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Abstract Reef HQ Aquarium is a major tourism attraction in tropical North Queensland, Australia. In 8 years,
a 50% reduction in grid electricity was achieved through
targeted infrastructure investment, whilst growing the
business. Initially, grid energy consumption was
2438 MWh per annum, with 490-kW peak demand
and energy intensity of 1625 MJ m−2 year−1 used on
typical equipment such as HVAC (heating, ventilation
and air conditioning), machinery, lighting and catering
equipment. Savings of 13% were achieved in the first
year by increasing indoor air temperature set-points by
1.5 °C with no significant costs or impacts on occupant
thermal comfort or worker productivity. Peak demand
was decreased by 46% by upgrading the computerised
building management system (BMS), HVAC, machinery and lighting; and by installing a 206-kW photovoltaic (PV) solar power system. This case study illustrates
that (a) significant energy use reductions are possible at
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low cost; (b) capital investment in energy-efficient infrastructure can have short payback times and high direct and
indirect benefits, particularly where equipment is ending
its life. This study is unique as it examines how a commercial building with integrated chilled water thermal
energy storage (TES) and a 3.2-ML chilled seawater
aquarium system can be controlled by a BMS to optimise
solar power to manage peak energy demand and also
increase the utilisation of generated PV power in the
absence of electrical battery storage. An interesting building is used to demonstrate efficiency methods with elements such as HVAC and lighting which usually consume
over half commercial buildings’ energy use.
Keywords Building retrofit . Energy efficiency .
Thermal comfort . HVAC with chilled water TES . Solar
PV

Introduction
In developed countries, the buildings sector (residential,
commercial, and public) uses between 20 and 40% of
final energy consumption (Perez-Lombard et al. 2008).
In Australia, the buildings sector represents approximately 23% of Australia’s total greenhouse gas emissions (Australian Sustainable Built Environment
Council 2008). There is evidence that energy efficiency
can have a positive effect on economic growth (Vivid
Economics 2013) and reductions in commercial buildings energy use represent an opportunity to reduce global greenhouse gas emissions (Pitt and Sherry 2014;
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Levine et al. 2007). As most energy is consumed in
existing buildings within the buildings sector, rapid
enhancement of energy efficiency in existing buildings
is considered essential for a timely reduction in global
energy use (Ma et al. 2012). Total energy consumption
within the Australian economy has been falling since
2011–2012 despite a growth in the economy, in part due
to increases in energy efficiency (Department of
Industry and Science 2015). However, more is achievable by focusing on existing infrastructure (Australian
Sustainable Built Environment Council 2008; Biswas
2014). This work aims to bridge the gap between the
demonstration of new energy efficiency models in scientific settings, and energy efficiency retrofit measures
applied by an owner/manager in a real-world setting
which takes into account the practicalities of an ageing
commercial building and resourcing for retrofit actions.
This study examines an 8-year refurbishment of the
Reef HQ Aquarium (‘the Aquarium’) which was built in
1987 and is the world’s largest living coral reef aquarium.
As the Australian Government’s National Education Centre for the Great Barrier Reef, it is a major tourism
attraction of tropical North Queensland, attracting over
140,000 visitors annually. The Aquarium is federally
owned and funded and achieves greater than 80% operational cost recovery through ticket sales (and educational
revenue). A suite of energy saving measures was instigated and implemented with the aim of reducing grid
energy use by 50%, from low-cost operational measures
to major capital investment. Such a target has been shown
to be theoretically possible (Ardente et al. 2011), but few
case studies relate to older commercial facilities significantly reducing their energy use whilst remaining operational. Despite its specificity, the Aquarium has all major
energy use categories of most buildings such as HVAC
(heating ventilation and air conditioning), machinery,
lighting, catering equipment, electronic equipment and
domestic hot water. Worldwide, buildings’ energy consumption can be up to 70% for HVAC systems and
artificial lighting (Colmenar-Santos et al. 2013). The
Aquarium is similar to most buildings in that the largest
portion energy consumption can be attributed to HVAC.
This study adds to work of others by examining the effect
of changes to indoor temperature in a commercial building in a tropical location, on a broad range of subjects
such as tourists, students and workers. This work is
important as it has been noted by other authors that more
studies are needed to quantify the impact of thermal
comfort on productivity (Rupp et al. 2015).

Despite the excellent conditions for solar photovoltaic (PV) systems, in 2015, renewable energy generation accounted for only 15% of Australia’s total energy
generation, whilst the electricity supply sector
accounted for 27% of Australia’s energy consumption
(Department of Industry and Science 2015). An increase in renewable energy systems throughout
Australia is expected to reduce grid energy use, life
cycle costs for energy generation, transport and transmission (Stoppato 2008; Epstein et al. 2011; Garnaut
2011). In 2011, the Aquarium installed the second
largest (at that time) rooftop solar photovoltaic (PV)
system in north Queensland, where conditions are
geographically ideal. This study details the programming of a retrofitted building management system
(BMS) to not only control lighting, machinery, the
internal building environment and an HVAC system
with integrated chilled water thermal energy storage
(TES), but to also optimise the use of solar PV generation. Since HVAC energy demand in most buildings
represents a high proportion of power demand and
electrical battery storage for PV power remains expensive, this solution may represent a cost effect way to
minimise battery storage.
The objective of this study is to examine the
efficacy of the methods used for a comprehensive
energy efficiency retrofit undertaken over many years
by a commercial building owner/manager. Specifically, the study aims to answer the following questions:
(1) can energy efficiency in an older building be
achieved at low cost?; (2) were energy audits an
effective measure to facilitate energy efficiency at
the Aquarium?; (3) what was the impact of the
Aquarium’s retrofit actions on grid electricity consumption and what were the most effective measures?; (4) what was the impact of raising indoor
temperature set-points?; (5) can a BMS controlling
HVAC with integrated TES be used to optimise the
use of dynamic power generation from a large solar
PV system? This case study uses an interesting and
unusual existing building (a public aquarium) to
detail the technical steps taken for the energy efficiency measures undertaken, and it evaluates and
compares a variety of energy conservation methods
that were implemented, in a real-world setting. Many
of these measures (like HVAC, which uses at least
half the power in most commercial buildings) could
be applied to many commercial buildings, public
swimming facilities, and public aquariums.
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Related work
Although there is a significant body of work in the
scientific literature on the benefits of energy-efficient
retrofits, many case studies are outside the academic
literature. Thus, more practical case studies are needed
to demonstrate significant energy saving potential of
building retrofits undertaken by building owners and
managers to increase the level of confidence in potential
retrofit benefits (Ma et al. 2012; Ardente et al. 2011).
There are numerous theoretical studies focused on the
energy analysis of public buildings (Ardente et al. 2011;
Fiaschi et al. 2012; Steinfeld et al. 2011) and models to
predict energy savings for buildings (Aljami 2012;
Rysanek and Choudhary 2013; Woo and Menassa
2014) including those in tropical Australian climates
(Rahman et al. 2010). Few studies currently report on
other commercial and industrial buildings (Markis and
Paravantis 2007), and formal targets, guidelines, tools
and government regulation are still lacking for a large
bulk of building stock (Australian Government,
Department of Climate Change and Energy Efficiency
2012; New South Wales Office of Environment and
Heritage 2016; Saddler 2015).
Whilst there is a large body of work describing the
use of TES systems for demand-side management (see
review by Sun et al. 2013), only two recent studies detail
the impact of integrated control of PV and ice thermal
energy storage using energy modelling tools (Wang and
Dennis 2015; Sehar et al. 2016) and one described the
use of surplus wind energy and thermal storage (Xydis
and Mihet-Popa 2016). This study is unique as it examines an end-user-operated direct digital control (DDC)
BMS that controls HVAC with integrated chilled water
TES, and the chilling of a large 3.2-ML aquarium tank,
in order to optimise solar PV energy generation use in
the absence of electrical battery storage.
The International Performance Measurement and
Verification Protocol 2012 (IPMVP®) (Efficiency
Valuation Organisation 2012) is used in this study as
the principal method for measurement and verification.
Alternative methods are also available such as the
ASHRAE Guideline 14 (ASHRAE 2014) and ISO
17741:2016 General technical rules for measurement,
calculation and verification of energy savings of projects
(International Organization for Standardization (ISO)
2014). The AS/NZS 3598 Energy Audit series
(Standards Australia 2014) and ISO 50001:2011 Energy
Management Systems (International Organization for

Standardization 2011) provide guidance on audits and
energy management systems, respectively.

Methods
Building description
The Aquarium is located in the city of Townsville
(19.2577° S, 146.8238° E), which has a mean maximum
summer temperature of 31.3 °C with an average relative
humidity in summer of about 70% (Bureau of
Meteorology 2015). The entire usable building space
for the Aquarium, including service and outdoor storage
areas, is ca. 5400 m2. Of this space, 2345 m2 is air
conditioned and 775 m2 is covered by the two main
Aquarium tank systems shown in Fig. 1 (ca. 4 million
litres of chilled seawater in total). Most aquarium tanks
are maintained below 28 °C for optimum marine life
preservation and coral health.

Main energy use categories
Energy consumption at the Aquarium can be split into
five key categories:
HVAC: (refrigeration and no central heating; the
common HVAC acronym is used) cools public
and office spaces during opening hours and night
functions 365 days every year and cools 4 ML of
aquarium water as required and a 20-kL chilled
water TES.
Machinery: filtration pumps that operate continuously, compressors running sporadically (for wave
machine and SCUBA diving) and a reverse osmosis system operating seasonally.
Lighting: standard room lighting, special display
lighting and high-intensity lighting for corals and
plants.
Café: catering equipment such as refrigerators,
freezers, warmers, dish washer and chip fryers.
Other: passenger elevator, electronic and audiovisual equipment, computers, photocopiers, life
support system monitoring devices, workshop
tools, low flow pumps, small aquarium heaters
(small winter heating requirement), ozone generators, and other ancillary aquarium tank devices.
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Fig. 1 Reef HQ Aquarium, view
from above showing solar
photovoltaic system and two large
open-topped aquarium tanks

Energy use and costs data analysis
Year 0 (1 July 2005 to 30 June 2006 as per the Australian financial year) is set as the baseline year prior to the
refurbishment period and subsequent financial years are
numbered sequentially (year 1 to year 8 of refurbishment). All financial costs are in Australian dollars excluding GST (goods and services tax) as the Aquarium
is GST exempt. Cost of electricity is the actual amount
billed by the electricity provider (Ergon Energy). The
modelled scenarios (i.e. estimate if no efficiency action
was taken) are calculated using the energy provider’s
tariffs in each year.
The IPMVP® (Efficiency Valuation Organisation
2012) was used to analyse energy use and savings.
IPMVP® Option C, Whole Facility, was used to compare the overall energy use between years, using half
hour meter data provided by the grid energy provider.
Separate energy-using elements were analysed with a
combination IPMVP® Option A and B as described
in detail in the ‘Audits and retrofit process and energy
reduction target’ to ‘Integrated rooftop solar PV system’ sections. The proportional use of the five energy
use categories was compared before and after refurbishment by taking point-in-time current transformer
readings from electrical distribution boards in December of year 0 and year 8. Energy meters (Crompton Instruments Integra 1630) provided kilowatt hour
data on HVAC and cafe electrical loads. Where equipment was at the end of its life, only the additional cost

of the energy-efficient measure against the businessas-usual replacement was factored into the payback
times and overall savings (although total replacement
cost is also shown in the results). Payback forecasts
were calculated using electricity prices from the Australian Energy Market Operator (Frontier Economics
Pty. Ltd. 2015). Labour rates were calculated using
the average hourly rate of staff who would normally
undertake the work. All financial costs include 5%
discount rate; for future years, electricity and materials costs include a 5% escalation; and labour costs
include a 3% escalation. A marginal abatement cost
analysis was undertaken for five energy use categories and a sub-category ‘Operational’ (part of the
‘HVAC and HVAC related’ category) was also shown
separately to examine the impact of measures with
minimal cost. The conversion of kilowatt hour to
carbon dioxide equivalent (CO2-e) was calculated
using the Australian Government National Greenh ou s e A cc o un t F a c t o r s (D ep a r t m e n t of t h e
Environment, Commonwealth of Australia 2014).
The emissions factor for ‘scope 2’ (emissions from
directly burning fossil fuels) is 0.81 t CO2-e MWh−1
for the Queensland (Australia) end user. If the emissions factor for ‘scope 3’ is also included, the value is
0.94 t CO2-e MWh−1. This factor is an estimate of
indirect emissions from the extraction, production
and transport and power loss through the distribution
network. Both of these methods are applied in the
‘Life cycle savings and C02-e avoided’ section.
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Audits and retrofit process and energy reduction target
An internal energy audit was conducted in year 0 by the
Aquarium’s senior technical staff, with the aim of identifying areas of energy use inefficiencies. Six external
firms were engaged in years 2 to 4 to investigate opportunities and feasibility of energy conservation proposals.
The scope of each varied greatly. Using the combined
audit reports, a wide range of potential retrofit actions
were considered, cost-benefits were assessed, then the
list of retrofit actions were narrowed and prioritised
based on a balance of practical considerations such as
(a) predicted power use reductions, (b) ease of implementation, (c) cost, payback times and funding arrangements, (d) internal versus external expertise and labour
requirement, (e) other benefits aside from energy
minimisation and (f) impacts on the visitor experience
or disruptions to the animal life support systems. Assessment of possible energy use reduction following the
internal audit led a reduction target of 50% over 5 years
from year 1.
The main drivers for energy use reduction initiatives
at the Aquarium were a willingness to support the use of
new high-efficiency equipment that underpin environmentally sustainable business practices (Great Barrier
Reef Marine Park Authority 2007), economic pressure
(rising electrical prices) and concerns about the impacts
of climate change on the business and the Great Barrier
Reef. Conversely, prior to 2005, relatively low electricity
prices and limited availability of high-efficiency equipment fostered a culture of low capital investment and
minimal focus on life cycle costs of equipment. A Demand Management Pilot Programme offered by the local
electricity supplier Ergon Energy provided an additional
incentive and formalised the focus on reducing peak
power demand. This including a financial incentive for
every kilowatt of peak power demand reduced. The Reef
HQ Aquarium agreed to aim to reduce its 490-kW peak
power demand by 230 kW. Ergon Energy engaged a
consultant to measure the peak energy demand savings
for the demand management programme years, and took
into account historical weather data and adjusted for
changes in HVAC loads. The Ergon Energy meter data
was analysed by the consultant using the IPMVP® Option C, Whole Facility, Eq. 1B (Efficiency Valuation
Organisation (EVO) 2012). This analysis examined only
the peak demand only over a 6-month period (peak
demand summer period) from August 2012 to February
2013, against the baseline peak energy.

Audit benefits were measured by: (1) whether the
reports were of a quality that could be used for funding
proposals; (2) new and innovative content (i.e. not already proposed by Aquarium staff); (3) the volume of
recommendations taken up by the Aquarium with good
outcomes and (4) how the models in the reports compared to actual outcomes for measures taken up.
Indoor temperature changes and thermal comfort survey
In year 0, all AHUs were set to cool the Aquarium space
down to 23.0 °C throughout the year, at 60% relative
humidity and 0.12 to 0.26 m s−1 air flow 3 m away from
ducted air vents. Early in year 1, the indoor temperature
set-points were raised by 0.2 °C increments over
3 months until all air-handlers were set at 24.5 °C. Half
hour energy use was measured for the year before and
after the change and routine visitor surveys were collected and reviewed for the year preceding (670 surveys) and following (970 surveys) the set-point change.
No questions related directly to thermal comfort, but
comments relating to infrastructure and different aspects
of comfort in the facility were routinely received in an
open field in the survey. Visitation during the year
before and after the change was measured through ticket
sales and data retrieved from a computerised point of
sale system (SwiftPOS™ software). Aquarium facilities
staff reported that they had received some complaints
from staff about indoor temperature initially, but these
complaints diminished over time (anecdotal evidence).
The suggestion was that occupants may have adapted to
a higher temperature over time. For this study, the
anecdotal evidence that the impact of the change was
minimal was tested in May 2016, by examining the
impact of an indoor temperature change on comfort
and productivity using a thermal comfort survey. The
survey simulated the 1.5 °C temperature change undertaken in year 1, and recorded the thermal comfort response on all categories of human occupants (visitors,
Aquarium staff and volunteers and staff from the adjacent Great Barrier Reef Marine Park Authority
(GBRMPA) offices). For worker occupants, selfassessed productivity whilst in the Aquarium was also
examined. The indoor set-point was set at 23 and
24.5 °C on alternate days for 2 weeks (14 days) and all
staff and volunteers were encouraged to complete the
survey twice on two different set-point days, which were
arbitrarily identified as a ‘green day’ and a ‘yellow day’
to avoid potential bias. The questionnaire asked: (i)

Energy Efficiency

one’s clothing level (light, moderate and high); (ii) thermal sensation (cold, cool, neutral, warm, hot); (iii) and
thermal comfort (very uncomfortable, moderately uncomfortable, slightly uncomfortable, slightly comfortable, moderately comfortable, very comfortable).
The statistical interpretation of the survey results was
undertaken using the Statistica 13 package (StataCorp
2013), and scales of comfort and productivity were
converted to a numerical scale. An assessment of
workers’ productivity was obtained by workers selfassessing their efficiency at the time of the survey in
relation to their average efficiency (clearly above, slightly above, at my average efficiency, slightly below, clearly below) (Kekäläinen et al. 2010). An independent
samples t test was used to assess the statistical difference
in responses at the two different temperature set-points,
using a significant level of p < 0.05. For data that was
not normally distributed, and could not be transformed
to achieve normality, a non-parametric Mann-Whitney
U test was undertaken. A factorial ANOVA was undertaken on the comfort responses with the two factors
being temperature (either 23 or 24.5 °C) and respondent
type (Reef HQ staff, volunteer, GBRMPA staff and
visitor) followed by Tukey HDS test. Air temperature
was logged during the survey period by the BMS (using
Reliable Controls™ SPACE-Sensor Temperature), averaging temperature from three sensors for each AHU
area. Outside humidity and temperature were also
logged by the BMS. The airflows through the AHU air
vents were checked to ensure they were consistent with
the commissioned data for the HVAC system.
HVAC, TES and BMS
HVAC consumed about 50% of energy use in year 0 and
was highlighted in the internal audit and a technical
audit as having significant opportunity for efficiency
gains. The original HVAC system consisted of two aircooled chillers (total 600-kWr power) and two alternating 30-kW pumps running continuously. The technical
audit reported poor circulation around the air-cooled
chillers, maintenance issues, inefficient and unbalanced
hydronic system configuration, inefficient air side systems (deviating up to 30% from design values) and a
negative building pressure, drawing excessive hot outside air into the air-conditioned space; the chillers were
inefficient with an average system coefficient of performance (COP) of 2.4, and excessive start and stop of the
chillers (20 times per night). Although the system was

only 9 years old with a usual lifespan of 12–15 years, the
hot, humid and corrosive aquarium environment combined with a high-load and inefficient design had left it
in poor condition, leading to a replacement of the chilling plant itself. A state-of-the-art, modular, highefficiency water-cooled multi-chiller solution was
installed with a long predicted lifespan. Three Hitachi
twin screw-type chillers (RCUP67WUZ model; continuous digital control between 15 and 100%; capacity
236 kWr; 4.55–5.86 efficiency at 100% load) and
multi-pump system were chosen to allow for redundancy and adjustment to a minimum load and for peak
power demand management. A base load 20 kL chilled
water TES tank was installed to decouple the primary
and secondary pumping groups and prevent excessive
chiller starts. The TES operating range is 6–15 °C with a
temperature differential of 9 °C. Previously, the chilled
water system would cool the building as well as 4 ML of
seawater in the exhibits simultaneously day and night.
The energy use efficiency achieved by the upgrade of
the HVAC and addition of the TES tank was assessed by
quantifying the increase in chillers average COP, the
average number of chiller starts per night, the reduction
of HVAC power consumption and effect on peak
demand.
Heat load on the HVAC system was reduced with (a)
replacement of lights and pumps with more energyefficient versions; (b) a reflective roof coating applied
to the corrugated roof and (c) replacement of ca. 88 m2
of single glazing with deteriorated low-quality window
tint with double-insulated argon-filled low-e glazing
(Viridian Glass argon-filled insulated glass unit with
EVantage™ tint). The measures could not be isolated
from each other, so they were consolidated into the
category ‘HVAC and HVAC related’ whose consumption could accurately be measured through HVAC energy metering in the BMS.
Prior to refurbishment, the HVAC was controlled by
a simple direct digital control (DDC) system that was
underutilised to only control time schedules, the proportional flow of chilled water to the air handling units
(AHUs) and stop/start two air-cooled chillers and two
chilled water pumps. A more sophisticated but end-userfriendly DDC system was installed using ASHRAE™
standard BACnet™ protocol, incorporating fully programmable peer-to-peer building controls allowing sophisticated control of chillers and associated equipment,
AHUs, the internal environment, the integrated TES,
aquarium tank chilling and peak power demand from
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the grid through load shedding. The BMS also monitors
overall power use and power use of selected systems
and equipment and can control and schedule power
loads of other power using systems such as aquarium
life support systems. No export of power back to the
grid is allowed by the energy provider and as an additional precaution they imposed (see the ‘Integrated rooftop solar PV system’ section) that a mandatory grid
protection device (Woodward MC4A grid protection
relay) must shut down inverters to prevent grid demand
less than 8 kW. Due to the high cost of finer control, the
protection device shuts down in 50-kW sections. To
prevent inverter shutdown and potential wastage of solar
PV power, more complex algorithms were added to the
BMS to manage the uncertainty of solar PV generation
within user-defined thresholds, by limiting chilling or by
automatically designating chilling priorities between the
AHUs, aquarium tanks and TES. Within user-defined
thresholds, it can bring forward a chilling requirement
beyond the optimal aquarium tank set-points to maximise the use of solar power or delay the chilling requirement when the chilling requirement is not critical to
manage peak demand. The aim is to reduce the chilling
requirement in peak energy demand periods when the
PV generation drops off, and ensure minimal wastage of
PV generation. The system uses classic local-loop control techniques that consist of on-off control of pumps
and chillers and proportional-integral-derivative (PID)
feedback control of chilled water through valves and
with rule-based algorithms with ‘If-Then rules’ and
‘Fuzzy-logic control’ to prioritise chilling and energy
management (see Yu et al. 2015 for a review and
description of control strategies for buildings with TES).
Using the solar power inverter data, which is collected in 15-min intervals, the PV generation wastage was
estimated by totalling the estimated lost power from
each grid protection event (i.e. the amount of surplus
power generated) for 1 year from September 2015. The
data is not a direct measure of surplus power (rather an
estimate of likely output in the absence of grid protection event) as the wasted power could not be precisely
calculated for this study.
An algorithm to delay discharge of the TES was
introduced in 2016 and analysed for 7 days in September 2016 to determine if the chilling load could be
maintained above the threshold that would trigger the
grid protection device. The savings in power were compared to the cost of storage of electrical power using an
electrical battery storage solution.

Machinery and lighting energy efficiency
improvements
Aquarium pumps and compressors rated up to 37 kW
used approximately 40% of the power in year 0. Energy
use audits reported that purchasing of machinery was
historically based on capital cost, quality and durability
in the corrosive Aquarium environment, but not on
power consumption, resulting in many pumps being
over-sized for their application. The filtration systems
were reviewed by Aquarium staff and an external technical audit. Subsequently, filtration piping was
redesigned to maximise efficiency and pumps and associated motors were replaced with more efficient models.
The reverse osmosis machine used to remove freshwater
from the Coral Reef Exhibit during heavy monsoonal
rains used high-pressure, high-energy use pumps. Since
this system was at the end of its life, it was replaced with
a high efficiency model. For static load equipment such
as pumps, point-in-time load readings from distribution
boards were recorded by an electrician before and after
the retrofit actions. The kilowatt - hour energy use of
individual equipment and systems was then calculated
using average duration of operation per day (most
pumps run continuously).
Dilapidated skylights and some high-intensity flood
lights were replaced with engineered skylights
(Solatube™) which minimise infrared light. Plasma
flood lights and high-intensity LED lights replaced inefficient metal halide lights and general lights were
replaced with LED lights. The fixed electrical consumption of lights was calculated using the manufacturer’s
specified power consumption multiplied by the time
schedule or average hours per day the equipment was
in operation.
Two of the energy-efficient audit reports suggested
that air leaks on systems using compressed air were
leading to energy wastage, and subsequently, the wave
machine compressor system (part of the life support
system for the main Coral Reef Exhibit) was adjusted
to address inefficiencies and leaks. The energy consumption of the wave machine was monitored in the
BMS.
Integrated rooftop solar PV system
A 206-kW rooftop solar PV power system (shown in
Fig. 1) was built to minimise peak power demand,
overall grid power use and switch to a sustainable
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source of power generation. The system was sized
within the limitations of available roof space, budget
and the Aquarium’s daytime power needs. A feasibility study of a large solar power system at the
Aquarium predicted a 4.6 kWh per day per kilowatt
of solar power installed (it modelled a 148-kWp
system). The solar PV feasibility models were compared to actual cost benefit data, and the actual
performance and output of the system. Solar generation data is logged automatically using energy data
loggers (SMA Solar Technology WebBox™). For
the purpose of calculating the energy saving of the
solar PV system, a scenario without the solar PV
was modelled, by adding the solar generation to the
grid energy use, to determine the peak energy load
in this scenario.

Results
The 50% target was almost achieved by the end of
year 7 (46%), and exceeded in year 8 (52%), shown
in Fig. 2. The sequence of implementation was based
on the prioritisation criteria described in the ‘Audits
a n d r e t r o f i t p r o c e s s a n d e n e rg y r e d u c t i o n
target’section and is shown in Table 1 and Fig. 2.
Total energy consumption
Figure 2 shows the impact on power use of the main
retrofit elements. For year 0, the overall baseline grid
energy consumption for the whole site was 2438 MWh
and peak demand was 490 kW (551 kVA with an average power factor of 0.89). Baseline energy was
22 kWh visitor−1 year−1 (energy use per visitor) and
1625 MJ m−2 (451 kWh m−2 year −1) at a cost of
$211,725 year−1 (2006 tariffs). The cost of adopting no
energy-efficient measures is illustrated by the point
‘Adjusted baseline power use at 2015 price’ in Fig. 2.
I t s h ow s t h e a c t ua l b a s e l i n e po w e r u s e o f
2348 MWh year−1 plus 286 MWh year −1 associated
with growth of Aquarium assets and animal life support
systems. This includes 14 MWh year −1 for extra air
conditioning split systems and new exhibit cooling,
211 MWh year − 1 for additional pumps and
61 MWh year −1 for chilling the main aquariums by an
extra 1.5 °C in the hotter months. Other factors probably
added to energy consumption including increased visitation, a new 60-person conference facility, additional

lighting and new electronic equipment for new exhibits
and any increase in ambient air or sea surface temperatures. It was not possible to obtain precise data for these
factors so they are not included in the baseline power
adjustment. In 2015, the adjusted energy use would
have cost $500,808 year −1 (the unadjusted baseline
energy use would cost $471,610 year −1). Overall grid
energy consumption was reduced to 1160 MWh by year
8 representing an energy intensity of 773 MJ m −2 or
9 kWh visitor −1 year −1.

Total cost versus total savings and distribution of energy
use categories
Table 1 summarises the efficiency actions and capital investment that led to a 52% reduction in grid
supplied power use by year 8 (that was maintained
at 50% in the following year). The $374,646 saved
in electricity and maintenance costs in year 8 represents 10% of the total Aquarium operating expenditure for that year. Between years 0 and 8, $1.7M was
spent on energy efficiency measures and $1.25M
was saved. These savings are significant given that
the majority of the capital investment was expended
in years 6, 7 and 8 on the two largest initiatives:
HVAC upgrade and solar power station. Complete
payback for all measures should be achieved in
2017. The saving calculations include the following:
avoided electricity costs; solar power generation;
large-scale generation certificates (LGCs) created
with the Australian Clean Energy Regulator (using
LGC market price of $75/MWh in February 2016
(Green Energy Markets 2016)); decreased labour
cost due to reduced maintenance; and the avoided
cost of spare parts and replacement pumps.
Figure 3 shows the shift in the distribution of
power use between the main categories between
years 0 and 8. HVAC and machinery represented a
total of 95% of the energy use prior to the refurbishment period. The HVAC upgrade and adjustments significantly reduced its energy use relative
to other categories. The dramatic reduction in
pumping energy made for existing equipment was
somewhat offset by new pumps and enhanced life
support systems. The category ‘Other’ increased
noticeably due the increase in digital displays, projectors, ozone generators, UV sterilisers and computers (see the ‘Discussion’ section).
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Cost of electricity
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Electricity use
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Fig. 2 Power use (primary y-axis) and power cost (secondary yaxis) per year (x-axis), and showing the main retrofit actions by
year (x-axis).The asterisk indicates calculation included the

baseline power adjustment for additional power use of additional
equipment. See the ‘Total energy consumption’ section for more
detail

Audits and minimal cost operational changes

future asset life cycle planning. The most expensive
reports did not lead to the most significant benefits.

The internal audit highlighted some energy inefficiencies that were addressed immediately (shown in
Table 2), leading to a 13% reduction in energy use
for a cost of $6500 in year 1. Of the seven external
audits, two were funded from the Aquarium’s operational funding, two from other GBRMPA sections part
of wider audits and three associated with the Demand
Management Pilot Programme (so only the exact cost
the reports funded by the Aquarium could be reported
in Table 1). Three of the reports focused on workshops
with Aquarium staff to synthesise and document
existing in-house information. Four audits provided
highly specialised advice on technology, budget planning, modelling and key long-term strategies and
M&V with enough detail and quality to be used in

HVAC upgrade and control
Indoor temperature adjustment
In year 1, the indoor temperature was raised by
1.5 °C and the energy savings are included in the 13%
reduction shown in Table 1. General satisfaction surveys
of the Aquarium collected in years 0 and 1 reflected no
change in the number of comments on visitors’ thermal
comfort and there was a steady rise in visitation from
109,000 in year 0 to 140,000 in year 9.
The year 9 thermal comfort survey supports the anecdotal evidence that there was no significant difference
in thermal comfort of occupants as a result of the indoor
temperature change. During this survey period, indoor

Basic BMS

Walk-in freezer curtain
Efficient heat exchangersb

High-efficiency HVACb

Reflective cool roof paint

Double glazingb

6

7
8

9

10

11

Energy audits

Solar hot water systemb

Audio-visual

21

22

23

Other

Solar PV

Power generation

Plasma lighting

19

20

Natural lighting (sola tubes)
Energy-efficient LEDs

17
18

Lighting
24

5.4

37

3.1

4.3
5.1

2.0

46

Filtration system changes

New pump models—large

16

57

New pump models—small

8.4

0.3

100

0

15

17

0.5

0

9.3

0

09/10 10/11
4
5

New dive compressor
Efficient reverse osmosisb

0

0

07/08 08/09
2
3

13
14

b

Wave machine efficiencies

Machinery

Rectify air leaks

5

12

6.5
0

0

Improve HVAC maintenance

Skylights, window tintingb

4

0
0

06/07
1

3

Operational changes
Indoor air set-point changes

1
2

Financial year
Project year
Operational

523

5.5

0

56

136

0

11/12
6

No data

571

1.9

0

12/13
7

0

33

60

5.4

37

1127

3.1

19
31

2.0

103

17
8.4

0.3

60

56

136

0.5
100

Nil

Nil

6.5

Nil

Nil
Nil

475 MWh/year total 37% less
machinery MWh

Unknown

910 MWh/year.
HVAC-related
66% less HVAC MWh (includes
behavioural)

319 MWH/year items 1–7 lead to
13% kWh savings total for year 1

Savings from baseline in year 8

New low-power LED TVs

5 audits from funding outside
the Aquarium
Dec 2008

Installed years 7 and 8

Aquarium lighting

Unknown

300 MWh/year

Replacing metal halides
34 MWh/year
Most LED installed 2009/2010 40% less lighting MWh

53 labour h at $38/h

Feb 2009

Dec 2009

High efficiency 601 kWh/year
6-kW saving (total $91,600)

Air leaks, plant adjustment

June 2014 (total $143,300)

Metal roof under solar PV

Total $791,500

For tank water cooling

Algorithms to control loads

Including door curtains

Window tinting Feb 2007

Contractor supervision

Shut doors, disabled plant
From 23 up to 24.5 °C

13/14 Cost $ Comments
8
1000s

Table 1 List of energy conservation measures taken between years 0 and 8, cost and effect on electricity use
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This drop-back can largely be attributed to addition of new machinery (63 MWh) and split air conditioners (added 2007)

Equipment at end of life and only additional funds for energy-efficient option are included in the cost column
b

254
23
24
6.5

Total cost of project is included in brackets in the comments column

a

$1.7M for all retrofit actions
9.3

1826
1918
2179
2092
2120
Total grid electricity used in MWh

93
573
720
Total capital spending 1000s AU$

260
152

1774

1304

Solar PV system generation (MWh)

1160

1712

Baseline—2438 MWh, year 0

301 MWh for 2014/2015

50% in 2014/2015
52
46
27
25
21
11a
14
13
Grid power savings from year 0—%

Financial year
Project year
Operational

Table 1 (continued)

06/07
1

07/08 08/09
2
3

09/10 10/11
4
5

11/12
6

12/13
7

13/14 Cost $ Comments
8
1000s

Savings from baseline in year 8
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air temperature remained relatively stable for survey
areas at the two set-points: between 23.0 and 23.6 °C
for the 23 °C set-point, and between 24.5 and 25.1 °C
for the 24.5 °C set-point. Indoor relative humidity varied
between 55 and 65% (outdoor relative humidity 77–
92%), due to large volume of evaporation from opentopped aquariums. Fixed airflows were confirmed at
0.12 to 0.26 m s−1 at 3 m from the ducted air vents.
For the 552 surveys collected, 88% stated clothing as
light and more than 80% rated thermal comfort as comfortable under both set-point conditions, consistent with
ASHRAE 55 Standard Predicted Mean Vote and Predicted Persons Dissatisfied (PMV-PPD) for five parameters (clothing level, activity, humidity, temperature,
airspeed) at each set-point using the ASHRAE Standard
55-2010 Thermal Comfort Tool (Huizanga 2010).
For all statistical tests applied to the data in Figs. 4
and 5, the significance threshold was set at 0.05. Figure 4
shows the mean comfort score declined from 4.91
(SD = 1.13, n = 286) to 4.74 (SD = 1.19, n = 266) as
temperature increased. An independent samples t test of
these data showed no significant difference in the comfort data for the two set-points (t(550) = 1.74, p = 0.082).
Since the data was not normally distributed nor could be
transformed to achieve normality, a non-parametric
Mann-Whitney U test was undertaken. This test confirmed that the comfort rating at 23 °C (median = 5) was
not significantly different to that at 24.5 ºC (median = 5),
U = 34,864, p = 0.076, r = 0.08.
Figure 5 shows data for the 233 respondents who
were in Reef HQ for the purpose of work. It was found
that the mean productivity score increased marginally
from 3.127 (SD = 0.686, n = 118) to 3139 (SD = 0.634,
n = 115) which was confirmed to be statistically insignificant by a t test of the normally distributed dataset
(t(231) = 0.139, p = 0.89). A Mann-Whitney test confirmed that the productivity rating at 23 °C (median = 3)
was not significantly different to that at 24.5 °C (median = 3), U = 6717, p = 0.86, r = 0.04. A factorial
ANOVA undertaken on the comfort responses with the
two factors being temperature (either 23 or 24.5 °C) and
respondent type (Reef HQ, Volunteer, GBRMPA and
visitor) showed the main effect of temperature yielded
an F ratio of F(1544) = 0.86, p = 0.35 confirming that
the effect of temperature was not significant. The main
effect for respondent type yielded an F ratio of
F(3544) = 4.51, p = 0.0039 showing that responses
between respondent types were significantly different.
The interaction effect was non-significant, with an F
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Year 0 (2006)

Year 8 (2014)
HVAC related, 416

Machinery, 1,086
HVAC related, 1,212

Machinery, 696

Lighting, 52
Café, 40

Other, 24
HVAC related

Lighting, 86
Café, 31

Machinery

Other, 217
Power use Savings, 1,303†

Lighting

Café

Other

Power use Savings

Fig. 3 Distribution of electricity consuming categories before
(left) and after (right) the refurbishment period, shown in MWh.
The baseline in 2006 is the actual baseline (2438 MWh). The total
energy used in 2014 (1421 MWh) includes the grid energy

(1160 MWh) and solar power (260 MWh). Dagger indicates that
savings in 2014 take into account the adjusted baseline (‘Total
energy consumption’ section)

ratio of F(3544) = 0.45, p = 0.716. A Tukey HSD test
showed that the GBRMPA staff and the visitors, who
reside in the Aquarium for a relatively short period of
time, showed the greater change in comfort perception
to Reef HQ and volunteers who generally reside in the
Aquarium all day. No clear conclusions could be drawn
from this result.

The system is able to run on only one of the three
chillers for approximately 7 months of the year. The
BMS control of the TES tank allows the load to be
spread more efficiently by prioritising cooling to the
building and then redirecting any spare cooling capacity into the TES tank and to aquarium tanks. It
shifts and delays chilling loads which compensate
for unpredictable energy generation. User-defined
trigger points for the process allowed trial and error
determination of the correct set-points that allow for
fast changes in PV generation (e.g. on a partly
cloudy day) and slower valve response times. The
method of chilling of the large 4-ML aquariums
(timing and degree of chilling) has a significant
effect on the peak demand. Tests showed that without intervention of the BMS algorithms, chilling of
the Reef Tank alone leads to a 100-kW higher peak
demand, under minimal PV generation conditions.

Major upgrade of the HVAC system including TES
and BMS
The TES tank provides up to 4 h of thermal storage
and it minimised chiller starts from ca. 20 per 24 h
day all year, to 3–6 per 24 h day (depending on the
season). The system also has significantly greater
efficiency, with an average 4.8 COP for the new
chillers and variable speed drives on the pumps that
allow for the most efficient use of pumping power.

Table 2 Issues identified by the internal audit in year 1 and subsequent operational measures taken
Audit
reference

Quality acceptable to
funding applications

New measures or
technical detail
suggested (%)

New measures
adopted (%)

Report models
accurate against actual

Outcomes for new
measures adopted

Audit cost
(all but D paid
for by others)

Internal

No

100

100

n/a

Good

$0

A

No

20

10

Partly

Poor

$10,000

B

No

0

0

n/a

None

$28,000

C

No

0

0

No

None

$42,000

D

Yes

30

30

Mostly

Good

$27,000

E

Yes

100

100

Yes

Good

$10,000

F

Yes

100

100

Yes

Good

$10,000
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Fig. 4 Mean comfort rating as a
function of indoor temperature.
Numerical scale in brackets (xaxis)

When the energy supplier’s mandatory grid protection trigger point is reached (8 kW), the grid protection
device shuts down the solar power system in sections to
prevent any export of power to the grid. PV inverter data
showed these events occurred frequently (numerous
times a week or up to three times a day) and the power
wasted is estimated ca.25,000 kWh/year or approximately 7.6% of the total yearly yield. In the absence of
the algorithm to directly prevent discharge of the TES
(as previously described), the algorithm to prioritise
Reef Tank cooling during peak PV generation periods
(the ‘HVAC, TES and BMS’section) was observed (in
the hotter period between October and April 2016). The
Fig. 5 Mean self-assessed
productivity rating as a function
of indoor temperature. Numerical
scale in brackets (x-axis)

algorithm was regularly activated (2 to 6 times per
week) and showed that the occurrence and duration of
the TES discharge could be minimised with only occasional discharges during PV generation hours leading to
grid protection device activation. The PV wastage and
wastage avoided could not be precisely quantified, but it
was observed that the algorithm was activated 4–6 times
per week during the months that Reef Tank cooling was
required, indicating that the algorithm was regularly
storing cooling energy that would otherwise be wasted.
The Reef Tank cooling algorithm is only used in the
summer months when the tank temperature rises beyond
the 27 °C set-point. Consequently, analysis of the data for
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August 2016 (cold month with no tank chilling) with no
BMS intervention indicated ca. 2700 kWh power wasted
with 25 occurrences for the month. The algorithm to
delay discharge of the TES was introduced and analysis
of 7 days in September 2016 showed that the algorithm
was able to maintain the load above the threshold that
would trigger the grid protection device. The algorithm to
prevent discharge of the TES was triggered every day that
week, and no activation of the grid protection device was
recorded. Whilst more data is required to quantify the full
impact of this measure through the seasons, we can
conclude that it is possible to directly prevent the TES
from discharging at its usual temperature set-points to
avoid activation of the grid protection device, which
avoids wastage of surplus PV generation and optimises
HVAC use. No data is yet available for the combination
of the Reef Tank cooling algorithm and the delay of TES
discharge algorithm. This combination may avoid all PV
generation wastage.
A budget estimate for supply and installation 91kWh bi-directional UPS (ininterruptable power supply)
battery system using lithium batteries, all components
included is ca. $200,000. This could accommodate
25,000 kWh per year of energy storage.
For the glazing, only manufacturer’s data was available that states the double glazing u value is 2.7 W m−2
compared to 5.8 W m −2 for the single-glazed panels (no
direct impact data available).
Lighting and machinery energy efficiency
improvements
Total lighting power use was reduced by 40% from the
baseline power use (Table 1), representing 34 MWh year
−1
. In total, power use for machinery (all pumps except
HVAC pumps) was reduced by 37% from the baseline,
Table 3 Comparative life cycle
cost of small aquarium pumps.
Figures have been validated with
the actual costs for 7 years

and a total of 475 MWh year −1. Table 3 shows comparative life cycle costs of the existing relatively cheap
pump model used for the small aquarium tanks
substituted with a very high quality and efficiency model (overall 3.5% reduction in electricity consumption).
Further, a total of six 37-kW pumps were modified or
replaced, and associated piping systems designed to
optimise efficiency. In one example, a 37-kW pump
motor (on a variable speed drive, but running very
inefficiently) was replaced with a 4-kW motor for the
same flow resulting in overall power savings of 3.5%
from the baseline at a cost of $1500 ($9840 saved on the
electricity bill in the first year, payback time of
2 months). Prior to 2010, 15 metal submersible pumps
(240 V) used for water circulation in the 3.2-ML Coral
Reef Exhibit were inefficient and had maintenance issues and safety concerns. A replacement low-voltage,
carbon-fibre plastic composite pump model saved
34 MWh year −1 (1.5% of baseline power) and
$10,000 per year in spare parts, labour and anodes to
avoid pump corrosion. The overall energy savings for
‘special machinery’ were minimal and highly seasonal.
Integrated rooftop solar PV system
The solar feasibility study projected a 4.6 kWh per day
per kilowatt peak, slightly lower than the 4.34 kWh per
day per kilowatt peak measured for 2015. This is probably due to a larger solar PV system than originally
planned being installed (206 kW and not 145 kW),
resulting in the suboptimal location of some panels
(resulting in occasional shading) and the effect of the
grid protection device. The overall system performance
exceeded expectations and performed equal to commissioning 3 years later and no maintenance costs in the
first 4 years. The predicted system cost was $5.50 per

Replacement of 46 small aquarium pumps with 33 higher
quality pumps

‘Cheap’
model

Energy-efficient
model

Capital expenditure over 10-year life

$42,262

$87,960

Total labour cost for breakdown maintenance for 10-year life

$162,602

$17,293

Total life cost of replacement parts/pumps for 10-year life

$33,070

$4480

Total life energy cost over 10-year life

$309,316

$210,352

Total life cycle cost over 10 years

$547,250

$320,085

Total MWh savings over life cycle for the energy efficient
pump model
Payback time

607 MWh
2.2 years
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kilowatt peak installed. The installation of additional
high-durability canopies to hold extra solar panels,
changes electricity tariffs (see the ‘Electricity cost and
tariffs’ section), and new government imposed no export
and grid protection requirement resulted in an actual
cost of $5.83 per kilowatt peak installed. This combined
with changes in the electricity tariff structure resulted in
an increased modelled predicted payback time from 6 to
14 years. However, the large-scale renewable energy
certificates (LGCs) have doubled in price from $35 per
megawatt hour in 2010 to $75 per megawatt hour in
2015, which increases revenue and payback will decrease if all power generation wastage is eliminated.
Regardless, the predicted financial savings for a 25year life of the solar PV system are still highly significant at $1.8M over the life of the system (Fig. 6).

requirement for new or enhanced aquarium life support
(see the ‘Total energy consumption’ section).
Non-financial and other benefits
The Aquarium exceeded the 230-kW peak demand saving target that was part of the Ergon Demand Management Pilot Project (with 259 kW saved). In return, the
Aquarium received a one off payment of $67,160
($259.30/kW) by Ergon Energy in 2013 and was granted
sustainability awards, positioning the Aquarium as an
example for environmentally sustainable business practices (Queensland Tourism Awards 2012) (Ecotourism
Australia 2012). The energy minimisation project helped
to communicate conservation messages through education programmes and validated benefits and business
cases for further initiatives.

Electricity cost and tariffs
The combined energy savings measured gradually
lowered the peak power demand from the electricity
grid by 46% between years 0 and 8, and the Aquarium moved to a lower cost electricity tariff in year 7.
A huge increase of the grid connection fee, from
0.005% of the energy bill in year 0 to 26.5% in year
9, offsets this benefit, increasing the expected payback period for the solar power system and (to a
lesser extent) the HVAC system. The Aquarium paid
more in electricity for half the power use in year 8
than in year 0 and the power cost would be doubled
what it is today without the retrofit actions, well
beyond affordability within current funding arrangements (Fig. 2).
Life cycle savings and C02-e avoided
Figure 6 shows the cost of the main energy consuming
elements against the carbon dioxide equivalent (CO2-e)
abatement for the life of the equipment. All groups except
‘special machinery’ are predicted to have significant financial benefits and CO2-e abatement over the life of the
equipment, and the total CO2-e abatement for all measures
is 1390 tonnes of CO2-e (excluding ‘operational’ group
whose data is also included in the HVAC-related group) if
the ‘scope 2’ emission factors are is used. If ‘scope 2’ and
‘scope 3’ emission factors are used, then the CO2-e abatement increases to 1614 tonnes of CO2-e (see the ‘Energy
use and costs data analysis’ section). The baseline was
adjusted by 286 MWh to reflect additional pumping

Discussion
Relevance of energy use savings results
for the buildings sector
The Aquarium reduced its energy intensity from
1625 MJ m−2 in year 0 to 773 MJ m−2 in year 8 (973 MJ m
−2
excluding solar generation). Using the 2011–2012 financial years, this compares with 2298 MJ m−2 for the
Australian Institute of Marine Science (AIMS) in Townsville (Australian Government, Department of Climate
Change and Energy Efficiency 2012); 3800 MJ m −2 for
the average regional Queensland supermarket; and
1684 MJ m−2 for an average Australian hospital (Pitt and
Sherry 2012). The National Australian Built Environment
Rating System (NABERS) provides energy ratings and
tools for commercial buildings to predict energy savings,
but only for four types of commercial buildings: offices,
shopping centres, data centres and hotels (New South
Wales Office of Environment and Heritage 2016). A similar tool would have helped the Aquarium identify areas of
poor performance, benchmark baselines and monitor
progress.
Whole of life costs, impact of audits and access
to knowledge in decision making
Major renovations rarely occur over the life of commercial buildings, and they are usually triggered by the
equipment end of life or change to fitness of purpose.
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300

200

Cost

$ per MWh per year

100

1 MWh electricity = 0.81 CO2-e

Special Machinery

0

-100

-200

-300

HVAC Related

Operational

-400

-500

Solar

Machinery

Saving

The wider the block, the
greater the electricity (MWh)
Lighting

-600
204

408

611

815

1,019

1,223

1,427

1,630

1,834

2,038

Cumulative MWh per year
Capital
Cost ($)

Payback
(years)

Life cycle
savings ($)

MWh per year
avoided

CO2-e per year
abated

Lighting

52,800

2.5

129,414

33

27

Machinery

106,300

3

1,720,008

471

382

Solar

1,127,000

14

1,781,088

299

242

Operational

6,500

0.3

2,339,757

319

258

HVAC related †

359,000

2

5,961,638

910

737

Special Machinery

25,400

n/a

-141 (cost)

4

3

Total Capital Cost: $1,671,000 (this excludes items 21-23 in Table 1 whose energy savings could not be quantified,
and minus Operational Capital Cost which is included also in the HVAC related category); 5% discount rate

Fig. 6 Marginal abatement cost analysis comparing energy use
reduction measures with cost or saving per unit (MWh) of grid
electricity use over the life of the category (y-axis). Accumulative
grid electricity use avoided (or tonnes of carbon dioxide equivalent
abated) is shown on the x-axis. Special machinery is SCUBA
compressor and reverse osmosis machine; dagger indicates replacement of HVAC with a like-for-like air-cooled system would
have required increased efficiency by 14% to meet Australian

standards for performance; HVAC figures compare savings over
existing equipment in year 6; total replacement cost of HVAC
would have a payback time of 6 years; baseline was adjusted
(286 MWh added) to reflect additional machinery and load on
the HVAC systems since year 1 (see the ‘Total energy consumption’ section for details). Data was generated and adapted from
MACC BuilderPro™ software

This represents 10% of all building construction (Pitt
and Sherry 2014) but the buildings retrofit rate is only
2.2% per year (Ma et al. 2012). At the Aquarium, the
end of life of infrastructure triggered the improvement
of the building’s energy performance, but only due to inhouse awareness of energy efficiency potential and
whole of life costs gained through audits and networking. Prior to year 1, in-house knowledge on the connection between energy use and building design,

maintenance and operation was lacking to drive the
required strategic decisions. Pitt and Sherry (2014) document that stakeholders show little awareness of or
interest in energy efficiency when considering retrofits.
They also report large gaps in the quality, scope and
accessibility of information on how sustainability relates
to the built environment, leading to a low willingness to
pay for energy-efficient options (Pitt and Sherry 2012),
despite evidence that very low-energy retrofits of
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buildings can be economically attractive, sometimes
even at net negative costs (Levine et al. 2007).
For the Aquarium, audits (despite their varying qualities against cost) were a fundamental stepping stone to
achieve the desired outcomes. In this case study, the
most expensive audits did not result in the most helpful
outcomes, which emphasises the need for consumers to
have access to detailed technical knowledge or assistance from accreditation schemes to assess energyefficient retrofit possibilities and audit providers
(Department of Industry, Innovation and Science
2015). Redmond and Walker (2016) also found that
economic returns can vary significantly for energy audits in Australia. The Aquarium case study may help
other stakeholders invest with confidence in energyefficient infrastructure and consumers may maximise
the benefits by specifying a detailed scope and desired
outcomes, requiring supplier to specify standard audit
methods and obtaining references from suppliers for
their previous projects.
Maintenance of equipment, shift from design
specifications and building heat loads
In this study, HVAC-related retrofit actions resulted in
the greatest energy use savings, including actions to
address poor maintenance. For buildings with
centralised HVAC, there is no requirement to ensure
that buildings are properly commissioned and maintained to guarantee design efficiency (Pitt and Sherry
2014), leading to significant yet avoidable energy inefficiencies. The Aquarium ensured that energy efficiencies were maximised by refining the BMS settings and
operational processes, in collaboration with the
designer, the installer and an independent quality
controller. Pitt and Sherry (2014) report that the difference between good and poor commissioning of HVAC
may represent up to double the rate of energy
consumption.
The direct impact of glazing retrofits was not quantified in this study; however, other studies quote significant savings, with double insulated low-e glazing reducing HVAC electricity by 180–288 MJ m−2year−1 (Li
et al. 2015), or ‘cool paints’ on external walls and roofs
reducing indoor cooling by 60% (Marino et al. 2015).
Prior to year 1, air leaks caused significant wastage of
energy, mainly through doors left open in summer for
public movement. Once identified and addressed, subsequent savings were achieved but are still strongly

influenced by staff behaviour and operational processes
which is consistent with other studies (Azar and
Menassa 2015).
Thermal comfort, HVAC and BMS
In this study, a 1.5 °C rise in indoor temperature significantly reduced power consumption (by 13% in year 1)
with no significant change in survey respondent’s assessment of comfort and no significant change in
worker’s assessment of their own productivity. This is
comparable to studies of Sydney, Melbourne and Brisbane offices where an average of 6% power use was
saved for every 1 °C increase in indoor temperature in
summer (Roussac et al. 2011). Another study found an
average thermal comfort level of 26.4 °C for two Indian
cities, which is warmer than the current Indian standard
upper limit of 26 °C (Indraganti et al. 2014).
Prior to 2007, the Aquarium was maintained at a
relatively low temperature (23 °C) which did not take
into account visitors’ adaptation to the tropical conditions outside (which may be more than 10 °C higher)
and modern thermal comfort expectations for the indoor
environment. Nicol (2004) argues that thermal comfort
is affected by outdoor temperature, and takes into account the adaptive thermal comfort model, and other
authors report that expectations appear to be based on
recent experiences (Luo et al. 2016). Therefore, it is
important to periodically review indoor temperature
set-points against current standards and models. The
efficacy of an Ergon Energy initiative encouraging the
use of higher indoor set-point (25 °C) or similar community campaigns in North Queensland remains
unquantified. ‘Energy cost saving’ is considered an
important driver to tolerate high indoor temperatures if
those enduring the higher temperatures can see cost
benefits flow on to them, and can be a more important
factor than occupant thermal comfort and productivity
when deciding on indoor temperature set-points
(Lakeridou et al. 2014; Boldero 2013). It would be
useful to undertake further tests at the Aquarium to
determine whether the indoor temperature set-points
could be further increased (and determine comfort
thresholds) up to the current applicable Australian standards (26 °C). Since HVAC is responsible for around
50–70% of energy use in buildings, this measure represents a high potential for energy use reductions with
minimal cost. Further case studies are needed to determine if expectation management can help to foster
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thermal comfort adaptability in the tropics, and maximise the potential energy saving for HVAC use.
Innovative and site-specific BMS control of HVAC
with integrated TES and solar PV power can produce
significant efficiencies with minimal cost, to the extent
that it delayed the need for electrical battery power
storage at the Aquarium. The Aquarium uses the Reef
Tank to store chilled water. Although chilled water
energy is not discharged to a different system, like a
traditional TES system, the cooling requirement is
brought forward by chilling the tank lower than the
optimal set-point. Thus, the cooling capacity is effectively stored in the system which maintains the temperature below or at the optimal set-point for longer thereby
negating the need for the capacity later. Not only does
this help to minimise PV generation wastage, it also
helps to minimise peak demand. The methods in this
study could be similarly applied to hotels with heated
swimming pools, public swimming pools and other
aquariums. A larger TES system used specifically to
store energy from surplus solar PV may provide a lower
cost option against electrical battery storage. Historically, TES systems have been used only to manage peak
demand to minimise the cost of power, where there are
time of use and demand tariffs.
Most significant actions and indirect benefits
The benefits of one conservation measure against the
others are not always quantifiable due to (a) simultaneous changes and absence of separate power use logging on all components and (b) the significant and
complex non-financial factors involved. A HVAC retrofit is a highly effective action to realise large reductions
in energy consumption consistent with the findings of
others (Carbon Trust Australia 2010). Optimization of
energy use using a BMS is a low-cost and flexible tool
to minimise wastage of power use and power generation, and operational changes stand out as a highly
efficient measure to reduce energy use, with an immediate outcome and no financial cost, and should be
considered seriously alongside hi-tech measures.
As they are difficult to quantify or predict for the
purpose of a business case, many retrofit actions had
indirect benefits that were either underestimated or not
contemplated at the outset. For instance, the energyefficient items tended to be of higher quality and durability than non-energy efficient equipment (lower maintenance requirement), reduced transport costs, waste

disposal and administration for replacement equipment.
The new ability to always maintain an optimum temperature in the Aquarium’s Coral Reef Exhibit (the
world’s largest living coral reef aquarium and principal
asset of the Aquarium) was a highly significant benefit.
Prior to year 6, the temperature would frequently drop
below a critical threshold in the hot summer months. As
a consequence, corals would sporadically experience
the potentially lethal ‘coral bleaching’ due to heat stress.
The massive reduction in power consumption also
allowed the entire site to be linked to the emergency
standby diesel generators, where previously only limited
items could be connected.
Renewable energy
Despite non-advantageous site-specific factors and
changes to the electricity tariff structure since year 0,
the whole of life financial benefits for the Aquarium’s
solar PV system is predicted to be significant. Other
sites may not have these costs, and hence payback times
may be much lower also considering the falling cost of
solar systems and emerging storage technologies. Despite these proven advantages and excellent geographical conditions for solar power technology, the number
of large commercial rooftop systems in Queensland
remains small (Garnaut 2011) which provides significant potential for new solar energy installations. It is
important to consider the entire life cycle and environmental costs of PV power compared to electricity produced from coal. The environmental cost of PV systems
over their entire lifecycle is an order of magnitude
lower than a coal power station in terms of greenhouse
gas emissions (Peng et al. 2013; Epstein et al. 2011) and
other reduced environmental and human impacts associated with non-renewable energy sources (Spath et al.
1999). The successful application of the BMS combined with the solar PV has highlighted the opportunity
to expand the PV system at the Aquarium if a larger
TES is added, delaying the need for electrical battery
storage.
Investment patterns and business growth
Substantial reductions in global carbon dioxide emissions will require large changes in investment patterns
(Levine et al. 2007). The energy reductions achieved by
the Aquarium were only possible through a major shift in
investment patterns and procurement strategies. With
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limited evidence to support business models and predictions, considerable negotiations within the procurement
process were required due to perceived risk. Thus, a lack
of energy efficiency regulations, knowledge, time and
confidence to pursue the energy efficient options may
easily result in lost opportunities for savings. Even within the Australian government, operations which use 22
million GJ year −1 of energy (Australian Government,
Department of Climate Change and Energy Efficiency
2012) and occupies 32% of Australian commercial
buildings stock (Energy Efficiency Council 2011) further
integrating environmental sustainability in the procurement process could generate significant savings (The
Auditor-General 2015). An average energy efficiency
improvement in buildings of less than 3% would free
up $10 million a week to be invested in other parts of the
Australian economy, and reduce the negative and social
costs of greenhouse gas emissions in the process (Pitt
and Sherry 2014). The results achieved at the Aquarium
show the potential benefits if similar energy saving initiatives were undertaken on a national scale, if facilitated
by a clear mandate, clear process and timely access to
funding (Energy Efficiency Council 2011).
The Aquarium was able to grow its business despite
the disruptions that the refurbishments created, and visitor numbers to the Aquarium were at their highest in
15 years in 2012 (year 7) and continue to rise. Part of the
move towards a more sustainable business model has
been to place education at the centre of all energy
conservation actions, which appears to foster tolerance
for the difficult aspects of the changes and maximise the
benefits of the changes.
Future actions
Energy consumption increased significantly in the category ‘other’ from year 0 to year 8 (Fig. 3). This category
will be targeted to reduce and manage energy use.
Additional energy use reduction measures include (a)
additional solar PV combined with additional TES and
other energy storage solutions; (b) further increases in
temperature set-points with a targeted communication
campaign; (c) further measures to reduce heat load on
the building such as the use of hi-tech material to shade
the large outside aquariums; (d) computerised control of
the compressor driven ‘wave machine’ to maximise
efficiency; (e) investigation of non-solar renewable energies such as tidal and wind; (f) energy recovery systems; (g) further modifications to filtration system to

maximise efficiency; and (i) further utilisation of the
BMS to maximise efficient use of power.

Conclusions
This case study shows that it is possible to adopt very
low-cost energy saving measures (such as indoor temperature adjustments and better maintenance of HVAC)
in a commercial building with no significant negative
effects on comfort or employee productivity. If similar
measures were adopted nationwide, millions of dollars
may be liberated for the Australian economy. This case
study also shows that capital investment in energyefficient critical infrastructure such as HVAC (particularly where equipment and infrastructure nears the end
of its life) can have short payback times and high direct
and indirect benefits relative to costs. Here, the most
effective measures were as follows: manipulation of
indoor temperature and energy wasting behaviours, investment in high-quality and low-energy equipment
(pumps and lights), upgrade and fine-tuning of the
BMS-controlled HVAC system with integrated TES,
modification of the building envelope (double glazing,
reflective roof coating and minimisation of building
leaks) and generation of renewable energy. This study
is important as it demonstrates that a BMS can be used
to control HVAC with integrated TES to optimise and
store solar PVand also avoid PVenergy wastage thereby
avoiding or delaying the need for electrical battery storage. These measures are relevant to many medium to
large commercial buildings.
The experience of Reef HQ Aquarium described in
this study illustrates the positive impacts of reducing
greenhouse gas emissions and simple ways to achieve
a more environmentally responsible business model,
through an energy-efficient building retrofit. An increased knowledge of the effect of building design,
maintenance, equipment efficiency, whole of life cycles
and equipment quality on annual energy costs may also
increase a willingness to pay for high-quality energyefficient products.
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