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Abstract: Achieving Net zero energy (NZE) standards for high-rise residential buildings is a significant challenge. One of 
the challenges is the absence of detailed design guidelines for selecting systems, technologies and strategies necessary to 
achieve the goal. For this reason, design practitioners are not empowered to participate in the creation and the proliferation 
of Net zero energy high-rise residential buildings. This paper aims to address this challenge by proposing a framework for 
the creation of a reference guide that will enable the design of Net zero energy high-rise residential buildings in Australia. 
Referencing the National Carbon offset standards for buildings framework for definition and the cost-optimal framework 
of the European Union EPBD Directive 2010/31, the methodology addresses key issues of: reference building selection, 
energy performance assessment and enhancement approaches, building performance simulation strategies and cost-
optimal analysis based on the net present value approach. The methodology is applied to a case study high-rise residential 
building in Melbourne for testing and fine-tuning, with the aim of applying to similar high-rise residential buildings in four 
additional NatHERS–based climate zones in Australia. The findings will contribute to the development of a design reference 
guide for achieving Net zero energy performance in high-rise residential buildings in Australia. 
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1. INTRODUCTION 

Most Australian cities are currently experiencing a significant increase in population leading to sharp rise in the number 
of high-rise residential developments (Hodyl, 2015; Tan, 2017). In addition, there is an increasing demand for energy in 
the residential sector. Records show that the total final energy consumed by the sector increased from 299 petajoules 
(PJ) in 1990 to 402 PJ in 2008 and under current trends, this energy demand is projected to increase to 467 PJ by 2020 
(Ryan and Pavia, 2016). To address the increasing energy consumption in the residential sector, various energy efficiency 
programmes and policy initiatives were introduced by the Australian government starting from 1992 with the “Equipment 
Energy Efficiency Programme”-E3 (Department of the Environment and Energy, 1992). However, recent reports on the 
state of energy efficiency in residential sector suggests that significant scope for improvement still exist (Horne et al., 2005; 
Melbourne Energy Institute, 2013){Melbourne Energy Institute, 2013 #272;Horne, 2005 #178}.

Leading jurisdictions around the world have identified Net zero energy performance standards as one of the key 
alternatives for combating rising energy demand in buildings and curbing the environmental impacts related to fossil fuel 
usage (US Department of Energy, 2015).  In concept, a Net zero energy building (NZEB) is a building that is highly energy 
efficient and can balance its annual energy needs with the use of renewables (Torcellini and Crawley, 2006; US Department 
of Energy, 2015). Although Net zero energy buildings have been defined in different ways in literature, in the context of 
Australia and as backdrop for this study, the definition is as “a grid connected, energy efficient building, whose annual 
energy consumption is fully offset by renewable energy generated on site”. The differences in terms and descriptions as 
stated in the “National Carbon Offsets Standards for Buildings” (Commonwealth of Australia, 2017) is recognized, in this 
case, a Net zero energy building as mentioned elsewhere in this manuscript is taken to be the same conceptually as a 
Zero carbon/carbon neutral building in the Australian context. Specific benefits and advantages of transitioning to a  zero 
emissions building code have been explored in detail in (ClimateWorks Australia, 2018, p. 14). 

The design of a NZEB can take a number of different pathways; a publication by Athienitis et al.(2010)  suggests there 
is currently no universal strategy for arriving at the NZEB goal. Evidence in literature supports this argument; for example, 
Aelenei et al.,(2017) suggested a three stepped process including passive design strategies, energy efficiency and renewable 
energy supply. The 2015 position paper by the International Energy Agency Task force 40 followed a similar approach (IEA 
SHC Task 40, 2015 ). Gvozdenovic et al.(2015), suggested a five-step approach of: adapting energy demand to building 
user; reducing energy demand; applying sustainable energy sources; implementing energy exchange and storage and lastly 
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use of fossil fuel as efficiently as possible. Wells et al.,(2018), suggested a four-step hierarchical strategy of: minimizing loads 
of building; use of passive design strategies; implementation of efficient services and use of renewable energy generation 
techniques. Considering the myriad of options and potential combinations of building envelope, active/mixed mode systems 
and renewable energy options that may be involved, it is no surprise that the design of Net zero energy buildings still present 
considerable challenges (Bucking et al., 2013; IEA SHC Task 40, 2015 ). Unlike the traditional building design process, the 
design of NZEB requires performance-based decision making at the early stages of the design process (Attia et al., 2012; 
Keeler and Vaidya, 2016; Scognamiglio et al., 2017, p. 104; Carlucci et al., 2018). Testing options and arriving at possible 
solutions and pathways also require the use of advanced computer simulation techniques which are often beyond the 
capability of the designers alone (Butera, 2013; Carlucci et al., 2018). 

If the design of NZEBs in general is complicated, the design of high-rise residential buildings to meet Net zero 
performance standards is even more onerous. Some of the difficulties identified in literature are: significantly higher energy 
consumption per square meter of floor area (Hamilton et al., 2017); large amount of energy required for operating central 
and communal facilities (Melbourne Energy Institute, 2013); limited opportunities for the applications of renewable energy 
technologies due to limited roof space (Eley, 2017) and overshadowing constraints due to neighbouring buildings (So et al., 
2014). Despite these challenges, achieving Net zero energy performance for High-rise residential buildings hold significant 
benefits for Australia including in the areas of addressing energy security, mitigating the rising cost of energy and meeting 
set environmental goals (ClimateWorks Australia, 2018).Through a critical review of national and international studies in 
this area, this paper aims to propose a methodology that could be adopted for the design of Net zero energy high-rise 
residential buildings in Australia. 

2. PREVIOUS STUDIES ON NZE HIGH-RISE RESIDENTIAL BUILDINGS

This section describes previous research on the design of Net zero energy high rise residential building that underpins this 
work. Empirical evidence from literature suggests that NZEBs are technically viable in almost all representative climates in 
the world (Kadam, 2001; Kapsalaki and Leal, 2011; Fong and Lee, 2012; Frattari, 2013; Kwan and Guan, 2015). However, 
many scholars maintain that feasibility largely depend (among other factors) on energy intensity and building height (Eley, 
2017). The consensus among researchers is that the potential of a building to achieve the NZE standard reduces as the 
number of stories increases (Keeler and Vaidya, 2016; Eley, 2017). As such, until recently, the maximum number of storeys 
that could reach NZE status was documented as between three to five storeys.

Duncan and Good (2009), investigated the maximum height a NZE could reach in Abu Dhabi. Taking ASHRAE 90.1-2004 
as the base standards, they concluded that buildings could reach as high as five floors if energy efficiency was maintained 
at a very high level. Keeler and Vaidya (2016) investigated the impact of height on the photovoltaic (PV) potential of buildings 
for eleven cities around the world. They found that the PV potential reduces with increased heights and negatively impacts 
the achievement of low Energy Utilization Intensity (EUI) necessary for NZE performance. They concluded that high-rise 
buildings would need to consider additional renewable energy options if they were to reach Net zero energy performance. 

A report by ARUP (2012), is the earliest example that suggested the potential of achieving NZE status for a taller 
residential building. The report demonstrated how a 10-storey residential building could achieve NZE status in California. 
However, it was not clear if similar strategies can achieve the NZE performance for a similar building in a different context.

Cho and Kim (2015) studied the potential of achieving NZE status for high-rise residential buildings in South Korea, they 
concluded that a combination of high efficiency PV modules and energy reduction strategies could deliver NZE status for 
the 22-storey case study building.  Another report by Pitt&Sherry (2016) also found that it is technically feasible and cost 
effective (considering social benefits) to achieve net zero energy performance for high-rise residential buildings in Australia. 
Using two actual buildings of 30 and 56 storeys as unit of analysis, the report concluded that a combination of very high 
energy efficiency strategies and use of building integrated photovoltaic (BIPV) is able to achieve the goal. 

Considering earlier researches that has been conducted in this are as briefly discussed above, some pertinent questions 
still needed to be answered so as to establish a strategy that would deliver NZE performance to high-rise residential buildings 
in Australia, including the potential of employing those strategies for other locations. Some of these questions include; firstly, 
what level of high efficiency do we require for NZE performance and how can this be achieved in the context of the different 
Australian climate zones referenced? This question appraises the earlier studies conducted by Duncan and Good (2009) 
and Cho and Kim (2015). Secondly, what are other renewable energy options and technologies that could provide enough 
to cover the balance of energy use after all energy efficiency options and strategies have been explored and how can these 
be organized? This question appraises earlier studies by Keeler and Vaidya (2016). These questions form the basis for the 
research problem. The following section is a discussion of the methodology developed to investigate the research problem.  

3. METHODOLOGY FRAMEWORK

Similar to other major real estate markets, most high-rise residential buildings In Australia are developed by commercial 
developers. Decisions relating to energy performance for those developments are therefore subjects of rigorous profit/
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investment considerations, especially in very competitive and limited budget environments. Also, due to non-price barriers 
to energy efficiency improvement such as split incentives- where those responsible for paying energy bills are not the 
same entity as those making the capital investment decisions, most developers are reluctant to carry out any proposal 
that demands higher levels of energy efficiency beyond what is mandated by the code (Melbourne Energy Institute, 2013; 
ClimateWorks Australia, 2018). Solution pathways for reaching the NZE targets would therefore need to consider this reality 
if it is to achieve market success. An optimal-cost approach is anticipated to fulfill this requirement by creating a better 
understanding of alternative investment options for different levels of building performance, and ultimately NZE performance. 

A cost-optimal model that draws from the methodology first proposed by the European Commission in the EPBD 
framework - EPBD Directive 2010/31 (Boermans et al., 2015) and further explored by Barthelmes et al.,(2014) is adopted in 
this study. As shown in Figure 1, the framework being proposed comprises of five key components. The following section 
gives further details of the framework. 

Figure 1: Proposed framework for investigating the research problem (adapted from: Barthelmes et al., 2014)

3.1 Reference Building 

Identification of a reference building forms the first step in the methodological framework as shown in Figure 1. Building 
contexts differ from one another as a result of variations in design, construction, materials, plant and equipment, occupancy 
and climate zone and others. Depending on how these variables are combined, each of them has a potential impact on 
energy, including an infinite number of performance outcomes (Pitt&Sherry, 2016). To provide a consistent baseline for 
comparison in terms of performance and make energy simulation easier, most built environment scholars suggests the use 
of reference/benchmark buildings - these are model buildings that are representative of real life building stock (Torcellini et 
al., 2008).  
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Reference buildings have been created for different purposes in literature (Huang et al., 1991; Stocki et al., 2007; 
Corgnati et al., 2013; Schaefer and Ghisi, 2016). Although creating one is a challenging task that may require several years 
to complete, some scholars attribute this difficulty to the diversity and limited data on existing buildings to draw from  (Huang 
et al., 1991; Torcellini et al., 2008). 

Data on existing high-rise residential buildings in Melbourne are limited and of variable quality (Fincher, 2007). Therefore, 
information on a representative high-rise residential building is currently not available. The selected case study/reference 
building is therefore based on convenience sampling, on the practical grounds of availability of data and access to building 
information. In addition, as the analysis is based on using actual energy data along with simulation predictions, the study 
will be adopting a retrofit approach rather than new-build. Figure 2 shows a typical floor layout and exterior image of the 
case study building. 

Figure 2: Left - Typical floor layout of case study building; Right – Exterior view of case study building 

The reference building is currently one of the few high-rise residential buildings in this area. The table below give further 
details of the building. 

Table 1: preliminary details of reference building

Building parameter  Description

Name

Location 

Alexander Lombard Tower 3 

40-70 Mt Alexander Road, Travancore, Victoria

Year of completion 

Number of floors 

2012

26 with a sky garden (excluding basement)

Total number of apartments

Number of bedrooms per 
apartment 

396

2

Systems 

 

Roof mounted solar panels 

Centralized and gas boosted DHW

Centralized water sourced heat pumps 

3.2 Energy Performance Assessment 

Energy performance assessment forms the second component of the framework. Estimating the energy consumption of 
a building can be done in different ways. Chua and Chou (2010), employed a model comprising of an envelope thermal 
transfer component and annual cooling energy consumption to estimate the energy consumption of a residential building 
in Singapore. Fumo (2014), reviewed other approaches based on artificial neural networks, machine learning and the use 
of whole building simulation software. This paper proposes an assessment method combining actual energy consumption 
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data and whole building simulation using DesignBuilder version 5.4 (EnergyPlus). Details of this approach is documented 
by Royapoor and Roskilly (2015). Questionnaire survey and measured environmental data of the interiors of selected 
apartments will also be used as a basis for calibrating the model and validating the data (Raftery et al., 2011).  A key 
necessity in accurately documenting a building’s energy performance is the identification of the different components/end-
uses that make up the consumption profile. A model developed by Ren et al. (2013), identifies the different components 
that must be considered in order to estimate the total energy consumption for a household in Australia. Although this model 
was specifically developed for household level energy consumption estimation, it offers valuable insight into how occupancy 
patterns influence most parts of the energy consumption equation, which is often missing in most other estimation models 
(see Figure 3). 

Figure 3: Module structure for the whole household energy consumption model (source: Ren et al., 2013).

A publication by Finch et al. (2010), documented energy consumption distribution in high-rise residential buildings. The 
data details distribution of energy end-use specific to high-rise residential buildings in British Columbia, Canada. As Ren et 
al., (2013) model is at household level, this detail is currently missing from the model. Therefore, for calculating total energy 
consumed in the reference high-rise residential building, the Ren et al. (2013) model is modified as shown in Figure 4. The 
calculation protocol for each of the different components have also been detailed in the Ren et al, (2013) publication and 
this will be adopted for this study. 
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Figure 4: Module structure for the high-rise building energy consumption calculation. (adapted from: Ren et al., 2013)

3.3 Energy Enhancement Measures

A very high level of energy efficiency is required for buildings to achieve Net zero energy performance. It is well documented 
in literature that the current levels of energy efficiency in most Australian residential buildings are low (Melbourne Energy 
Institute, 2013; Berry and Marker, 2015). It is therefore important to understand where the opportunities lie for improved 
efficiency for the case study building. Energy efficiency measures for both new build and retrofit buildings are well documented 
in literature. For example, De Boeck et al.(2015), identified areas of application for energy efficiency improvement in buildings 
as:

• Measures relating to whole building

• Measure relating to construction part of the envelope

• Measures relating to windows and shading

• HVAC systems

• Appliance and lighting. 

Janda (2011) argued that measures of energy efficiency must also include integrating users involvement into building 
performance decisions. Other scholars such as Donn et al.(2014), Deng et al., (2014), Athienitis and Brien(2015), Aelenei 
et al.,(2017) documented other energy enhancement measures that could be employed to enhance energy performance 
in buildings. Many of these measures are relevant to the reference building case and their contribution towards improved 
efficiency will be explored during the investigation phase. Earlier report by Pitt and Sherry (2016) also documented some 
performance indicators for the referenced locations and the different benchmarks adopted, these will also be adopted for 
further exploration in this study.
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3.4 Building Performance Simulation 

The design of NZEBs in general require establishing aggressive performance goals at an early stage in the design process 
(Attia et al., 2012). As such, building performance simulation (BPS) forms a crucial resource in understanding how different 
parts of the building, systems and technologies are performing, and for identifying the most suitable sets of technical 
solutions (Ascione et al., 2016). Building performance simulation is a computer based multidisciplinary and problem oriented 
mathematical model of given aspects of a building, it is used to provide a simplified and approximate solution of a real 
physical phenomenon (Carlucci et al., 2018).   BPS forms the fourth key component of the framework proposed in this 
paper. 

Building performance simulations are expected to deliver credible results when used to represent a given behaviour of 
an actual building; as such, accuracy is crucial when undertaking BPS. Evidence in literature suggests that BPS results are 
often laden with inaccuracies, and that achieving the required accuracy is often a challenging task (Pan et al., 2017; Carlucci 
et al., 2018).  Some of the challenges identified in literature are: 

• Issues relating to what to include in the conceptual modeling of the building

• Issues relating to the fidelity of the construction and development of the building model

• Issues relating to estimating the impact of uncertainty due to lack of information

• Issue relating to modeling weather and climate scenarios

• Issues relating to how to model occupant behaviour

• Issues of expanding the capability of the BPS tools

• Optimization issues

• Visualization and communication skills of BPS tools and 

• selection of suitable BPS tool

Solutions to some of these BPS challenges have been addressed in literature (Raftery et al., 2011; Mustafaraj et al., 
2014; Micono and Zanzottera, 2015; Monetti et al., 2015; Harish and Kumar, 2016; Kim et al., 2017; Pan et al., 2017). The 
use of BPS for modeling high-rise residential buildings also comes with additional difficulties. Pan et al. (2017) identified 
some of these as: 

• Weather conditions around high-rise buildings being more complex; 

• BPS for High-rise buildings requiring more thermal zones which tend to increase computation time significantly. 

Of key importance is the suggestion of reducing computation time by simulating a typical floor of the high-rise and then 
accounting for weather changes due to altitude using the power law equation (equation 1) to capture the wind velocity 
profile around the simulated building. 

  (equation 1)

Where Z is the height above the ground, Vz is the wind velocity at height Z, Vmet is the wind velocity measured at the 
meteorological station, Zmet is the height above ground of wind speed sensor of meteorological station, δ and δmet are the 
wind speed profile boundary layer thickness of the site and meteorological stations respectively; α and αmet are the wind 
speed profile exponent of the site and meteorological station respectively. The potential differences in results when simulating 
single/typical floor and applying the power law equation to account for differences in wind velocity for differing heights as 
suggested by Pan et al., (2017) versus simulating the whole building at once will also be investigated and reported.  

3.5 Optimal Cost calculations 

The EPBD recast (Boermans et al., 2015) suggested finding an economic optimum option when deriving pathways for 
reference buildings to reach the nearly zero targets for buildings within the European Union. The methodology advocated for 
the use of net present value (NPV) method for calculating global costs for the reference buildings. This approach is adopted 
in this methodology. Ferrara et al. (2018) discussed this approach in detail. The expected economic optimum solution for 
the reference building is demonstrated in Figure 5 below:
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Figure 5: Economic optimum and cost curve of different renovation pathways. (source: econcept.,2018)

The horizontal axis represents the primary energy use per year while the vertical axis represents the global costs. Point N 
on the graph represent a cost-neutral solution; A represents a conventional energy optimized retrofit while point O represent 
the cost-optimal NZE solution.

4. DISCUSSION

The availability of information on design strategies and approaches that can deliver NZE performance for high rise residential 
buildings is crucial both to the attainment of such goals and the proliferation of such high-performing buildings. The 
methodology proposed in this paper details an approach that combines both design considerations and cost. Similar 
approaches have been adopted in literature for deriving solutions for nearly zero energy buildings in Europe. For example 
Corrado et al., (2014) employed this approach to residential buildings in Italy. Dembo  et al.,(2013) also employed a similar 
approach for improving energy efficiency for new housing in Canada. Some of the key challenges with previous studies have 
been documented earlier in this paper as it relates to getting accurate data on building energy consumption and also BPS. 
Suggested solutions have also been proffered. The study expects to follow these documented approaches and report on 
the findings during the analysis stage of the research.

5. CONCLUSION

This paper has presented a methodology that can be employed for designing a Net zero energy high rise residential building 
in Australia. The next stage of this study will involve applying the methodological framework to the reference building 
and reporting on the feedback and lessons learnt from the process. The lessons are expected to help in fine-tuning the 
methodology further and establishing a reference tool that could guide design decisions when designing high-rise residential 
buildings to meet Net zero energy standards in Australia.  
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