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Thermal comfort evaluation of a mixed-mode ventilated office building with
advanced natural ventilation and underfloor air distribution systems

Abstract

This study uses field monitoring and post occupancy evaluation (POE) surveys to investigate the indoor
thermal comfort of an office building that is located in subtropical zone. The building is special as it
combines advanced natural ventilation (ANV) strategies and underfloor air distribution (UFAD) systems. A
comparison between a static thermal comfort model and a dynamic thermal comfort model is also
conducted. The results show that the thermal comfort conditions in the case study building are
satisfactory in summer while in winter there is evidence of thermal discomfort. For the case study
building, the static thermal comfort model gives outputs that matched well with the responses of the
occupants during the POE survey in winter while the dynamic model is more representative of the
sensation of the occupants in summer.
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Abstract

This study uses field monitoring and post occupancy evaluation (POE) surveys to investigate the indoor thermal comfort of an
office building that is located in subtropical zone. The building is special as it combines advanced natural ventilation (ANV)
strategies and underfloor air distribution (UFAD) systems. A comparison between a static thermal comfort model and a dynamic
thermal comfort model is also conducted. The results show that the thermal comfort conditions in the case study building are
satisfactory in summer while in winter there is evidence of thermal discomfort. For the case study building, the static thermal
comfort model gives outputs that matched well with the responses of the occupants during the POE survey in winter while the
dynamic model is more representative of the sensation of the occupants in summer,

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The use of natural ventilation could reduce energy consumption and operating cost of air conditioning systems
[1] and it is often more pleasant and acceptable to building occupants than using mechanical ventilation [2].
However, natural ventilation is often limited by the outdoor climate and it is therefore often necessary to employ
mixed-mode ventilation strategies in buildings.

Previous studies have evaluated thermal comfort in mixed-mode ventilation buildings by using thermal comfort
modelling techniques, e.g. [1]. Thermal comfort models were normally categorized into static models and dynamic
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models [3]. Static models make use of data collected from people within air-conditioned environmental chambers,
while dynamic models are derived from field studies [4]. The details of both approaches have been well-documented
in the literature, e.g. Ref [5].

It is worth noting that static and dynamic models are normally limited to mechanically ventilated buildings and
pure naturally ventilated buildings, respectively [6]. Currently, there are no explicit standards declaring the most
suitable thermal comfort model for buildings with mixed-mode ventilation systems. As a result, both static and
dynamic thermal comfort models have been employed in research for mixed-mode ventilation (e.g., Ref [7-9] used a
static model and Ref [10, 11] used a dynamic model). Comparisons between static and dynamic models have been
reported in the literature [1, 12, 13] to identify the most suitable model for mixed-mode ventilated buildings. The
general conclusion from these studies was that dynamic thermal comfort models are more applicable to mixed-mode
ventilated buildings. However, this conclusion was drawn from mixed-mode ventilated buildings that use
conventional fan coil units (FCU) and can not be generalized for mixed-mode ventilated buildings that use
underfloor air distribution (UFAD) systems. UFAD, as a special mechanical ventilation method, supplies air into the
space with an airflow velocity that is lower than conventional mechanical ventilation systems. Furthermore, the air
is provided normally from swirl diffusers and can become well-mixed with the air in the occupied space. With
UFAD systems, the conditioned air is supplied to locations close to the occupants and it therefore has a strong effect
on the thermal sensation of occupants.

This study tries to expand existing research on indoor thermal comfort in mixed-mode ventilated buildings by
investigating a case study office building where advanced natural ventilation strategies are combined with UFAD
systems and the thermal perception of the occupants is evaluated by field measurements and POE survey. The
performances of two types of thermal comfort models were evaluated to identify the most representative comfort
model for the specific building.

2. Methods

Long-term monitoring of indoor thermal parameters was conducted in a case study building to analyse the indoor
conditions and the associated ventilation control strategies. POE survey was also carried out to document the
perception of the occupants on indoor conditions and correlate the responses with the monitoring data. Section 2.2.1
provides the details of the monitoring study and section 2.2.2 gives an overview of the POE survey.

2.1. Case study building and location

The selected building is located at the University of Wollongong, Australia. Wollongong is on the eastern coast
of Australia (34S, 151E) and experiences an oceanic climate with a mean summer daily maximum temperature of
25.9°C, a mean winter daily minimum temperature of 8.3°C and an annual mean daily maximum temperature of
21.7°C. The monthly average relative humidity ranges from 50% to 70% indicating that the air is usually dry and
fresh. As the area is close to the ocean, the sea breeze lasts over the whole year and approximately 78% of the time
the wind speed is between 1 and 8 m/s. Natural ventilation could therefore be a possible option in Wollongong due
to the moderate climate and gentle sea breeze throughout the whole year.

The Sustainable Building Research Centre (SBRC) building is a two-storey building comprising of research
laboratory spaces, meeting rooms and an open-plan office (Fig. 1). The open-plan office is 12 meters wide and 52
meters long, and it is occupied by about 39 staff and research students.
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Fig. 1. A view of the case study building.

The building has a mixed mode ventilation system with automatically operated windows and mechanical
ventilation using a UFAD system. The mechanical system is utilised when internal space temperatures can not be
maintained by natural ventilation between 20 and 24°C. Outside these conditions the building uses mechanical
ventilation with heating to maintain the space temperature above 19.5°C or cooling to maintain the space
temperature below 24.5°C. A hysteresis region of 0.5°C has been placed between the operation modes to ensure
there is not frequent toggling between different modes. The hysteresis also incorporates a switching delay time of 20
minutes. During natural ventilation, windows are fully open if the wind velocity is less than 15 km/h and the
windows are modulated as a linear function of outdoor wind velocity when the wind velocity is between 15 and 30
km/h. The windows are fully closed if the wind velocity is greater than 30km/h. If the outside air temperature is less
than 16°C or greater than 28°C, the windows are closed and the heating or cooling mode is activated. For the
mechanical ventilation, the supply fans use a variable speed drive to maintain the AHU supply duct static pressure
constant.

2.2. Field investigation
2.2.1. Measurements

Fig. 2 shows how the sensors were divided and deployed in four groups (S1-S4). Indoor and outdoor air
temperatures, wind speed and window opening percentage values and so on were recorded every 15 minutes over
the whole year of 2015 and the first two months of 2016. Additional measurements were taken at different heights in
the open plan space to evaluate if thermal stratification should be of a concern in winter and summer. Details and
results for the thermal stratification analysis are given in section 3.2.

A TN i CON TN e

& 2= sHA s el v g,
fl =4

-—1 -
52 51

Fig. 2. Deployment of sensors.
2.2.2. Post Occupancy Evaluation (POE) survey
POE surveys are defined as ‘the process of evaluating buildings in a systematic and rigorous manner after they

have been built and occupied for some time’ [14]. The Building Use Studies (BUS) questionnaire has been selected
after a review of a number of standard surveys that are available in the public domain [15-18]. The BUS
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methodology is a free tool for evaluating occupant satisfaction and has been developed over the last 30 years. The
BUS questionnaire is an established and tested way of benchmarking the levels of occupant satisfaction within
buildings against a large database of results for similar buildings. For the research interest of this study, only results
from survey questions related to indoor thermal comfort are presented. The selected survey questions cover
questions on comfort with regards to summer and winter temperature, air quality, lighting, noise, and overall
comfort. The answers are based on a 7-point scale evaluation system aiming at understanding occupants’ subjective
thermal perceptions in a quantitative way. The ‘forgiveness factor’ was introduced by BUS as a metric of
comparison between overall comfort and individual comfort parameters and it is defined as follows [18]:

Forgiveness _ factor = Comfort _overall/(4, + A, +T, +T,+L+N)/6) (1

where Comfort overall is the score of the building’s overall comfort performance, 4s and A4y, are average
satisfaction scores for ventilation/air in summer and winter respectively, 7 and T, are average satisfaction scores
for temperature in summer and winter respectively, L is the average score of satisfaction for lighting, and N is the
average satisfaction score for acoustics. BUS questionnaires were distributed to 39 occupants in June, 2015 for the
winter case and a supplementary BUS survey was conducted in February, 2016 for the summer case.

3. Results analysis
3.1. Indoor thermal environment results
3.1.1. Natural ventilation control over the whole year
As described in section 2.1, the case study building is equipped with windows which are operated automatically

based on control logic that accounts for indoor and outdoor conditions. Fig. 3 presents the whole year’s record of the
average indoor temperature, outdoor temperature and window operation.
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Fig. 3. Window control and average indoor temperature over the whole year.

Although the outdoor temperature fluctuated with the seasons, the average indoor temperature was mostly kept
between 18 and 27°C. The building is often naturally ventilated during the summer and the transition seasons.
Typical days in winter and summer were selected from the whole year’s record to further analyse the control mode
for the systems and the windows versus the corresponding average indoor air temperature (Fig. 4).

For the winter case in Fig. 4a, the outdoor temperature was always below 16°C and, as mentioned in section 2.1
these temperatures were below the maximum outdoor temperature threshold for considering the use of natural
ventilation. Heating was therefore provided during working hours and the average indoor temperature was then
maintained at 20+1°C.
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Fig. 4. Indoor temperature performance in different building modes: (a) winter (b) summer.

For the summer case in Fig. 4b, the outdoor temperature conditions could meet the requirements for natural
ventilation and natural ventilation was therefore implemented over the whole first working day and at the start of the
second working day. However, the average indoor air temperature kept increasing during the second day (Fig. 4b) as
natural ventilation is not sufficient to provide required cooling to the building. The average indoor air temperature
exceeded 24°C at 1lam that was the upper limit of the indoor thermal comfort zone specified in section2.1,
indicating that natural ventilation could not maintain the indoor thermal condition into the specific thermal comfort
zone. Mechanical cooling was therefore activated to maintain the indoor temperature below the cooling setpoint of
24.5°C.

3.1.2. Temperature stratification measurements

The vertical temperature difference between head and ankle could be of a concern and may cause thermal
discomfort to the building occupants. The case study building has a high ceiling with an underfloor air displacement
ventilation system that could result in thermal stratification.

To measure the vertical temperature, sensors were deployed at 0.3 m, 1.3 m (matching the head level at a sitting
position) and 3.5 m above the floor level and on the north wall of the building (Fig. 5) and measurements were taken
from 15 Jul 2015 to 15 Aug 2015 for the winter case and from 16 Jan 2016 to 16 Feb 2016 for the summer case. A
sample of results is shown in Fig. 6 from a period in winter and summer.
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Fig. 6. Sample output of vertical temperature difference between head (1.3m) and ankle (0.3m) under different HVAC modes in (a) winter; (b)
summer.

In winter, the heating mode dominated during the working days (Fig. 6a) and the heat supply from the underfloor
distributors improved the indoor temperature at the ankle level and reduced the thermal stratification. The
temperature difference between the two measurement heights ranged from -0.3 to 0.5°C. However, in summer, the
temperature difference between head and ankle can reach up to 2.0°C as a result of cold air accumulation at lower
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levels of the space when the building is in the cooling mode. The thermal stratification phenomenon is alleviated
when changing from mechanical cooling into natural ventilation.

3.1.3. POE analysis
Fig. 8 presents the POE results for indoor thermal comfort based on a 7-point scale. The occupants in summer
had a positive evaluation on overall comfort (Fig. 7b) whereas in winter the overall satisfaction result was neutral.
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Fig. 8. A summary of POE satisfaction scores for indoor thermal comfort: (a) Winter; (b) Summer. The green marker indicates a better
performance than BUS benchmark while the red marker denotes a worse performance than BUS benchmark.

The survey also revealed the issue of cool or cold indoor conditions in winter, which is consistent with the field
measurement results presented in Fig. 4a where the indoor temperature was lower than the heating setpoint of
19.5°C at the start of the occupied period. The heating setpoint was 0.5°C lower than the lower limit of the
recommended indoor design temperature ranges in winter (i.e., 20°C for ASHRAE [19] and ISO [20] Standards).

The ‘forgiveness factor’ from another mixed-mode ventilated office building which used conventional HVAC
system [21] is also used for comparison purposes. The additional case study building is located in Sydney area and
is therefore within the same climate as the case study building. The ‘forgiveness factor’ results are summarized in
Table 1. The Australian BUS database for green buildings that use natural ventilation, advanced natural ventilation
or mixed-mode ventilation [22] is used as a benchmark. ‘Forgiveness factor’ greater than 1 indicates a greater
tolerance to the indoor conditions.

Table 1. Forgiveness factor.

Study variable Australian BUS database  Ref [21]  This study
Comfort overall 4.18 3.69 4.68
Forgiveness factor  1.02 0.99 1.01

The “comfort overall” value of the building is 4.68 which is higher than the other building in Ref [21] and the
Australian BUS benchmark. The high “comfort overall” result shows a better overall indoor comfort for the
building. The ‘forgiveness factor’ matches the average value of the Australian BUS database. The forgiveness result
also indicates the occupants in this case study building were slightly more tolerant to conditions than the occupants
in Ref [21], albeit the tolerance difference is quite small.
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3.2. Thermal comfort models comparison

The Fanger’s predicted mean vote (PMV) model [23] and the adaptive thermal comfort model from ASHRAE 55
[24] have been widely used and they were therefore applied to the case study building. Fig. 9 presents the evaluation
results derived from the Building Management System (BMS) of the building during the working hours for winter
(11th Jul 2015 — 11th Aug 2015) and summer (17th Dec 2015 — 17th Jan 2016).
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Fig. 9. Evaluation of the thermal responses of the occupants based on different models: (a) PMV model; (b) adaptive thermal comfort model.

Fig. 9a used the graphic comfort zone method from ASHRAE 55 to present the results produced by the PMV
model. These results indicated a poor indoor thermal environment for both summer and winter. In winter, 40% of
the data was distributed outside the thermal comfort zone and towards the cold side area of the psychrometric chart.
In summer, 67% of the data was scattered out of both sides of the thermal comfort zone. However, the results of the
adaptive model in Fig. 9b showed that most dots fall within the ASHRAE 55 80% acceptable ranges for both winter
and summer cases.

The POE survey provided a thermal sensation vote (TSV) for the occupants to assess indoor thermal comfort

conditions. The TSV results (Fig. 10) can serve as a reference to evaluate the reliability of the two thermal comfort
models.
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Fig. 10. Thermal sensation vote results (out of 39 participants).

According to the TSV results, 50% of the occupants in the building considered the indoor thermal conditions to
be neutral or slightly cool and the rest as cool or cold in winter. In summer, 94% of occupants felt neutral, slightly
warm or slightly cool, which indicated good thermal comfort conditions. The result from PMV model is therefore
consistent with the TSV results in winter by reporting poor indoor thermal comfort conditions but its predictions did
not match with the responses of occupants in summer. However, the ASHRAE 55 adaptive model reported
acceptable thermal comfort conditions in summer, and this agrees with the TSV responses for the summer period.
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4. Discussion
4.1. Indoor thermal comfort performance

The monitoring of window control and average indoor temperature over the whole year indicates the mild climate
in Wollongong make the natural ventilation available to provide suitable and stable indoor temperature for most of
the time in summer and transition seasons. Data from typical days further revealed that in winter natural ventilation
was not applicable as a result of lower outdoor temperature and mechanical heating was necessary all the time
during the work hours. In summer, mechanical cooling mostly happened in the afternoon if the outdoor temperature
exceeded the upper limit for natural ventilation. However, it is worth noting the temperature between day and night
was large in summer which implied a possibility of night ventilation to reduce the demand hours for mechanical
cooling.

The thermal stratification is a common issue in the buildings with UFAD systems [25, 26]. ASHRAE Standard
55 [6] recommended that the vertical air temperature difference should not be greater than 3.0°C (i.e. associated
with 5% of dissatisfaction). The findings from the field measurements showed that there was a thermal stratification
in both winter and summer. The heat supply from the underfloor air distribution system in winter improved the
indoor temperature at the ankle level, making the thermal stratification indifferent. Thermal stratification was
enhanced by cold air from the underfloor air diffuser in summer but the temperature difference was still under the
tolerance defined in ASHRAE Standard 55.

4.2. Suitability of thermal comfort models to mixed-mode ventilated buildings

In order to identify the optimal approach for the thermal comfort evaluation of occupants in the case building,
two existing thermal comfort models were compared with the TSV results. The comparison results showed the PMV
model was more suitable for winter whereas the ASHRAE 55 adaptive model was more consistent with the TSV
results for the summer condition. The main reason for this is that mechanical heating was used in winter and the
indoor conditions are closer to those emulated during the initial development of steady state comfort models.
However, the frequent use of mixed-mode ventilation in summer makes the adaptive model more suitable in the case
study building. Such results indicate that the terminal system for the mechanical ventilation does not affect
significantly the comfort predictions of the adaptive model.

5. Conclusions

This study investigated the indoor thermal comfort conditions of an office building which uses advanced natural
ventilation and underfloor air distribution systems in a subtropical area. Indoor thermal comfort factors were
monitored and analysed and the thermal sensation of occupants was captured by a POE survey. The following could
be concluded through this study:

e According to the POE surveys and field measurements, the Fanger’s PMV model is more applicable in winter for
the case study building while the adaptive model predicts overall comfort better in summer.

e The high ceiling building with underfloor air distribution system experiences thermal stratification, however the
measurements indicated that this did not have an impact on the thermal comfort of occupants.

Overall, there is a need to further investigate buildings that use advanced ventilation systems and identify
representative thermal comfort models. The POE survey of this study showed that the building is still not
commissioned in a way that occupant comfort is ensured at all times. This study has also shown that it is essential to
combine different methodologies for evaluating thermal comfort, for example POE surveys will complement BMS
data analysis and, if processed and analysed they could offer a useful understanding about the indoor environmental
performance of a building.
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