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Abstract: The architects, construction and consulting companies promised to deliver an environmentally 
sound library renovation for a secondary school in Melbourne. Specifically, the open spaces were to be 
conditioned uniformly with minimal background noise. The installation of a newly designed packaged 
unit, consisting of variable speed drive fans, two differently sized compressors and a special pressurized 
balance control system aimed to deliver a uniform temperature distribution throughout the space. 
Construction measures of air leakage sealing, double glazed windows and additional insulation reduced 
the equipment load substantially. Yet, the evidence of measurement shows that this system could have 
been half the size. The measurements also show that the uniformity of the air temperature and its IEQ 
in a relatively new fit-out is achieved. This study serves as an example of post-measurement, the 
parameters that were assessed, a review of what was promised, and what might be learned in the 
renovation of other projects. 
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1. Introduction: early days in performance measurement 
Questions about which protocols and what standards should be used to assess IEQ performance in a 
project frequently arise. While standards should provide guidance, they are often relate to formal 
laboratory situations and are otherwise over-prescriptive for field measurements, stating what and how 
to measure without accounting for what is involved in getting a valid result in-situ. This report describes 
several measurement processes thought to be useful to characterize the performance of an HVAC 
system in a refitted library space. 

With regard to past efforts of composing standards for IEQ, building performance (CEN prEN15251 
2005, ASTM Standards 2009A, 2009B), and Performance Measurement Protocols for Commercial 
Buildings, (ASHRAE 2010), the objective of this particular study is to achieve similar real in-situ space 
measurements.  Critics should view the presented work here as a scoping study of what could comprise 
actual IEQ measurements. With respect to history, in order to establish processes and methods of 
measurement according to ‘standards’, realistically, in situ performance measurement is in its infancy. It 
would be more logical to allow, at the moment, ‘almost anything goes’ if it can be justified and 
accompanied by a rational explanation of its processes and can demonstrate effective, new and 
innovative methods, which yield a meaningful result.  At present, we have parameters such as lighting, 
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temperature, air quality, etc. of measurement with either very exact or very relaxed (almost undefined) 
protocols of measurement.    

For example, in the ASHRAE Performance Measurement Protocol (2010) there is no specification of 
where lighting levels should or need to be made.  Kim and Haberl (2012), in testing this protocol, have a 
sensor (lux meter) mounted onto their cart. It could be questioned as to how this method of 
measurement complies with a lighting standard and whether a meaningful result is obtained.  In another 
example, in the standard for thermal comfort, ASHRAE (2013A) specifies measurements to be taken at 
three distinctive vertical height levels (0.1, 0.6 and 1.1 meters).  Does this mean that other devices, such 
as desktop IEQ meters (Parkinson and de Dear, 2015) that also calculate thermal comfort are invalid?  
Furthermore, new instrumentation has leap-frogged old methods of collecting data both in size and 
wireless communication, making ubiquitous and unobtrusive sensors feasible. 

Protocols are established with little regard to trial outcomes. There seems to be a notion that our 
measurement processes and methods have been resolved and that a perfect system is in already place.  
Since the release of the ASHRAE Performance Measurement Protocols in 2010 there has been only one 
documented university trial of the intermediate and advanced protocol system (Kim & Haberl, 2012). 
Other authors have already performed a literature review on IEQ assessment models (Heinzerling et al., 
2013), as if the term IEQ itself had existed for decades in the literature. The argument here, again, is that 
an experimental science takes time to grow and to develop, and to rush in to set boundaries and strict 
regulations in the early days of its development as to what constitutes legitimate measurement of real 
environments is ludicrous, if not limiting and damaging. 

We discuss a project which involves the retrofitting and upgrading of a library space in a secondary 
school near Melbourne, Victoria (Figure 1). The space had some external alterations and extensions in 
the process. These included replacing the existing single glazed façade, primarily east and south facing, 
with a double insulated Low-E glazing system. Throughout the process, the interior detailing provided 
for an air barrier, sealing the external wall. This has been attended to meticulously by mounting with 
caulking rigid insulated sheets, sealing against air leakage between the exterior and interior envelope. 

The following study centres on the performance assessment of a novel HVAC conditioning system 
which is claimed to provide better performance than other conventional air convection distribution 
systems on the market. It is claimed to use less energy, providing balanced comfort throughout the 
space it conditions. It also allows for the downsizing of the system (peak load) due to efficient 
distribution. 

Furthermore, the design of the HVAC mechanical system is rather novel. It uses a common packaged 
unit technology which is known to be a rather energy consuming system. The innovation utilizes a 
package unit system and improves its design through the inclusion of variable speed drive fans, two 
compressor sizes (allowing for 3 variable load settings) and a specialized ‘Balance Control’ system that 
provides for a very non-conventional conditioning outcome. 

The ‘Balance Control’ system turns the typical packaged unit into an energy efficient regulating 
device. It operates by providing supply air at a low velocity to the space by measuring air pressure in the 
ductwork, the space itself and outside the building envelope so that a constant positive interior pressure 
is maintained in the room. The difference in control from that of a typical system is that of a hybrid 
demand control system where the CO2 levels, humidity and air temperature are kept ‘balanced’ within 
the space according to their set-points. Fresh air is only supplied when required according to 
measurement and return air is also minimized, again according to set-points. If the outdoor conditions 
are acceptable, an economizer cycle becomes the operational mode. When the loads are minimal, only 
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one of the compressors is in operation, reducing the volume of activated refrigerant. The two different 
sizes of the compressors allow for variable loading. That is a 5kW and a 12kW compressor yields; 5, 12 
or 17 kW to be used for control. These advances all contribute to a packaged unit saving between 50-
70% of energy. The next step involves the testing methodology applied to verify its promised unique 
operational features. 

 

 

2. Establishing the measurement 
Measurement of the library and classroom spaces was conducted to obtain information on air quality 
and comfort. Testing is performed to justify the additional expense of advanced conditioning systems 
(i.e. energy recovery systems, air leakage sealing, double glazing retrofitting as well as the uniquely 
controlled HVAC system).  An on-site weather station was positioned on one of the top outdoor floors of 
the building. It provides a reference for internal results of comfort, temperature and energy use. When 
and wherever useful, this data is integrated with measured and calculated interior results of 
performance. These are often applied in conjunction with internal results, to demonstrate differences, 
or to illustrate the circumstance under which comfort was (or was not) achieved. 

Figure 1: Library Floor Plan with instrumentation locations 

 



500 M.B.Luther and P.Horan 

2.1 Thermal comfort & Air Temperature Stratification 

The Predicted Percentage of occupants Dissatisfied (PPD) under the measured conditions, is calculated 
according to ISO 7730 (1994). The calculation integrates environmental conditions (air temperature, 
mean radiant temperature, humidity, air velocity, and an assumed parameter for the occupants’ 
clothing (CLO) and activity (MET). In the space, our method uses two comfort carts constructed 
according to the ASHRAE Standard-55 (ASHRAE, 2013A), which measuring air temperature, globe 
temperature, and air velocity at 0.1m, 0.6m, 1.1m and 1.7m heights. Air humidity is also measured at 
0.6m. One cart is programmed to measure continuously at 15 minute averaged intervals while the 
second cart is set in a ‘survey’ mode to be located for 10 minute sampling times at designated locations 
(see floor plan in Figure 1). 

It is generally considered that conditions less than 20% PPD are acceptable. Here, the calculation for 
PPD considers a range of CLO values where a summer value of 0.65 CLO, average value of 0.85 CLO and 
winter value of 1.05 CLO provide the ‘Comfort Band’. Recent studies from Queensland, New South 
Wales and Victoria indicate that a range of +/- 0.2 CLO among occupants in office buildings at various 
seasons of the year was encountered at any given time (Luther & Horan, 2015). This justifies the 
application of the ‘Comfort Band’ when making an evaluation since occupants dress according to their 
preferences. Even though secondary students have a set uniform, there are allowances and variations in 
clothing type permitted according to season. 

The purpose of an on-going comfort measurement is to consider the behaviour of the space in 
accordance with the charting of comfort variation. Both the conditioned as well as the non-conditioned 
periods are observed. This type of charted measurement involves the calculation of the comfort bands 
discussed above. Also, the two different comfort cart measurements provide for potential cross-
comparison differences throughout the space at various times. The comfort results observed would be 
one of several evaluation parameters to assess the effective operation of the new HVAC system. 

Another outcome promised by the newly installed HVAC system and its control is that a thoroughly 
mixed space would occur. The measurement of air temperature stratification, air temperature 
measurements taken vertically in the space, allows this metric to be analysed. In this project there is 
only one vertical strand of thermocouples providing measurements starting from the floor to the ceiling 
at 1.0 meter intervals. The measurements are averaged over 15 minute intervals over several days.  This 
metric is observed under both conditioned as well as non-conditioned periods. 

2.2 Ventilation, air change rates and uniform distribution 

A quantitative assessment of ventilation effectiveness in the Library using tracer gas measurements is 
another of the major performance metrics of the HVAC system. The ANSI/ASHRAE Standard 129 
(ASHRAE 1997) is utilized here as a guide to measure air exchange rate as well as uniform air balance 
within the tested space. While this standard is more about the method of testing, the requirement of 
air-change effectiveness to design ventilation rates is detailed more in the ANSI/ASHRAE Standard 62.1-
2013 (ASHRAE 2013B), Ventilation for Acceptable Indoor Air Quality. 

There are two distinctive tests that emerge from the ASHRAE Standard 129 (1997) in the application 
of the tracer gas using Brüel & Kjær (now LumaSence Technologies) instrumentation. This equipment 
comprises of a doser and a sampler module. There are three sampler locations within the space 
identified in Figure 1. 
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The first test relates to the measured air change rate that is obtained from the constant 
concentration method as described in the ASHRAE 129 (1997) standard and B&K (LumaSence) 
catalogue. This method applies a pre-set concentration level of the tracer gas (in this case R134a), which 
is set to 3 ppm. The instrument program regulates the gas concentration level and calculates the air-
change rate, which would have occurred over the interval (approximately every 10-15 minutes) given 
the dosage rate required to maintain the set-point (3.0 ppm concentration). Measurements are 
difficult to undertake in transient spaces and require longer periods of steady occupancy or 
absence. Yet, further in situ studies, using proper state-of-the-art (tracer gas) equipment are highly 
recommended. 

The second test is in regards to what might be expected or required to do a proper tracer gas test in 
principle. This ‘test’ involves the observation of the three sampling points located throughout the space. 
It observes the fact whether the readings of ppm concentration are equal or uniform. This uniformity is 
representative of an equal and balanced air distribution ideally throughout the space, considering the 
variable location of the three sampling points. 

The on-going concern for a building’s conditioning control is strongly related to its building envelope 
air leakage. Testing procedures to measure air permeability are derived from ATTMA (2010) based on BS 
18329 (2001). The ASTM E779-10 U.S. Standard (ASTM 2004), also describes the method of air leakage 
testing through blower door fans. These methods were used to test this space before refitting, during its 
sealing and finally, after completion. The construction sealing process and its intermediate testing stages 
are a report on their own. An outstanding result has occurred here in relation to international 
benchmarks on building envelope permeability. 

2.3 IEQ parameters & Energy Performance 

The issue of indoor air quality is one of the most discussed parameters today. There is a diverse range of 
instrumentation and even standards that suggest which parameters are required to establish the ‘IEQ’ 
of a space or building. This project utilized the Grey Wolf IEQ kit, which includes formaldehyde, ozone, 
TVOCs, CO and CO2 measurements. This was placed at two different locations over the total 
measurement period of the space, providing for an ongoing measurement during occupied and 
unoccupied periods. Considering that the space is relatively new, toxins from a possible off-gassing of 
the building materials is a possibility which would likely occur regardless of occupancy or not. 

While the energy performance parameter is often viewed as the most important one in any project, 
it probably is the least analysed in this report. The metering period of the new operation in regards to 
the energy use before the retrofit isn’t yet sufficient enough to make a final judgment. Yet, there is a 
convincing argument in some measured parameters that indicate a successful HVAC installation from an 
energy standpoint. The old existing sizing of the equipment was reduced from a 90 kW unit to a 60 kW 
unit.  Initially, a 45kW system was proposed for the new retrofit, but the larger system was installed. 

3. Results of the various measurements 
The following is a presentation of several measured results provided in a graphical format. These graphs 
are believed to best represent the data at present. It is in fact one of the most challenging aspects of 
performance measurement, to deliver a graphical result that best explains the behaviour of the metric. 
Note not all the charts can be presented in this paper. 
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3.1 Thermal comfort 

The graph shown in Figure 2 is for the result of the comfort survey mode undertaken with the comfort 
carts in the various locations indicated throughout the library (see Figure 1). This chart indicates six 
particular periods of measurement across two days at five locations within the space. The graph charts 
individual Predicted Percentage Dissatisfied (PPD) results for each of the locations. A result of 10% PPD 
is considered an outstanding accomplishment. For the most part results shown are 13% PPD or below 
for the periods measured which is significantly below the generally accepted 20% PPD used in practice. 
These performance results are an indication of near optimal conditioning represented across a wide 
spatial area of the library. 

 

 

Figure 2: Survey Comfort Mode Results 

3.2 Ventilation, air change rates and uniform distribution  

The idea here is to understand what is reasonable for an air change rate for the volume of the space 
considered. Perhaps this metric cannot be evaluated in isolation from several others that might explain 
a higher or lower ACH rate. In other words, if the air temperature, humidity or CO2 levels within the 
space are unsatisfactory a greater ACH may be justified. Figure 3 shows the ACH of all three sampling 
points during an operational period of the HVAC as well as the concentration levels (ppm) of the tracer 
gas at all three sampling points. 

The results of the air change rates indicate a similar sinusoidal result with extremes between 0.75 – 
1.0 ACH. Note that the negative readings should be considered as an ‘absolute value’ reading under the 
constant concentration mode of operation. This is because the space oscillates with the dosage of tracer 
gas aiming to achieve uniformity during and after the leakage occurs. Two of the three points show a 
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similar reading while the third point (located quite separate from the other two) is indicating a slightly 
higher ACH rate. 

The concentration level of the tracer gas was set for 3 ppm on the instrument. Readings range from 
2.75 – 3.5 ppm on the scale shown and indicate from all three sampling points that the concentration 
level is practically the same at any given time in the space. This is quite remarkable given the separation 
of sampling points and indicates a balance or mixing uniformity of the air. This metric is perhaps one of 
the most significant in the justification of a uniform mixing of air, yet, other forthcoming results may 
also support this finding. 

 

 

Figure 3: Air Change Rates per Hour and Concentration Levels (ppm) 

3.3 Air temperature stratification & IEQ parameters 

The next metric to identify with the aspect of uniform and balanced air temperature mixing is that of a 
measurement in air temperature stratification, vertically, within the space. Figure 4 presents this result 
during operational and non-operation HVAC periods. It is clearly seen here that an operational period 
(between 6:30-16:30) reduces air temperature stratification to a minimum (within 0.5 °C) over a 5.0m 
high ceiling. The increase of stratification is clear during a non-conditioned period. 

Figure 1 identifies the two locations where the IEQ instrumentation was located for continuous 
sampling in ongoing 5 minute intervals across several days of monitoring in the library. The bar charts in 
Figure 5 shows the various quantities of toxins measured. Given that this is a newly fitted-out space with 
new furnishings the results are quite remarkable. Levels of formaldehyde below 100 ppb are rather 
harmless and the TVOC readings are similar. Furthermore, one of the control inputs to the HVAC system 
is CO2 levels, which are to be maintained under 650ppm. The average is maintained at 525 ppm which is 
a very acceptable figure considering background (ambient levels) are at 400 ppm at the moment. 
Together, all of these IEQ parameters indicate that a high quality controlled space has been achieved. 
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3.4 Air leakage & Energy 

Probably the most important feat achieved in this project was attention to the detail of building 
envelope air leakage sealing. The meticulous work in sealing the building achieves near best 
international standards and is no doubt the reason for the outstanding performance (see Table 1). In 
conjunction with this is also the process by which double glazing has been retrofitted onto the existing 
single glass with attention to mullion detailing and sealing. This has indeed provided for a building free 
of unwanted infiltration/exfiltration allowing it to be effectively controlled from the HVAC system itself. 

Table 1: Air Leakage Results of Before and After Renovation 

 

 

 

Test Period Test Evaluation Tested Value Building 
Envelope - M2 

Building  
Volume - M3 

Nicholson Library 
Before Treatment 

Permeability@ 50Pa (m3/hr/m2) 18.22 2089 m2 2946 m3 
Flow @ 50Pa (m3/hr) 27.45 

Nicholson Library 
After Construction 

Permeability@ 50Pa (m3/hr/m2) 6.49 Slightly more 
than above 

Slightly more 
than above Flow @ 50Pa (m3/hr) 5.03 

Figure 4: Air Temperature Stratification for Operational and non-Operational Periods 
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The supplier of the advanced packaged unit system design provided their BMS (building 
management system) data for the period of September 2015 thru March 2016 on the activation (use) of 
the compressors provided in this system. The system comprises of two compressors at 35kW each with 
one being a variable (refrigerant volume) compressor. This accounts for a very economically operated 
unit where only the required volume of refrigerant is used at any given time. It was acknowledged that 
the second compressor was never used during the entire hot weather (Summer) period. The packaged 
unit total capacity is 70 kW, yet only 35kW were ever used. This implies that  a 35kW compressor was 
actually accommodating the summer months of conditioning and is more than adequate for the load 
encountered.  

4. Summary and conclusion 
This paper and its associated project provides building performance measurement metrics and methods 
in order to evaluate and justify the performance of IEQ, Comfort and HVAC control of a building space. 
While a myriad of standards and protocols already exist, there is a confusion about what they actually 
provide in terms of ‘judging’ a space. Standards often set guidelines and limits. What is more important 
is an understanding of the mechanisms that lead to improved IEQ and performance and to understand 
the building more than ‘just the result of the air in the space’. 

Further to this thinking, no one single measurement metric is capable representing conclusive 
successful or unsuccessful performance. In fact several metrics of measurement come together in the 
process of understanding the real performance explaining why fewer air changes are required, better 
thermal comfort distribution, or lower CO2 concentration is achieved. 

Figure 5: IEQ Parameters (ppb) and CO2 (ppm) 
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It was calculated and advised that a 45kW system would suffice for the thermal load operation of 
this building. The results indicate that over a 60% improvement from the originally installed (pre-
retrofitting 90kW installation) was achieved for this project and that in principle the building is actually 
operating on a 35kW compressor.  Furthermore, the system is very quiet, although no measurement 
was taken on this project, similar system installations have been measured on other projects. Generally 
the reduction is about 8-10dBA, indicating an apparent (‘feels like’) doubling in sound reduction. 
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