
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tasr20

Architectural Science Review

ISSN: 0003-8628 (Print) 1758-9622 (Online) Journal homepage: https://www.tandfonline.com/loi/tasr20

Applying a comfort model to building performance
analysis

Mark Luther, Olubukola Tokede & Chunlu Liu

To cite this article: Mark Luther, Olubukola Tokede & Chunlu Liu (2020): Applying a
comfort model to building performance analysis, Architectural Science Review, DOI:
10.1080/00038628.2020.1742645

To link to this article:  https://doi.org/10.1080/00038628.2020.1742645

Published online: 08 Apr 2020.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tasr20
https://www.tandfonline.com/loi/tasr20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00038628.2020.1742645
https://doi.org/10.1080/00038628.2020.1742645
https://www.tandfonline.com/action/authorSubmission?journalCode=tasr20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tasr20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00038628.2020.1742645
https://www.tandfonline.com/doi/mlt/10.1080/00038628.2020.1742645
http://crossmark.crossref.org/dialog/?doi=10.1080/00038628.2020.1742645&domain=pdf&date_stamp=2020-04-08
http://crossmark.crossref.org/dialog/?doi=10.1080/00038628.2020.1742645&domain=pdf&date_stamp=2020-04-08


ARCHITECTURAL SCIENCE REVIEW
https://doi.org/10.1080/00038628.2020.1742645

Applying a comfort model to building performance analysis

Mark Luther, Olubukola Tokede and Chunlu Liu

School of Architecture and Built Environment, Deakin University, Geelong, Australia

ABSTRACT
This paper considers the application of comfort parameters as a mechanism for building performance
analysis and control. It challenges traditional methods of evaluating zonal comfort through thermostatic
dry-bulb temperature alone. In contrast, it creatively applies a ‘calibrated’ Comfort Tool software to mea-
sure comfort improvements in buildings. A comfort cart built according to ASHRAE-55 standards together
with thermal imaging surface temperatures is combined in a comprehensive thermal performance analy-
sis in buildings. This paper is about demonstration and discussion in the development of a measurement
and analytical process which is a systematic approach towards spatial comfort improvement. Two houses
were measured and analysed, over an extreme daytime period in Darwin, Australia. Improvement in over-
all thermal conditions of up to 35% and 59% were realised with the most reliable potential for thermal
improvements found in surface temperature (mean radiant temperature), conditioning changes indicating
between 32 – 38% overall comfort improvement in the building.
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1. Introduction: problems of energy efficiency &
control in buildings

The manner in which we control for thermal comfort in build-
ings is antiquated and not effective. Thermostatic control of
air temperature is not only problematic but energy-intensive.
According to the research of Hoyt et al. (2009), a significant
energy-saving is dependent upon the dry-bulb air temperature
set-point of the thermostat. Increasing the cooling set-point by
one degree from 24°C to 25°C results in annual energy-savings
of 7–15% depending upon the climate location of the build-
ing. When the set-point is expanded to 28°C, a difference in the
annual savings could be as much as 35–45% in cooling condi-
tioning. Temperature settings alone, between 1°C and 4°C differ-
ence from the ‘standard’ of 21.5°C in heating mode can account
for 7–35% savings, depending upon the duration of the heating
season (climate). These findings may question the manner in
which we control our buildings. Perhaps theymay also question
the way we design for the conditioning of our buildings and the
service system we apply in the first place (Hoyt et al. 2009).

The advancement of sensors and associated equipment is no
doubt one of the main factors in providing energy-efficiency
as well as comfort to our buildings. Zampetti, Arnesano, and
Revel (2018) utilized a thermographic infrared sensor with a
360° rotatingmechanism todetermine the surface temperatures
within a space, thereby obtaining the mean radiant tempera-
ture. Together with other collected parameters of dry-bulb and
humidity, an ISO7730 (2005) Fanger comfort assessment could
be instantaneously obtained. This sensing-control system alone
accounted for a 12–17% energy savings from the existing HVAC
system. Interestingly, this research dealt with convective (air)
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mechanical conditioning of the space only and did not provide
for other mechanisms that may have provided for further reduc-
tion in energy consumption.

A discovery made from measurements of an open office
space inspired the newly proposed interest in applying com-
fort outcomes as a building control parameter (Luther and
Ahmed 2019). Figure 1 illustrates the Winter period for an office
building in Melbourne, where a thermostatic (air) temperature
determines an occupant’s comfort. As it would appear, most
occupants would be in agreementwith this uniform and reason-
able interior air temperature at the various locations shown on
the floor plan.

It may not be surprising to those knowledgeable of comfort
models, to discover, that at the same locations within this open
office, that a vast discrepancy among comfort results exists (see
Figure 2). This is indeed the very reason for the argument for
thermal comfort as a building control parameter. If designers
and engineers could consider how to include devices and sys-
tems that allow for control ranges in the comfort parameters,
we might just have an answer to comfortable buildings at an
affordable energy cost.

The use of past research on office buildings in relation to
temperature and comfort measurement is an example of a prin-
ciple only. In other words, while temperature has a relatively
minor change throughout a space (i.e. an office in this case), the
comfort variability can be dramatically different. We believe that
this principle holds true no matter what the function of space
might be (i.e. a hospital, a library, or a house) Rafique, Gandhi-
dasan, and Haitham (2016) predicted that the energy required
to provide human thermal comfort conditions is about 50% of
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Figure 1. Air temperatures at various locations in an open office.

Figure 2. ISO 7730 comfort results for an open office.

the building’s total operational energy. Judson andMaller (2014)
also argued that interventions tominimize energy consumption
in residential buildings would depend on frequently performed
daily practices. Based on these findings, integrating occupant
behaviour and energy-efficiency in buildings becomes a neces-
sary requirement in improving the sustainability performance of
the built environment (Kim, Schiavon, and Brager 2018; Brager,
Zhang, and Arens 2015; Godithi et al. 2019). Zampetti, Arnesano,

and Revel (2018), therefore, proposed that optimal and energy-
efficient comfort management of indoor spaces must include
(i) a real-time and multipoint measurement of thermal comfort;
(ii) an advanced controller, and (iii) a personalized or sub-zonal
heating/cooling system. The authors of this paper believe that if
we are toprevent future predicted increases in energy consump-
tion, wemust begin to look at different measures and processes
that have an influence on comfort.
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1.1. Comfort models

Comfort models have been in existence and active for almost
over 50 years now. These have demonstrated that air temper-
ature alone does not guarantee our comfort in a space and that
there are many other parameters that can determine comfort.
In 1970, Dr O. Fanger was attributed to producing the method
applied in the ISO 7730 standard. This approach, known as the
‘static model of comfort’ considers a thermal vote (a Predicted
Mean Vote – PMV) or a Predicted Percentage Dissatisfied (PPD)
as the outcome of six different variables; dry-bulb, mean radiant
temperature, air velocity, humidity, clothing level, andmetabolic
rate. Perhaps the comfort models in opposition to the ‘static’
model are those labelled as the ‘adaptive’ model as explained
by De Dear and Brager (1998); and Humphreys and Fergus Nicol
(2002) as well as others. In fairness, there is a distinctive differ-
ence claimed by developers of the ‘adaptive’ model that it is
best applied to buildings that allow occupants to dress relaxed
and according to climatic conditions as well as to have con-
trol over their environments, such as the opening of windows,
use of ceiling fans, shading devices, and so on. These models
all hover around obtaining a ‘neutral temperature’ often based
upon a relationship with outdoor mean operative temperature
conditions alone. Equation 1 provides a mathematical expres-
sion of the relationship between the neutral temperature and
the monthly mean exterior temperature.

Tc = 13.5 + 0.54 To (1)

where Tc = the indoor comfort temperature or ‘neutral temper-
ature and, To = the monthly mean of the exterior temperature.

This equation, in particular, is for free-running buildings, yet
similar equations exist for hybrid buildings. An alternative to
Fanger’s comfort model are adaptive models. Adaptive models
assume a linear relationship between a comfortable indoor tem-
perature and prevailing outdoor temperature. Kim, Schiavon,
and Brager (2018) criticize the existing (static) comfort model for
their failure to recognize that both human perception and phys-
ical conditions of thermal comfort can change over time. In view
of this, another approach – personal comfortmodels – is emerg-
ing, which predicts an individual’s thermal comfort response
by leveraging on IoT (i.e. the Internet of Things) and machine
learning. Evidence abounds that personalized comfort system
(PCS) provides occupants with the opportunity to meet their
own preferences (Kim, Schiavon, and Brager 2018; Godithi et al.
2019) while simultaneously achieving energy and comfort per-
formance improvement in buildings (Brager, Zhang, and Arens
2015). The focus of this paper is however on the static model of
comfort, and its efficacy in enhancing building performance.

While the authors do not dispute the value of the adaptive
model principles, at this point in their development, unlike the
ISO 7730 (static model), they do not offer the variables within
building designs themselves that influence the calculation of
comfort. In other words, an architect can design for an adaptive
building to allow for user-control but does not know to which
extent various parameter influences have over comfort, as they
cannot be calculated (Griego, Krarti, and Hernández-Guerrero
2012). The designer would have no influence over the external
temperature or its mean; however, they could provide shading,
openable windows, and other control devices, yet, there is no

numerical or objective manner by which a decision for one can
be made over the other (Kim, Schiavon, and Brager 2018). Fur-
ther development and an extension to interior air temperature
might involve, mean radiant temperature of the surrounding
surfaces, interior air velocity, and humidity and would undoubt-
edly assist the ‘adaptive’ equation of comfort. These parameters
are in fact part of the ‘static model’ and can be useful to those
wanting to consider controlling their ranges. Perhaps the cru-
cial point of what our buildings require are parts of the ‘static’
comfort model making their way into the ‘adaptive’ model.

1.2. Comfort models and building energy – an overview

Comfort management in buildings has witnessed a grow-
ing interest in recent times. A seminal paper by Yang, Yan,
and Lam (2014) discusses the two prominent thermal models
and their relationship between comfort and energy-efficiency.
It is concluded that adaptive comfort models tend to have
a broader range of comfort temperature, offering significant
energy-savings in both air-conditioned and naturally-ventilated
buildings. Interestingly, aside from comfort models, this paper
turns to discuss the application of co- and tri-generation sys-
tems advocating a solution to the rising electricity use, costs
and a reduction in CO2 emissions stating that the operational
mode of combined cooling, heating and power (CCHP) systems
depend on the building thermal and electrical loads, which tend
to vary according to the outdoor ambient conditions. Again, a
system aligned with the adaptivemodel relationship to external
conditions

Others also continue to discuss a relationship of comfort
with energy. Barbadilla-Martín et al. (2018); in particular, demon-
strated that the adaptive model is effective for the optimization
ofHVAC systemsand that it is possible to achieve energy-savings
without impairing the comfort of its occupants. Implementing
the adaptive model algorithm in the HVAC control system dur-
ing the cooling and heating period resulted in savings of 27.5%
and 11.4% respectively (Barbadilla-Martín et al. 2018).

Also, Zampetti, Arnesano, and Revel (2018) indicated a dis-
tinctive difference between thermostatic (air temperature) and
calculated thermal comfort (ISO 7730 – Fanger) based con-
trol. Meaning, that there were no changes to a particular space
other than changing the control parameter, from thermostat
temperature, to that of a PMV – thermal comfort calculated
control which yielded a savings of 17% or more. Contrary to
the cases of many other researchers, Attia and Carlucci (2015);
Nicol and Michael (2002); and Strengers (2008), primarily depict
the ‘adaptive model’ as an energy-saving control strategy. Zam-
petti, Arnesano, and Revel (2018) discuss the advantages of
using PMV-based controllers that have also through simulations
achieved cooling energy reduction of about 20% in comparison
with standard thermostatic control.

Griego, Krarti, and Hernández-Guerrero (2012) claimed that a
strong correlation exists between the use of thermal insulation
and improved thermal comfort, however, that the relationship
between PMV ratings with energy-savings still remains unclear.
While several researchers may disagree with Griego et al.’s claim
pertaining to lack of progress, the interesting aspect is that a
relationship of comfort is made here with reference to build-
ing materials. This acknowledges an interesting cataloguing on
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the subject of energy and comfort and our approach to achiev-
ing both. In summary, it is realized that there are perhaps three
distinctive categories;

• One that looks at control algorithms through the application
of comfort models in relation to the operation of equipment.

• Another that suggests that building services themselves
could provide for reduced energy and improved comfort.

• and finally, one that states that the materials, insulation,
design, and construction quality of the building itself could
provide for better energy-saving and comfort.

Regardless of the category, there is an on-going dialogue on
the topic, indicating that energy-savings together with comfort
are in fact possible (Barbadilla-Martín et al. 2018; Strengers 2008;
Yun, Lee, and Steemers 2016). On the other hand, it is contin-
ually noticed that designers and consultants forget the models
of comfort altogether and resort back to the thermostat in the
room as the sole determinant of our comfort.

2. Researchmethod

The realization and inspirational backbone of this paper
emanated from the experimental measurement of several real
case studies. The Mobile Architecture and Built Environment
Laboratory (MABEL) investigated several building types at vari-
ous locations throughout Australia providing the data and anal-
ysis used in this paper (Luther 2013)

Measurements of comfort typically utilized two comfort carts
constructed according to the ASHRAE Standard 55 (ASHRAE
2017) see Figure 3. Each measurement consist of five-second
readings averaged into 15-minute intervals. This has been
explained in more significant details in Luther (2013).

The next important information in the understanding of
building performance is that of surface temperatures, provided
through thermal imaging. A NEC AVIO high-level thermal imag-
ing camera, as shown in Figure 4, was applied to the imaging
of several different houses during a performance measurement
investigation in Darwin, Australia. This camera had the capabil-
ity of producing photo imaging measurements every 15 min.
The results produced a logging of the surface temperatures of
the space while at the same moment measurements of comfort
parameters were recorded with the comfort cart.

A time-series example of combining both the Comfort Carts
with thermal imagingmeasurements is provided in Figure 5. The
data output of the two instruments is what we require for the
analysis of spatial comfort performance within the entire space.

2.1. Application of the ASHRAE 55 comfort tool

The thermal comfort conditions are calculated based on con-
tinuous measurement of environmental parameters for a spe-
cific zone on each house. The predicted mean vote is the cal-
culated average vote, which would be conceived in a survey
among a representative number of occupants under measured
conditions, it is the result of a calculation according to ISO
773. The next step is the unification of measurements with
that of simulation. This calibration process between measured
and simulated data is an important step when considering

Figure 3. Comfort carts as used in the measurements on a project.

Figure 4. NEC – Avio thermal imaging camera.

forthcoming simulation results that evaluate a variable sepa-
rately for improvements to comfort. Multiple simultaneous sur-
face temperature measurements taken without interrogating
the surfaces allows a comparison with air temperaturemeasure-
ments and heat transfer. It was questioned whether the result
of the mean radiant temperature (MRT) calculated by the mea-
surements taken at the comfort cart would match (or compare
to) those derived by the surface temperatures of the space,
obtained by thermal imaging. It was realized that the ASHRAE-
55 (2004, 2017) Comfort Tool (software) provided a dual analysis;
first, that of comfort evaluation, through PPD and PMV calcu-
lation (Figure 6), and second, the calculation of MRT (through
a sub-routine of the software) at a specific location (Figure 7),
provided that surface temperatures, their location, and their
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Figure 5. Time step thermal images of the blockhouse (Southeast) living room.

Figure 6. ASHRAE 55 comfort tool – main screen.

area were entered as variables. The output of thermal imaging
provides this latter part of information.

It is the objective of this paper to demonstrate that the prod-
uct of room surface temperatures, comfort measurements at a
specific location, and the ASHRAE-55 Comfort Tool simulation
provide for a simplified, yet accurate method in diagnosing the
thermal performance of a space. For Figure 5, the Comfort Cart
and its measurements, the mean radiant temperatures (MRT)
could be determined at the three specific heights of 0.1, 0.6, and
1.1m. Thesewere averaged into a single result, representing the
MRT of this location. This MRT result is, of course, in reference
to its surroundings, which are caused by surface temperatures,
hence, beingmeasuredby the thermal imaging camera. Once an

agreement between the calculated MRT of the comfort cart and
that of theMRT calculated by the ASHRAE-55 Comfort Tool (MRT
sub-routine) are reached, the Comfort Tool can be confidently
applied to retrofitting alterations of the space.

In this research, selected houses are measured consider-
ing their internal building conditions similar to these offices. A
report by Edge Environment (2008) corroborates that there is
limited understanding of passive building conditions in Darwin
Northern Territory region of Australia, due to reliance on air-
conditioning systems. As the research team had extensive data
of simultaneous comfort cart with thermal imaging measure-
ments, house in Darwin were applied. The energy authority in
Darwin (i.e. Client of the project) arranged for themeasurements
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Figure 7. MRT Sub-routine of the ASHRAE-55 comfort tool.

to be taken during the most severe or extreme weather condi-
tions (i.e. having the hottest and greatest humidity levels over
the year, the month of February). They arranged for an alter-
native suitable accommodation for the normal occupants of
the house in order to allow for the extreme intrusion of instru-
mentation to take place. Furthermore, it was decided that any
air-conditioning systems of which all houses had, were not to be
used, in order to understand the extreme thermal performance
of the buildings.

Also, noteworthy is that during the month of February,
occupants typically rely on mechanical conditioning systems
due to the severe climate conditions. Hence, we wanted to
explore the passive conditioning of these buildings, which
will expose the potential flaws of the building composition.
In particular, the Blockhouse is constructed of block (filled
concrete in hollow core concrete block for most of its sup-
porting wall structure). The external walls are insulated min-
imally, while the ceiling exposed to the roof merely consists
of 12mm gypsum board with halogen downlights and no
insulation.

We measure the thermal conditions of the Blockhouse Liv-
ing room based on the ISO7730 comfort model and present
the results in Figure 9. The thermal comfort conditions are cal-
culated based on continuous measurement of environmental
parameters for a specific zone on each house.

It should be noted that the calculation for PPD applied a
CLO value of 0.4 which may be slightly higher than what occu-
pants would be wearing for this summer period. These houses
all underwentmeasurement periods, over 2–3 days, when unoc-
cupied. Each instrument measured over a 15-minute interval.

The Blockhouse floor plan and section are illustrated in Figure 8,
alongside instrument locations of measurement.

We select a worst-case scenario, a single time-period, of the
Blockhouse at 9:15 am (Figure 10) for an investigation as to
how this problematic thermal condition could be improved. The
analysis took place in a systematic and staged format, start-
ing with the validated ASHRAE-55 Comfort Tool result, pre-
viously explained. This was a revelation in itself, to see how
changes made to the building fabric through surface condition-
ing, window shading, and design mechanisms could influence
thermal comfort. Table 1 presents this staged approach and
demonstrates the effectiveness of comfort improvement at each
interval.

The first change to the original condition was to reduce
the ceiling, floor, and wall temperatures through hydronic
conditioning (see A-1). While it would be desired to cool the sur-
face temperatures even further, this is not possible due to the
dewpoint temperature and high humidity encountered in Dar-
win, Australia. The next step, B-1, provides exterior shading to
the windows within this space, allowing them not to exceed the
external temperature of 32°C ambient at the selected time. This
alteration has indicated a substantial improvement to comfort
conditions within the space (Figure 9).

Finally, a ceiling fan set at a reasonable and tolerant air-
velocity of 0.25m/sec is added to Space (C-1), since the recorded
air-velocity was at 0.15m/sec at the comfort cart. The result is a
PPD of 23% which is a very conservative figure according to the
adaptivemodel of comfort, implying thatmost people in this cli-
mate would be very satisfied with this result. Considering also,
that this is the comfort improved at a worst-case period for this
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Figure 8. Floor plan and section of the Blockwork house with instrumentation.

Figure 9. Comfort conditions in the BlockHouse living room.
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Table 1. The blockhouse living room – original comfort case & improvements.

Case PPD DB(air) MRT Relative Humidity Glass Temperatures Air Velocity Ceiling Temp Floor Temp Wall Temp

I 58% 29.6°C 30.2°C 73.0% 43°C 33°C 0.15m/s 31.0°C 27.0°C 29.6°C
A-1 47% 29.6°C 28.9°C 73.0% 43°C 33°C 0.15m/s 26.0°C 26.0°C 26.0°C
B-1 29% 28.6°C 28.0°C 73.0% 32.0°C 32.0°C 0.15m/s 26.0°C 26.0°C 26.0°C
C-1 23% 28.6°C 28.0°C 73.0% 32.0°C 32.0°C 0.25m/s 26.0°C 26.0°C 26.0°C

= original measured case: ASHRAE 55 Comfort Tool Simulation calibrated to Comfort Cart measurements.

Figure 10. Thermal imaging and comfort cart location of the analysed Case – 9:15
am.

space, these solutions would bemore than acceptable. The next
example is for another house in Darwin, labelled as the Elevated
House (see Figure 11 for section and floor plan).

Our next case for analysis is taken from the elevated house
living room where again the solar penetration into the space

accounts for a significant part of spatial heating resulting in
discomfort. This house is constructed of a concrete block on
its lower level with no insulation in the walls. The upper level
is a corrugated metal cladding on a minimally insulated stud
wall. The ceiling consists of gypsum board and is minimally
insulated in this case. Sarking foil is applied under the metal
roofing. We measure the thermal conditions of the Elevated
House Living room based on the ISO7730 comfort model and
present the results in Figure 12. These figures chart the Pre-
dicted Percentage Dissatisfied (PPD) which will never be less
than 5% (PPD) due to human nature. Therefore, it is generally
considered that conditions within a 20% PPD are acceptable. It
should be noted that the Fanger comfort model is very conser-
vative and that levels of 25–30%PPDwould bewelcomed in this
climate.

Figure 13 illustrates several of the recorded thermal images
over the pre-heating andpost-cooling downof the space. Again,
it is of importance to note that the selected period of analysis
is the extreme period where the space exhibits the most con-
siderable period of discomfort (see 10:00 am slide). Meaning

Figure 11. Floor plan and section of the elevated house with instrumentation.
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Figure 12. Elevated House Living Room ISO 7730 thermal comfort conditions.

Figure 13. Time step thermal images of the elevated house – living room.

that all other time-periods would benefit significantly from the
suggested improvements to conditioning.

As before in the Blockhouse example, the process of cali-
brating both the mean radiant temperature results with those
of the comfort cart through the ASHRAE 55 Comfort Tool is
accomplished. We present the PPD (predicted percentage dis-
satisfied) results from a step-by-step process of interior condi-
tioning alterations towards comfort improvements in Table 2.

The first step (A-2) is to assume that the floor and ceiling are
cooled through hydronic conditioning to 24.0°C, which is above
the dewpoint in this case (Note: the construction methods for
hydronic cooling systems are presented later in this paper). The

result is a significant drop in Predicted Percentage Dissatisfied
by over 20%.

Next, we deal with the rogue intrusion of direct solar radia-
tion and its heating of the glass. While the ASHRAE 55 Comfort
Tool does not yet account for direct solar radiation in its simu-
lated calculation, at the moment, it is important to realize that
the new ASHRAE -55 Standard (2017) does. This is important to
acknowledgebecause thepenetration of direct solar is the cause
of surface temperature increase. Therefore, the blockage of this
gain would reduce surface temperatures and, consequently,
lessen the MRT of the surface. As it stands, we are calculating
PPD with this increased surface temperature, while at the same
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Table 2. The elevated house – original case & improvements.

Case PPD DB(air) MRT Relative Humidity Glass Temperature Air Velocity Ceiling Temp Floor Temp Wall Temp

II 94% 32.5°C 32.7°C 61% 40.0°C 0.2m/s 33.5°C 31.0°C 32.5°C
A-2 71% 32.5°C 28.4°C 61% 40.0°C 0.2m/s 24.0°C 24.0°C 32.5°C
B-2 68% 32.5°C 28.0°C 61% 32.0°C 0.2m/s 24.0°C 24.0°C 32.5°C
C-2 43% 30.5°C 28.0°C 61% 32.0°C 0.2m/s 24.0°C 24.0°C 32.5°C
D-2 35% 30.5°C 28.0°C 61% 32.0°C 0.3m/s 24.0°C 24.0°C 31.0°C

= original measured case: ASHRAE 55 Comfort Tool Simulation calibrated to Comfort Cart measurement. Note: all other cases are simulations – ONLY – calculated
through the ASHRAE 55 Comfort Tool.

time we are shading the glass surface, reducing only glass sur-
face temperature. This, of course, yields a conservative (higher)
result in discomfort, more likely than it would be. In order to
account for some of the effects of direct solar-gain blockage
and the reduced surface-temperatures, it is reasonable to pre-
dict that there would be a reduction in air-temperature to the
space primarily through convective heat-transfer to the cooler
surfaces in the room. We account for this in C-2 by dropping the
air-temperature by 2.0°C.

Finally, in D-2, we introduce some air-velocity to increase
ventilation to the spacebyup to0.3m/sec. This caneasily bepro-
vided through a ceiling fan. This hasmade about an 8% improve-
ment in comfort. Overall, the result is an improvement of PPD by
2.7 times achieved through reasonably low-energy inputs.While
the PPD remains relatively high at 35% we believe that this is
still a very conservative figure, meaning that the adaptivemodel
would be substantially lower in its PPD result. Furthermore, this
room experiences this extreme temperature for approximately
30–45 min, on a typical day. Other periods of the day are far less
severe than the one dealt with here.

Results indicate that the application of radiant systems in
a hot, humid climate is effective in improving comfort. In par-
ticular, the idea of cooling interior ceiling, floor and possibly
wall surfaces through hydronic systems is explored by others
(Tye-Gingras and Louis 2012). The introduction of lightweight
capillary hydronic mats (German and Japanese manufacturers)
integrated with gypsum drywall construction or tiled and even
wooden floors as a possible cooling solution is proposed. Sur-
face temperature levels that are between 24°C and 26°C and
well above dew point (2–3°C) indicate promising results for
improved comfort in these environments. Furthermore, radia-
tive conditioning, for leaky and poorly insulated houses, offers
an improved energy cost–benefitwhen compared to convective
air-conditioning systems.

3. Discussion – principles of comfort: evaluating the
parameters

The following takes into consideration the specific parameters
of the ISO 7730 (Fanger – ‘static’) comfort model. It examines
the potential of each and considers how designers might use
these to improve the specification ofmaterials, systems, and ser-
vices to control their buildings better. In other words, the ‘static’
model offers parameters that can be addressed in the mechan-
ical system fit-out, architectural design, or the control of the air
through its temperature, humidity, and velocity. In fact, the static
model together with the Comfort Tool by ASHRAE-55 or the CBE
could imply a deep understanding of a multitude of decisions
influencing the comfort in a building

3.1. Radiative vs convective conditioning: understanding
MRT

One of the curious realizations presently, in our buildings, is that
we may be conditioning them incorrectly altogether. The prin-
ciples by which air-convection conditions a space is secondary
to that of radiation where surfaces in a space may be sepa-
rately conditioned andoffer a significant temperature difference
(5–15°C) from that of the air-temperatures in a room (Moe 2010).
The fact is that radiative surfaces offer the conditioning princi-
ples inclusive of convection. Unfortunately, this principle is not
reciprocal or as effective for convection, where air temperature
would condition a surface to obtain a significant change in its
radiative effect.

Ultimately, a conditioned building through room surface
radiation can provide a substantial opportunity for energy
reduction. A lower �T between interior and exterior air-
temperature canbemaintainedwhen surfaces are radiative con-
ditioned, through the provision of a higher MRT, thus, yielding
a lower energy loss across the building envelope. An outcome
of this was explained earlier (in this paper) with the set-point of
thermostatic control changes (Hoyt et al. 2009).

Figure 14 charts two of the most competing parameters of
thermal comfort: air-temperature and mean radiant tempera-
ture. When observing the circle or the triangle location points
of a given temperature condition on the chart, it is clear that
an acceptable comfort level is not achieved, according to PPD
(percent predicted dissatisfied) boundaries. Take the location of
the circle, at point A, for instance, if we move only in the vertical
direction, that of air temperature (only) we find that we require
a 3.5°C. As previously identified in the research of Hoyt et al.
(2009), this could imply a 30–45% increase in energy costs. On
the other hand, it is advised that we might move in the hori-
zontal direction – only (point B) – which would imply an MRT of
23.5°C or an increase in MRT of about 4.5°C. The investigation of
operational cost to increase surface temperatures to provide this
MRT requires further investigation. Preliminary work indicates
that 30°C–35°C surface temperatures in the floor and/or ceiling
could easily provide for this MRT result. This implies that heated
water of 34°C–38°C would be required which is believed to be
approximately 8–10°C less than that typically supplied to con-
vective heating coils for ducted air-conditioning. Therefore, the
preliminary indication is that radiative systems could operate at
conditioning requirements far below the energy requirements
for ducted systems.

Another alternative is to acknowledge the positioning of
changes to both air temperature andmean radiant temperature
– point C, in Figure 14. This is perhaps the most logical and the
shortest path towards accomplishing the desired result. Most
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Figure 14. Air temperature vs mean radiant temperature in relation to PPD.

Figure 15. Exposed capillary hydronic matts for radiative conditioning.

likely, there will be some increase in energy consumption due
to a rise in dry-bulb temperature, but it might be considered
justifiable.

With the advent of new, cost-effective capillary radiant sys-
tems, it is now highly possible to implement radiant condition-
ing into building surfaces (see Figure 15). These can be applied
for heating as well as cooling in allowing for an effective mean
radiant temperature change within an entire surface to take
place.

Each of the thermal improvements were assessed based on
respective building performance measures. Percentage analy-
sis was conducted based on the impacts of the improvement
in thermal comfort changes based on the base rate thermal sit-
uation. For the Blockhouse Living room investigated, the PPD
reduced by 31.5% when hydronic conditioning (a change to
MRT) was incorporated, while there was a 39% reduction in PPD
of the Elevated House. Table 3 provides overall an summary of
each thermal improvements and its percentage impact on the
total improvement in thermal comfort achieved.

Table 3. Summary of thermal improvements in houses measured.

Thermal Comfort
Changes

Blockhouse
Living Room

Elevated
House

1 PPD overall improvement 35.0% 59.0%
2 Mean radiant temperature 31.5% 39.0%
3 Glass shading 51.4% 5.0%
4 Increase in air velocity 17.1% 13.6%
5 Air temperature drop Not Applied 42.4%

3.2. Glazing and shading

Another significant contribution to changing and controlling
the mean radiant temperature is through glazing selection and
shading devices. No doubt one of our biggest problems in com-
mercial office buildings is the expansive area of glazing on the
façade and the temperature of the glass as well as its solar trans-
mittance. The manner in which this is dealt with can have a
tremendous effect on thermal comfort (Anderson and Luther
2012). For the two case studies examined, the glass shading sys-
tems proved effective as it accounted for 51.4% reduction in
PPD for the Block House, and 5% reduction in PPD for the Ele-
vated House. Cho, Yoo, and Kim (2014) also corroborated that
appropriate use of shading can enhance thermal comfort and
minimize energy consumption. Although, dynamic shading sys-
tems in facades has been suggested for substantiating indoor
thermal comfort, they tend to be relatively costly and still remain
a subject of research (Moloney et al. 2019).

3.3. Air velocity

While it has been stated that air movement suppresses the
effects of radiation (Malcolm and Moir 1966), it is highly impor-
tant to consider a control range of this parameter at the
appropriate time in spatial conditioning. Slight air movement
increases and or decreases can have a significant effect on
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thermal comfort. It may also be appropriate to consider that
the convective energy transfer across surfacesmay be enhanced
through air-velocity (Moe 2010).

The more recent personal comfort model at workplaces is
inclusive of desktop air velocity control. They take an individ-
ual person as the unit of analysis rather than populations or
groups of people. Also, they use direct feedback from individ-
uals (i.e. thermal sensation, preference, acceptability, pleasure)
and additional relevant data to train a model. The benefits of
personal comfort models include improved predictive power
with 20–40% accuracy gains compared to conventional comfort
models by employingmachine learning algorithms; and diversi-
ties in types of data and occupant feedback obtained from var-
ious sensors and connected devices (Kim, Schiavon, and Brager
2018).

For the two case studies examined, the ceiling fan provided
additional ventilation towards enhancing air-velocity by 0.1m/s.
This translated into an improvement in thermal conditions of
the Blockhouse Living room by 17.1%, and an improvement in
thermal comfort conditions in the Elevated House by 13.6%.

3.4. Clothing values

One of the most enormous ‘adaptive’ changes to the ‘static’
model of comfort – ISO 7730 is that of occupant clothing. Stud-
ies conducted in several office buildings throughout Australia
indicated that on no particular day and/or external conditions,
clothing among occupants could vary ±0.2 CLO (Luther and
Horan 2011). Clothing alone is a very significant influence upon
comfort, and this parameter alone could account for 50% or
more of an occupants comfort under periods where an interior
environment is in the 20–40% Predicted Percentage Dissatis-
fied (PPD) range (Luther and Horan 2015). It has, however, been
admitted that more accurate clothing properties could provide
more data for thermal sensations (Park and Nagy 2018). Track-
ing occupant’s clothing via an infrared camera to obtain such
thermal sensation data could be expensive butmore pertinently
couldbeperceived as invadingone’s privacy (Kim, Schiavon, and
Brager 2018). More recent research has also advocated electri-
cally heated clothing as an alternative to improve thermal com-
fort (Li et al. 2018). It is, however, essential for measurements on
thermal comfort indices to drive a systematic approach towards
spatial comfort improvement.

In summary, we noted that the greatest potential for ther-
mal improvements was found in the glass shadings. Although
therewere discrepancies in the thermal improvements achieved
from glass shadings (i.e. 51.5% in the Blockhouse; and 5% in
the Elevated house), this was attributable to the large glass area
in the Blockhouse relative to that of the Elevated house. An
increase in air-velocity was also in the order of 10–20% for both
houses. An air temperature drop in the Elevated house of 2°C
produced a 42% PPD improvement, based upon surface con-
vection from the low MRT. The MRT changes through hydronic
conditioning were presented as the most consistent parame-
ter for improvement ranging between 30 and 40% PPD change.
Table 3 provides an overview of the thermal improvements in
both houses examined. The overall improvement based on PPD
was 35% in the Blockhouse and 59% in the Elevated House. The
individual ‘thermal comfort changes’ represent a percentage of

the total change that occurred in each house. For example, glass
shading in the Blockhouse attributed 51% of the overall PPD
improvement of 35%.

4. Conclusion

This paper explored the on-going research of others on ther-
mal comfort and energy consumption. In our review, it is dis-
covered that there is evidence of both ‘static’ and ‘adaptive’
models improving the interior environments as well as improv-
ing energy performance. Specifically, Improvement in overall
thermal conditions of up to 35% and 59% were realized with
the most reliable potential for thermal improvements found
in surface temperature (mean radiant temperature), condition-
ing changes indicating between 32 and 38% overall comfort
improvement in the building. Furthermore, our own measure-
ments identify a real case where air temperature at various loca-
tions appears to indicate thermal satisfaction; however, when
analysed according to a comfort model calculation this is clearly
not the case.

The authors argue that static models allow for variables that
can be enacted through tools such as the ASHRAE-55 Comfort
Tool and the CBE Comfort Tool. In addition to the review, there
appear to be three distinctive categories for future investiga-
tion of improving comfort with a reduction in energy. These
are:

• ‘Comfort-Stats’: a control of mechanical system operation
through that of comfort models – either an ‘adaptive model’
or a ‘static’ (PMV/PPD – ISO 7730) model.

• An adaptation in conditioning and energy generating ser-
vice systems, i.e. radiant conditioning, Co- and Tri-generation
services, etc.

• Improved building design, materials and construction prac-
tices that allow and provide for adaptation and change to
conditioning.

In closing, themain point of this paper is to acknowledge that
spaces can be measured for their comfort performance, anal-
ysed, and that notable changes or problems can be enacted
upon and improved. Identifying that thermal comfort sensors
and thermal imaging instrumentation can be combined in the
manner of spatial comfort evaluation and improvement as pre-
sented in this paper is not only unique but also valuable in the
advancement of future building performance measurements
andanalysis. The results of these two instrumentshavebeen suc-
cessfully brought together in conjunction with the ASHRAE-55
Comfort Tool in this paper. The comfort tool together with mea-
surement provides for a numerical objective result and allows
further evaluation (i.e. changing conditioning systems and com-
fort variables) that can produce an improvement in comfort.

This paper dealt with improvement in comfort conditions
based on the assessment of the extreme daytime periods in
both houses. It is, however, expected that the improvements in
thermal conditionswill translate into substantial energy-savings,
although thiswill be a subject of future research.Webelieve that
an understanding of the variables and the degree to which they
produce comfort changes is important in the design of build-
ings. Themorewe can realize whatmakes buildings perform the
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way they do, the more prepared we will be to make the neces-
sary adjustments for climate-change adaptation in our building
construction of the future.
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