simulations and be more accurate. The
outermost box represents the so-called “building
volume”. Only walls of the inner boxes that are adjacent
or very close to the outer box are treated as external. This
is only true for the south-facing façade.

4

𝑡𝑚𝑟𝑡 [°𝐶] = [(𝑡𝑔 + 273) +

1.1 ∙ 108 ∙ 𝑣𝑎0.6
. (𝑡𝑔
𝜀𝑔 ∙ 𝐷0.4

1
4

(2)

− 𝑡𝑎 )] − 273
The following parameters were used in the qualitative
evaluation of the results:
The error percentage is calculated by normalizing the
difference between simulated (Simi) and measured
(Measi) temperatures of each time step i with the total
variation in temperature during the measurement period,
expressed by the difference between maximum (Measmax)
and minimum (Measmin) measured temperature (see eq.
3). This normalization was done because larger variations
in the simulated dataset are expected to lead to higher
deviations in simulated temperature, but not in
normalized difference.
𝑛

𝑆𝑖𝑚𝑖 − 𝑀𝑒𝑎𝑠𝑖
𝐸𝑟𝑟𝑜𝑟[%] = 100% ∙ ∑ |
|
𝑀𝑒𝑎𝑠𝑚𝑎𝑥 − 𝑀𝑒𝑎𝑠𝑚𝑖𝑛

(3)

𝑖=1

The coefficient of variation of the root mean square
deviation CV(RMSD) is calculated using eq. 4, where n
̅̅̅̅̅̅̅ the mean value of
is the number of time steps and 𝑀𝑒𝑎𝑠
measurements.
𝐶𝑉(𝑅𝑀𝑆𝐷)[%] = 100%
√(∑𝑛𝑖=1(𝑆𝑖𝑚𝑖 − 𝑀𝑒𝑎𝑠𝑖 )2 )/𝑛
∙

Figure 3: Screenshot showing the simulation model of
the ZEB Test Cell Laboratory.
Input files have also been used to integrate the boundary
conditions and user behaviour in the simulation model.
These files include the times and number of people
present in the cell as well as their metabolic rate and
clothing, operation of the window, blinds and doors,
recorded by the sensors, supply air flow and temperature
from the ventilation system, water mass flow and
temperature in the radiator, operation of artificial lighting,
air temperatures in the guard volume, and data from the
weather station used as boundary conditions for the cell
envelope. Furthermore, the users’ computers, the
technical equipment and the lights inside the cell have
been added as internal loads. Air velocity inside the test
cell was set to the average of the measured, which was 0.1
m/s.
The operative temperature top (see eq. 1) and mean radiant
temperature tmrt (see eq. 2) are calculated according to ISO
7726:1998, where va is the air velocity in m/s, ta the air
temperature in °C, and tg the globe temperature in °C. The
globe thermometer is represented with its emissivity εg
and diameter D.
𝑡𝑜𝑝 [°𝐶] =

𝑡𝑚𝑟𝑡 + 𝑡𝑎 ∙ √10 ∙ 𝑣𝑎
1 + √10 ∙ 𝑣𝑎

(1)

(4)

̅̅̅̅̅̅̅
𝑀𝑒𝑎𝑠

Eq. 5 displays the average error of daily maximum
temperatures Emax, where nd is the number of days, and
Simd,max and Measd,max the respective daily maximum
temperature.
𝐸𝑚𝑎𝑥 [%]
= 100% ∙

(∑𝑖=𝑖
𝑛𝑑 |𝑆𝑖𝑚𝑑,𝑚𝑎𝑥 − 𝑀𝑒𝑎𝑠𝑑,𝑚𝑎𝑥 |)/𝑛𝑑
𝑀𝑒𝑎𝑠𝑚𝑎𝑥 − 𝑀𝑒𝑎𝑠𝑚𝑖𝑛

(5)

The coefficient of variation of the root mean square
deviation enables the determination of how well a model
fits measurement data. While using an average value of
the above presented error percentage would lead to the
cancellation effect, where positive bias compensates for
negative over the investigated period, the CV(RMSE)
overcomes this problem by squaring. It is normalized by
the mean value of measurements.
The predicted thermal acceptability limits (in ºC) of the
occupied environment were calculated by using the
ASHRAE Standard 55 model:
̅
𝑈𝑝𝑝𝑒𝑟 80% 𝑎𝑐𝑐𝑒𝑝𝑡. 𝑙𝑖𝑚. = 0.31 ∙ 𝑡𝑝𝑚𝑎
+ 21.3
̅
𝐿𝑜𝑤𝑒𝑟 80% 𝑎𝑐𝑐𝑒𝑝𝑡. 𝑙𝑖𝑚. = 0.31 ∙ 𝑡𝑝𝑚𝑎
+ 14.3
̅
𝑡𝑝𝑚𝑎
= (1 − 𝛼) ∗ [𝑡𝑎(𝑑−1) + 𝛼𝑡𝑎(𝑑−2) + 𝛼 2 𝑡𝑎(𝑑−2)
+ ⋯]

(6)
(7)

Where the tpma is the prevailing mean outdoor
temperature, ta is the daily mean outdoor temperature, d is
the reference day, and α is a correction factor.
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Results and discussion

Error

Air temperature in °C

Temperatures
Figure 4 and Figure 5 show the measurement and
simulation results of air and operative temperature in Cell
A during the first week of the experiment. The lower
curve in the figures shows the percentage error in each of
the 1-min time steps. The highest deviations between
simulated and measured values coincide with the daily
temperature maximum, and in one case (May 3rd) also the
temperature minimum (see Figure 5). The highest error
04.30.
29.0

05.01.

for both air and operative temperature is recorded on April
30th, reaching 34.6% and 34.7% respectively. The lowest
daily maximum error occurs on May 1st and reaches
15.4% and 17.2% respectively. Figure 6 shows the
measured and simulated mean radiative temperature and
the measured globe temperature. The highest deviation
between simulation and measurement occurs on May 2nd
with 110.1%. Like before, May 1st represents the day with
the lowest daily maximum error (39.8%). In both, the
operative temperature and the MRT rapid fluctuations can
be seen.
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Figure 4: Results for measured and simulated air temperature (top) and error (below) for the first week of the
experiment.
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Figure 5: Results for measured and simulated operative temperature (top) and error (below) for the first week of the
experiment.
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Temperature in °C
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Figure 6: Results for measured mean radiant temperature (MRT), measured globe temperature, simulated MRT (top)
and error between measured and simulated MRT (below).
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-2
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Thermal acceptability - TSV

Figure 7: Measured and simulated operative temperatures, with superimposed 80% acceptability temperature limits
according to AHRAE Standard 55 and cell occupancy.

Cell A TSV

Figure 8: Reported thermal acceptability and thermal sensation votes (TSVs).
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Figure 9: Reported occupants' clothing level and measured windows/door opening and radiator operation.

Cell A 30-min avg. Op. T.

Simulated 30-min avg. Op. T.

80% Low
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Figure 10. Measured and simulated operative temperatures against the highest and lowest 80% acceptability limits
according to ASHRAE Standard 55.
The differences between the measured and the simulated
and relatively low sun angles were recorded and caused a
surface temperatures are even higher, with 7.5% for the
large amount of solar gains. Since the pyranometer on the
floor, 5.7% for the ceiling and 5.5% for the wall (see
roof records only global horizontal radiation and IDA ICE
Table 2). Generally, these deviations were observed to be
requires own data for direct and diffuse radiation, the
lower at times of no solar irradiation compared to times
recorded data had to be split to derive the direct and the
when the sun is shining. In the periods when there is no
diffuse radiation. The model by Skartveit and Olseth
sun and thus no solar gains in the cell, the CV(RMSD) of
(1987) was used for this process since it was developed at
air, operative and mean radiative temperature are 2.0%,
the University of Bergen specifically for high-latitude
2.1% and 7.7% respectively. The CV(RMSD) of the floor,
conditions in Norway. It must be noted that this model is
ceiling and wall surface temperatures are 3.1%, 1.4% and
based on empirical observations and, therefore,
1.8% respectively at times of no solar irradiance.
uncertainties remain. For this reason, the deviations can
be partially explained by attributing incorrect fractions of
Table 2: Overview of quality parameters of simulation
direct and diffuse radiation in the IDA ICE model.
and measurement results.
2
The error given by the floor and the other surface
CV(RMSD) R
Emax Tmean,s Tmean,m
Temperature
temperatures is mainly caused by IDA ICE not being able
[%]
[-]
[%] [°C] [°C]
to calculate air stratification. On the other hand, the solar
Air
4.3
0.88 30.0 23.7 23.1
radiation coming through the window and mainly hitting
Operative
3.9
0.81 15.6 24.0 23.8
the floor of the test cell is modelled quite well. During
Floor surface
7.8
0.68 57.8 24.4 23.1
sunny days, the simulated floor surface temperature
Ceiling surface
6.0
0.65 52.1 24.1 23.4
surpasses the simulated air and ceiling surface
Wall surface
5.9
0.92 62.0 24.3 23.4
MRT
15.6
0.00 26.7 24.3 22.0
temperature like in the measurements. However, when
there is no solar radiation coming through the window, the
With respect to the variation of the error during the
measured ceiling surface temperature was up to 2 °C
experiment, the following considerations can be drawn.
higher than the floor surface temperature. Since IDA ICE
th
nd
On April 30 and May 2 , the error percentages reach
treats the zone as one air node with perfectly mixed air,
their maximum values of ca. 35 % of both, air and
the differences between the simulated floor and ceiling
operative temperature. In those cases, clear sky conditions
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acceptable) and the TSVs (between the range -2 = cool, 0
= neutral, 2 = warm). The participants reported between
just acceptable and clearly acceptable votes during the
first week for 5.5 hours and 24.3 hours, respectively. The
average reported TSV was 0.4. Figure 9 shows the main
adaptation strategies the participants used to achieve
thermal comfort, and these were opening and closing of
windows and door, and change of clothing level, given the
radiator's thermostat setting was fixed (whose operating
schedule is shown in grey bands). The schedule of
windows opening (horizontal black line pattern) is
consistent with the measured operative temperature, as
the windows were left open for most of the occupied time
during the hottest days (30.4, 2.5, and 4.5). Figure 9 shows
that the participants preferred to operate the window as
first choice rather than change their clothing level, which
remained constant during their working day (except for
the initial removal of coats or jackets, visible in Figure 9).
This finding is consistent with the results presented by
Meinke et al. (2017), who assessed the preferred cooling
strategies of 76 participants in an office space and found
that the most popular choice was to open the windows.
Day 3.5 represents an exception to this pattern, as it was
the coldest day, and though, the window was left open for
most of the occupied time. It is worth noting that the
radiator was then operating for almost all the occupied
time.
Time of reported TSV in min.

surface temperatures were relatively small during the
times when there was no sun. Some participants also
complained about the sun hitting the floor and getting too
warm at their feet and legs since the lux-controlled
shading system never covered the whole window.
As the test cell is 3.4 m high, thermal stratification is quite
pronounced. This is visible especially in the evening of
May 3rd when the opened window leads to a sharp
decrease in the indoor air temperature. Since the
calculated surface temperatures depend largely on the
calculated air temperature of the zone, the temperature
drop is visible in simulation results of the cell’s surface
temperatures. In the measurements, however, the decrease
in temperature was not visible at the ceiling. This may be
caused by the higher density of the cooler air coming
through the window and thus a pronounced stratification
in the cell with warmer air in the top and cooler air at the
bottom.
Although in IDA ICE it is possible to define an own
stratification index, constantly changing supply air
volume flows and temperatures (due to technical reasons)
will always change the way the air is arranging itself in
the zone. For this study, the stratification index from the
mentioned previous validation studies was used.
The rapid fluctuations that can be seen in the measured
values in Figure 5 and Figure 6 result from the
dependency of operative and mean radiative temperature
on the air velocity within the zone (see eq. 1 and 2). While
during the experiment air velocity was fluctuating over
time, IDA ICE uses a constant air velocity in the
simulations. It was set to 0.1 m/s, which is the average air
velocity measured during the experiment.
Thermal comfort
The participants spent a total of 104 hours in Test Cell A,
from April 30th until May 25th, with an average of 5.5
hours per day. Figure 7 shows the measured and simulated
operative temperatures during the first week of the
experiment (approximately 30 hours of occupied time in
the cell). The upper and lower 80% temperature
acceptability limits (derived from ASHRAE Standard 55)
and the occupancy are superimposed. The adaptive model
of the ASHARE Standard 55 is valid for the prevailing
mean outdoor air temperature between 10 ºC and 33.5 ºC,
and clothing level below 0.7 clo. Since the prevailing
mean daily outdoor temperature during the first week of
the experiment was between 4.1 and 7.1 ºC, the authors
decided to evaluate the operative temperature profiles
against the lowest valid temperature limit of the ASHRAE
model (Low 10C and Up 10C, in Figure 7), for
comparison. On days 30.4, 2.5, and 4.5, both the
measured and simulated operative temperature exceeds
the limits during the whole time the cell was occupied
(grey band in Figure 7). On days 1.5 and 3.5 the measured
operative temperature remains below the upper limit
calculated for a 10 ºC prevailing mean outdoor air
temperature, whereas the simulated operative temperature
lays above such a limit. Figure 8 shows the occupants
reported thermal acceptability (-2 = clearly unacceptable,
1- = just unacceptable, 1 = just acceptable, 2 = clearly
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Figure 11. Distribution of the thermal sensation votes
(TSV) during the whole experiment. Average TSV was
0.4 with a standard deviation of 0.8.
By comparing the measured and the simulated operative
temperature against the upper ASHRAE limits during the
whole occupied time (as shown in Figure 10), the authors
found that the temperature simulated by IDA ICE was
higher than the ASHRAE limit for 80 hours (77% of the
occupied time), whereas the measured temperature was
higher for 69 hours (66% of the occupied time). However,
these temperature excursions outside the recommended
limits did not correspond to expected large participants'
dissatisfaction. The participants reported TSVs were
greater than 0 (slightly warm and above) for 36 hours, and
they reported unacceptable thermal comfort (just
unacceptable or clearly unacceptable votes) for 8 hours.
The average reported TSV during the whole occupied
time was 0.4, which is closer to a neutral than to a slightlywarm thermal sensation.
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It is worth noting that the number of participants in the
experiment was small (10 persons) and, therefore, the
participants own personal thermal preference may have
influenced the overall results by a large extent. However,
the experiment was designed to compensate for this
limitation by asking the participants to sit in the cell for at
least 5 hours per day on several days to record their
variation of perceived thermal sensation, and smooth
potential personal preferences. As shown in Figure 11, the
participants largely agreed on the perceived thermal
sensation, given the large difference between the first two
most voted TSVs, and, therefore, their thermal preference
has shown to have limited influence on the result
distribution.
The difference between the simulated and measured
operative temperature is due to IDA ICE not considering
local cooling draughts, and, thus, giving a higher
operative temperature profile. Moreover, the prevailing
mean outdoor temperatures recorded during the initial
week of the experiment were below 10 ºC and never
exceeded 15 ºC in the following weeks. Given that 10 ºC
is the lowest limit of use of the ASHRAE-55 adaptive
model, its reliability of application during this experiment
is questionable. The calculation of the prevailing mean
outdoor temperature (eq. 7) is based on multiplying the
daily mean temperature by an α-factor that represents the
daily temperature swings (used 0.75 in this study). By
using α=0.6 to consider higher temperature swings in the
model, the lowest and the highest acceptability limits
were to be increased by 0.3 ºC, thus not significantly
change the results. The high daily temperature swings and
the low daily average temperatures occurred during the
experiment may be a possible cause for the ASHRAE
model to not correctly match the TSVs.

Conclusions
The present work describes the underlying causes of the
deviation between measured and simulated data in a
realistic, empirical validation process. The following
conclusions can be considered.
First, the simulated air and operative temperature showed
better conformance with the measurements than surface
temperatures and the mean radiative temperature. The
main cause for this difference was identified to be the
representation of air stratification in IDA ICE.
Second, the major weakness of the simulation model was
found to be the incorrect determination of solar gains.
This became apparent, as the mean CV(RMSD) values
were significantly lower during times of no solar
irradiation and thus no solar gains in the zone.
The comparison between the reported Thermal Sensation
Votes and the predicted thermal comfort using the
ASHRAE-55 adaptive model showed that by using both
the measured and the simulated operative temperatures,
the model overestimated the expected discomfort. This
may have been caused by the low prevailing mean
outdoor temperature which was below the operability
range of the ASHRAE model in the first week, and by the
high daily temperature swings.
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