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by  

Maciej Jan Cichy 

ABSTRACT 

One quarter of all the energy consumed worldwide is used in building operations and this accounts for 

one third of all global carbon emissions. In addition to the energy used in building operations, 

additional amounts of energy are required for the building construction industry and for the 

manufacture of the materials used. As inexpensive sources of energy are limited and the reduction of 

carbon emissions is necessary, it is important to make buildings as energy-efficient as possible. Tall 

buildings generally require more energy for their construction and operation in comparison to lower 

rise buildings. However, high rise buildings are becoming more common, since building high may be 

the only viable option in densely populated conurbations where land is scarce.   

The shape and layout of a tall buildings affects the important passive energy saving strategies, such 

as natural ventilation, optimum daylight penetration and optimum solar exposure. They also affect the 

energy that is embodied in the building. For energy efficiency, it is important to design the shape of a 

tall building that will allow the application of passive energy saving strategies, and will result in a 

minimal level of  building embodied energy and would meet other design requirements, e.g. structural 

design requirements. This thesis aims to answer the question of how to design the shape and layout 

of tall buildings so that they are as energy-efficient as possible.  

In order to answer the question, the spatial requirements of the combined building energy saving 

strategies and the major design aspects are investigated. This investigation aims to explain how a tall 

building’s shape affects operational energy saving strategies and the way in which the shape changes 

that are necessary to implement these strategies can affect the building’s embodied energy. Shape 

constraints resulting from other main design aspects are also investigated.  

This investigation shows that, in most climates, a tall building with a rectangular plan that is compact 

and has shallow floors for natural ventilation and daylight access has the optimum combined 

operational and embodied energy.  The longer walls of such a building should face north and south 

directions, subject to the small variations that depend on location of the project. The building should 

be easily convertible to function as office, residential, or hotel space, in order to allow for a long life 

span and the consequent embodied energy reduction. As part of this investigation, the Green Star NZ 

rating tool is analysed. The analysis shows that focusing on achieving ‘green’ certification does not 

necessarily ensure a building shape that allows for the application of passive design strategies. 
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Based on the investigation results, the research identifies a design process for defining tall building 

shape and layout as energy efficient as possible. This process considers the combined operational 

and embodied energy as well as other shape constraints (e.g. structure or fire design). The design 

process consists of consecutive steps that consider and compare different design requirements. The 

order of the steps to be taken aims to reduce the time spent on design analysis. The design process 

is aided by EnergyPlus building energy simulations, which are used when general design rules cannot 

provide definite answers as to which design solution would result in the best energy performance.  

The design process is intended to aid the early design phase of an energy-efficient tall building. 

Additionally, the process can support comparative studies on the energy efficiency of alternative 

building types achieving the same site density. The process is explained through its application to a 

sample design for a tall building located in Auckland, New Zealand.  

The sample design shows that spatial requirements for daylight and natural ventilation can limit 

building height and be contradictory to the requirements for layout with optimum solar exposure. 

Narrow floors result in a higher level of embodied energy of the superstructure and elevations, which, 

however, can be offset by energy savings from natural ventilation and daylight access.  

Building energy simulations’ results, for the sample design indicate that, for the Auckland climate, 

when considering the operational energy used for heating, cooling, lighting and ventilation, naturally 

ventilated tall buildings can be more energy-efficient than some naturally ventilated shorter buildings. 

Results indicate that, for naturally ventilated buildings, daylight access determining electrical lighting 

use is the main aspect that affects energy performance in densely built areas. Taller buildings can be 

spaced less densely and receive less shadows from adjacent buildings. Additionally, their layout can 

take full advantage of the optimum solar exposure.  

Overall, the research, and the sample assessment in particular, indicates that the embodied energy of 

the superstructure of a tall building, in addition to the energy required for vertical transportation, is the 

main component that can make tall naturally ventilated buildings less energy-efficient than lower rise 

buildings. 
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1. INTRODUCTION 

The building sector is a major energy user. The energy required for the operation of a building and for 

the manufacture of building materials is mainly that which is generated using fossil fuels. However, 

economically inexpensive fossil fuel resources are limited and, in the near future, will no longer be 

available. Additionally, carbon emissions from energy generated using fossil fuels add to the 

greenhouse gas content of the earth’s atmosphere. Increases in greenhouse gas result in a rise in 

global temperature and, consequently, in climate change. Climate change, if not contained, could 

ultimately have catastrophic consequences for humans. 

For the aforementioned reasons, buildings must be designed in a way that will make them more 

energy-efficient. The energy needs of buildings can be substantially reduced through the selection of 

appropriate building shape. A building with the appropriate shape can be naturally ventilated and can 

use daylight more effectively. Additionally, such a building can have optimum solar exposure. These 

passive design elements reduce the energy demand for the operation of the building.  

Natural ventilation, daylight access and optimum solar exposure have specific spatial requirements. 

Meeting these requirements affects the quantity of materials required for a building’s construction and 

consequently this affects the embodied energy of a building. Additionally, building shape and layout 

are constrained by other design aspects requirements, e.g. structural and fire design. 

Among building typologies, tall buildings require more energy for their operation and also use a 

greater quantity of construction materials than most other building typologies. If tall buildings are to be 

built in the future, because of the characteristics outlined, there is a pressing need to reduce their 

energy requirements within other aspects, through the  selection of an appropriate shape and building 

layout. 

As building shape and layout are very important for the energy efficiency of tall buildings, the question 

arises: How should such buildings be designed?. 

The literature review reveals that design processes for tall buildings focussing on building energy 

efficiency have already been proposed. However, it appears that, to date, a detailed design process 

for a tall building shape and layout that focuses on achieving the optimum combined level of 

operational and embodied energy and considers all energy saving strategies, including those of 

passive design,  has yet to be presented. 

For example, Frechette and Gilchrist (2008) proposed a design process with a focus on tall building 

energy reduction. However, shape investigations to reduce a building’s operational energy were not 

part of this process. Instead, the focus was on the efficiency of the building’s services and facade 

design. Shape geometry was considered with the single focus on improving energy output from 

embodied energy for the building. The design process considers all energy saving strategies, 

including those of passive design. 
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building-incorporated wind turbines. Furthermore, the effects of building shape on embodied energy 

were not considered. 

The literature review also showed that there have been studies on tall building shape that focus on 

energy efficiency. However, the focus of the researchers has been, either, on individual aspects of 

design, or, on a small group of selected aspects that have specific building shape and layout 

requirements, without further analysis of the interaction between all the variables of the design.  

The most recent publication to focus largely on the energy efficiency of tall buildings is entitled: ‘The 

environmental performance of tall buildings’ by Gonçalves and Umakoshi (2010). This study provides 

some design guidelines related to use of natural ventilation in tall buildings. However, it does not 

consider how the spatial requirements of natural ventilation affect a building’s structure and its 

embodied energy.  

Yeang (1996, 1999) provided descriptions of all the major design aspects that affect tall building 

shape. However, Yeang discussed each design aspect separately, without attempting to analyse how 

all the aspects of the design with differing spatial requirements could be applied together.  

In the publication entitled, ‘High-rise manual: Typology and Design, Construction, and Technology’, 

edited by Eisele and Kloft (2003), most aspects of tall building design were described; however, the 

way in which all of these design aspects affect each other was not analysed.   

A number of specialised studies have been undertaken on specific energy-saving strategies. For 

example, Ourghi, Al-Anzi, and Krarti (2007), and Al-Anzi, Seo and Krarti (2009) assessed the 

relationship between the compactness of a tall building and its operational energy use in a hot arid 

climate. Chan, Chow, Fong and Lin (2009) studied the feasibility of use of a double skin façade in the 

construction of office buildings in the Hong Kong climate.  Nonetheless, again, the focus of these 

studies was either, on a single, or, on a small separate group of design aspects without consideration 

of the requirements of the all other aspects of building design and the embodied energy of buildings.  

The literature review also showed that, due to a narrow focus on a single design aspect, some tall 

building design strategies are regarded as ‘sustainable’, with no attempt being made to analyse and  

quantify the effects of such strategies on total building energy use. For example, Gonçalves and 

Umakoshi (2010) supported the use of atriums in tall buildings. Yeang (2008) supported the 

incorporation of ‘vertical gardens’ into tall buildings, including the growing of large trees at upper 

levels, both inside and outside of a building. However, these authors did not provide an analysis of the 

way in which the use of atriums and large trees affects a building’s embodied energy. In relation to 

onsite solar and wind energy generation, Gonçalves and Umakoshi (2010) stated that solar panels 

and turbines incorporated into tall buildings can provide a higher output than if they were incorporated 

into shorter buildings. However, this statement was not supported by an analysis that demonstrated 

that, in reality, the incorporation of renewables into a tall building would be the most practical solution. 
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In relation to the embodied energy of tall buildings, only a limited number of studies have been 

undertaken. Researchers have mainly focused on comparisons of the embodied energy of buildings 

with different heights (Treloar, Fay, Ilozor, & Love, 2001). It appears that, as yet, there is an absence 

of studies comparing the embodied energy, or the combined embodied and operational energy for 

different tall building shapes.   

A review of the relevant literature reveals that there is a dearth of research on a holistic design 

approach that focuses on tall building energy efficiency. 

In this thesis, in order to answer the question: What is the best way of designing the most energy-

efficient tall building shape and layout? Firstly, an analysis was undertaken to consider all major 

design aspects affecting a tall building shape and layout. This analysis aims to extend and add to 

previous studies whose focus was either, on single aspects of tall building design, or on separate 

groups of design aspects. 

The investigations undertaken for this thesis have resulted in the creation of a design process for the 

conceptual design of the shape and layout of a tall building. The design process accounts for 

combined operational and embodied energy, and all other major design aspects affecting tall building 

shape and layout. A building with a shape and layout design that utilizes the method proposed by this 

thesis is likely to achieve a much higher degree of energy efficiency than a building designed with 

focus only on the efficiency of building services and design of thermally efficient exterior elevations. 

This design process intends to extend, refocus, and add to, previously proposed design methods.  

This design process supported by its research analysis is aiming to answer to the research’s 

challenge as to how to design the most energy-efficient tall building shape and layout. 

The design process is explained through its application to a sample design for a tall building located in 

Auckland. As the sample design assessments show, this design process could aid comparative 

studies of the energy efficiency of alternative building typologies that achieve the same urban density. 

The design process includes building energy simulations. Indeed, the sample design process 

presented in this thesis confirms that, in some cases, general design rules cannot provide definite 

answers that would allow for the selection of the most appropriate building shape. In such cases, 

energy simulations can support design decisions.  

In an attempt to help designers to include software simulations in their tall building shape 

investigations, EnergyPlus building energy simulations settings used in this thesis are described and 

explained. The set up for the simulations used in this research has been  specifically designed to be 

used at the initial design stage, when detailed information concerning building services is not 

available. For the purpose of the simulations  used in this thesis, services were not modelled in detail, 

but rather, their overall efficiencies were used to calculate their energy requirements.  
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1.1 BUILDINGS’ ENERGY USE 

1.1.1. Affordable Fossil Fuel- a Limited Resource 

Humankind depends on fossil fuels to meet its energy needs. However, fossil fuels, which are 

economically inexpensive to extract, are limited. According to data published in ‘International Energy 

Outlook 2010’, in January 2010, the amount of economically recoverable (with the use of current 

technology) oil reserves of the world stood at around 1,354 billion barrels (EIA, 2010). This amount of 

reserves was predicted to last forty years at the 2007 oil production levels (84.8 million barrels per 

day).  

Due to rising demand and production costs, oil and gas prices have been rising. Throughout the last 

decade, real oil prices in New Zealand have risen by 50% (MED, 2010b). In the future, by 2040, 

according to ‘New Zealand's Energy Outlook - 2010 Edition’, the minimum real price increase will be 

40% for oil and 66% for gas (MED, 2010b). In the ‘International Energy Outlook 2010’, prepared by 

DOE, it was estimated that, by 2035, the real price of oil would increase by 33%. The DOE estimate 

considered currently known technologies and technological and demographic trends (EIA, 2010).  

The world’s population growth, and the increasing energy use per capita in develop ing countries, has 

exacerbated the fossil fuels price increases and put an additional strain on the limited fossil fuel 

resources. UN estimates show that, at a medium population growth, the world’s population could 

increase from 6.9 billion to 9.15 billion people, by 2050 (UNdata, 2008).  

UN reports also show that, between 1996 and 2006, world energy use per capita increased by 9%. 

The growth in the two most populous countries were 60% in China, and 21% in India, respectively. 

During the same period, in the USA and Europe (Euro Zone) energy use per capita did not change 

significantly (UNdata, 2009). 

In 2006, the average of the world’s energy use per person, in kilograms of oil equivalent, was 1817kg. 

This was 4.3 times less than the energy use per person in the USA and 2.2 times less than in the 

European Union (Euro Zone) (UNdata, 2009). 

If the world energy use per capita reaches the North American level, in 2050, then 5.7 times more 

energy would be needed than that required in 2006, or 2.9 times more, if world energy use intensity 

reaches the European level.  

Except for the unavoidable depletion of cheap oil and gas resources, other issues relating to the 

dependence of countries on fossil fuels as the source of energy are the low supply reliability and 

sudden large price increases. A few of the countries that have the largest oil and gas reserves are 

perceived as being politically and economically vulnerable. Many countries rely on supplies of fossil 

fuels from these few countries. As noted in a DOE report, there have been repeated ‘oil/energy crises’ 
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throughout history; they occurred in 1973, 1978, 1990 and 2008. These crises were marked by sharp 

oil prices increases and even oil shortages (Campbell & Laherrère, 1998; EIA, 2007).  

With the exception of oil and gas, coal is the major fossil fuel. Reported coal resources are larger than 

those of oil and gas (EIA, 2010). However, the main disadvantage of coal is that, in comparison with 

other fossil fuels, a far higher level of carbon emission is associated with its use. 

1.1.2. Carbon Emissions and Climate Change 

Carbon emissions associated with the use of fossil fuels are considered by most people to be the 

biggest threat to the natural environment and humankind’s ‘sustainable’ development.  

Carbon emissions, released when fossil fuels are used, account for 70% of the world’s greenhouse 

gas emissions (IPCC, 2007). These greenhouse gases concentrate in the atmosphere. The excessive 

concentration of greenhouse gases in the atmosphere causes a rise in the global air temperature. 

This process is called the ‘global warming’ effect. The rise in the global air temperature causes the 

world’s climate to change, which can have severe consequences for humankind. 

The global warming effect was first studied on a large scale in the 1970s. In 1968, due to worries that 

unlimited consumption could lead to the depletion of the world’s natural resources, an international 

group of professionals set up the Club of Rome. The club commissioned scientists from the 

Massachusetts Institute of Technology to undertake the computer modelling of the global environment 

(Club of Rome).  The results of the environment modelling indicated that human activities could cause 

the world’s climate to change. These findings were presented in 1972, at the time of the UN 

Conference on Human Environment (Roaf, Crichton, & Nicol, 2009).  

In 1972, Goldsmith, Allen, Allaby, Davoll and Lawrence (1972), published ‘A Blueprint for Survival’. 

The authors predicted that, if the concentration of greenhouse gases in the atmosphere had 

increased by 18%, between 1958 and 2000, then the world temperature would increase by 0.5ºC. In 

the 1980s actual measured weather data started to confirm this prediction (Roaf et al., 2009).  

The increase in the use of fossil fuels to meet the growing energy demand, caused by the world 

population growth and the increasing world energy use per capita, results in a carbon emission 

increase and exacerbates world climate change. According to one of the estimates presented in the 

IPCC’s Fourth Assessment Report (IPCC, 2007), between the years 2010 and 2030, energy 

consumption could rise by 35.5% and carbon emissions by 38%.  

The world climate change due to the effects of global warming and climate change’s negative 

consequences are internationally recognised. In 1988, the United Nations established the 

Intergovernmental Panel on Climate Change (IPCC). The panel, in their 1990 report, concluded that, 

without measures to limit greenhouse gases emissions, the world’s temperatures would continue to 

rise (Roaf et al., 2009).  
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During the UN conference in Rio de Janeiro in 1992, the United Nations Framework Convention on 

Climate Change (UNFCCC) was formed. The UNFCCC’s decision-making authority is the Conference 

of the Parties (COP). COP members are all countries belonging to the UNFCCC (UNFCCC). 

In 1997, the COP summit in Kyoto produced a legally binding treaty that committed industrialised 

nations to the making of reductions in greenhouse gas emissions. The treaty came into force in 

February 2005. To date, 183 countries, including New Zealand, have become parties to the Kyoto 

Protocol (NZME).  

During the COP summit in Bali, parties to the Kyoto protocol agreed upon the Bali Action Plan and 

Roadmap. This document recognises that greenhouse gas emissions are the leading cause of climate 

change and that the emissions must be urgently and substantially reduced (Roaf et al., 2009). 

The aim of the Kyoto protocol is to stabilise greenhouse gas content in the middle layers of the 

troposphere (the lowest part of atmosphere) in the range of 450÷550 ppmv (parts per million by 

volume of dry air). According to ‘Stern Review’, at this level of gas concentration, it is highly probable 

that the world temperature would stabilise, after increasing by 2÷3ºC (Stern Review, 2006). However, 

Hansen et al. disagreed with the stabilisation levels of the ‘Stern Review’ and claimed that the aimed-

for greenhouse gas stabilisation level agreed in Kyoto would cause an increase of the global 

temperature of far above the predicted 3ºC, and would be catastrophic to the climate. Hansen et al. 

(2008) advised reduction of the greenhouse gas concentration to 350 ppmv or lower level.  

UNFCCC COP, aiming to tighten the growth of carbon emissions, plan to negotiate and ratify a new 

international framework by the end of 2012 (UNFCCC).  

One of COP’s policies to reduce carbon emissions is the Emissions Trading Scheme. In  belonging to 

this scheme, participating countries agree to constrain their carbon emissions to specific levels. Each 

country receives a specific amount of carbon credits that represents its emissions levels. A country 

that exceeds its limit has to pay for its excess emissions or buy unused carbon credits from other 

countries. 

Some countries, including New Zealand, have implemented their own national Emission Trading 

Scheme (ETS) to finance their intentional carbon trading and encourage the reduction of carbon 

emissions. 

In New Zealand’s ETS, the government allocates carbon emission units to specific energy intensive 

businesses. The allocated units are part of Kyoto units, received by New Zealand from the 

international ETS. One emission unit equals one metric tonne of carbon dioxide, or any other 

greenhouse gas that has the same global warming effect as one metric tonne of carbon dioxide 

(NZME). 

Each NZ ETS participant can offset its carbon emissions against allocated units, or buy units from 

other scheme participants to offset their emissions, or pay carbon tax for their emissions (NZME).  
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Due to the ETS scheme electricity prices have increased, because electricity companies have to pay 

the carbon emissions tax. The scheme has also caused the increase in oil and gas prices. 

1.1.3. Building Operational Energy 

The building sector is one of the biggest of the world’s energy consumers and is therefore one of the 

biggest greenhouse gas emitters.  According to ‘IPCC Fourth Assessment Report’, buildings 

worldwide use 25% of global primary energy and 60% of electricity. The energy used to run buildings 

accounts for 33% of the global carbon emissions (IPCC, 2007). 

In contrast to the current situation, in the past, buildings did not rely on the intensive use of fossil fuels 

for their operation. Vernacular buildings also require little energy to keep them habitable. Instead of 

using artificial mechanical systems, these buildings are designed to rely on passive methods to keep 

their interiors habitable.  

These buildings have natural ventilation systems, often sophisticated. They are made of heavyweight 

construction materials and are positioned to take advantage of solar exposure and natural wind 

patterns. 

For example, vernacular buildings in Yazd, a desert city of in Middle East, have heavyweight walls. 

These walls absorb heat during the hot days and release it during the cooler nights. This 

phenomenon keeps a building’s interior temperatures lower during the day and higher during the 

night. The buildings have also special wind towers that catch faster-flowing upper stream air and 

transport it down to ventilate and cool rooms, when the exterior temperature is below 35°C (Roaf et 

al., 2009). 

Another example is the ancient Villa Julio Polibio, buried during Vesuvius’s eruption in AD 73. As in 

the previous example, this building also has heavy walls. Additionally, it has a pool in its internal 

courtyard that improved the building’s microclimate during hot days. The villa was carefully orientated 

in relation to world directions to reduce its over- and under-heating (Roaf et al., 2009).  

The next example, the eighteen century Villa Campolieto in Herculaneum, had a very sophisticated 

natural ventilation system. In this building, during warm days, all the windows in the building could be 

left open to catch wind. During very hot days, all windows were shut, except for those in a central 

rotunda on the top of the building. This created a Venturi effect and consequently cold air from the 

building basement was drawn into the rooms.  

The villa’s ventilation system included inbuilt ducts and grilles that drew cool air into rooms and 

expelled warm air when needed. Drawing and dining rooms had a buffer void above their ceilings for 

protection from roof heat gain (Roaf et al., 2009).  

Furthermore, before the 1950s, it was common for most buildings to rely solely on natural ventilation 

and, to a large extent, electric lighting was not used during the day.  
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As there are known energy savings strategies that can be implemented in new and existing buildings 

to reduce their energy use, it is perceived that large carbon emissions and energy use reductions can 

be achieved in the building sector. This knowledge can assist governments in meeting their carbon 

emissions targets. 

Focusing on the energy use of New Zealand buildings, NZ government data shows that, in 2009, the 

residential and commercial sectors consumed 22% of the total energy, and 59% of electricity. The 

residential sector used 34% of electricity and the commercial sector used 25% (commercial sector 

data includes a small amount of electricity used for railways, urban traction and public lighting) (MED, 

2010b). This energy and electricity usage for the energy use of buildings is close to the worldwide 

average. 

In relation to greenhouse gas emissions, New Zealand’s generation of electricity is the main source of 

energy used in buildings and accounts for 19% of the carbon emissions associated with the energy 

sector. The energy sector accounts for 45.3% of the country’s carbon emissions. The generation of 

59% of the electricity used in commercial and residential sectors is responsible for approximately 9% 

of the total of New Zealand’s carbon emissions (MED, 2010c). (Additionally, the commercial and 

residential sectors account for a minor amount of carbon emissions associated with use of small 

volumes of natural gas.) 

New Zealand has lower greenhouse gases emissions, relating to building operations, when compared 

to the 33% world average, because most of the country’s electricity is generated from renewable, 

clean sources, e.g. hydro, geothermal and wind energy. In 2009, 72.5% of New Zealand ’s electricity 

was generated from ‘green’ sources, mainly hydro (MED, 2010c). In comparison, in 2010, 65.9% of 

world’s electricity was generated from fossil fuels (IPCC, 2007).  

Due to high use of renewable energy to generate electricity, the potential for the reduction in carbon 

emissions in the New Zealand building sector is much less than it is worldwide. However, because of 

the growing demand for electricity and rising electricity prices, a reduction in the energy use in 

buildings is also important for New Zealand.  

From 2005 to 2009, electricity use in the residential and commercial sectors grew by 10%. Estimates 

showed that from 2010 to 2030, it is highly probable that the electricity demand would increase by 

32%. From 2005 to 2009, in the New Zealand residential sector, the real electricity prices increased 

by 13%. It has been estimated that from 2010 to 2040, wholesale electricity real prices could grow by 

at least 30% (MED, 2010a). 

Apart from the growth in the building sector’s energy needs, in addition, the demand for electricity 

could significantly increase, due to growing electricity use for transportation. In future, energy for 

transportation will have to be delivered from sources other than oil and gas, because of the limitations 

of oil and gas resources.  
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In the future, electrified railroads could replace oil-run trucks for goods transportation. Electricity-run 

cars could start to be used more frequently. Electric cars technology is already well developed, e.g. 

many public transport systems in the USA use electric Proterra’s bus EcoRide™ BE35 (Proterra). 

Additionally, in the North Island of New Zealand, the demand for the amount of electricity required to 

run buildings could be exacerbated by the unavoidable increase of global temperature. At higher 

temperatures, more energy will have to be used for cooling. 

1.1.4. Building Embodied Energy 

Building construction, refurbishment, maintenance, repair, alteration and demolition require energy. 

The production of building materials requires energy for the extraction of raw materials and for 

manufacturing processes. The combined energy used for these activities can account for a significant 

part of the total energy required by a building throughout its lifecycle. 

The embodied energy of a specific product is the sum of the product energy inputs throughout its life 

cycle. Embodied energy is most commonly specified as being ‘from cradle to factory gate’. This 

includes all stages of a product’s lifecycle up to when the product leaves the factory of its origin. It 

accounts for the energy required for the extraction of raw materials, their transportation, and the 

energy required to manufacture the final product from raw materials. It excludes the energy required 

for the product distribution from its factory, its incorporation, e.g. into a building, and the product 

disposal. Commonly, embodied energy can also be specified as ‘from cradle to grave’, which 

accounts for the full product lifecycle (Alcorn, 2003; NIST; PRé). 

Generally, for each product included in an embodied energy database, the database provides a 

description that informs which processes have been included and which have been excluded in the 

product’s embodied energy calculation (Alcorn, 2003; NIST; PRé). 

A building’s embodied energy is the sum of the embodied energies of all the building materials that 

were used in the building’s construction. Additionally, depending on the assessment type, the 

building’s embodied energy can include the energy required for the building’s construction. It can also 

include the energy required for the building’s maintenance and refurbishment, and even for its 

eventual demolition and the disposal of the demolition materials. 

A building’s embodied energy can constitute a significant portion of the total energy that the building 

uses throughout its lifecycle. According to an analysis by Fay (1999), the embodied energy of an 

average residential dwelling in Victoria, Australia, accounts for 76% of its total lifecycle energy, 25 

years after the initial construction. One hundred years after the construction, the dwelling’s embodied 

energy accounts for 42% of its total lifecycle energy.  

Another study by Fridley (2010), on Suzhou, a large town in China, showed that, on average, the 

embodied energy of the commercial buildings in the town accounted for 47% of the buildings’ total 
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energy. For residential buildings, the embodied energy accounted for 52% of the total energy. 

Fridley’s estimates were based on a building lifespan of 30 years, the average for Suzhou.    

A lower amount of embodied energy, described as a fraction of the total building energy, in 

comparison with the amount of embodied energy calculated in Fay and Fridley’s studies, was stated 

by the World Business Council for Sustainable Development (WBCSD); the WBCSD claimed that a 

building’s embodied energy accounts for 20% of the total energy used by a building throughout its 

lifecycle (WBCSD, 2009). 

Philip Oldfield and CTBUH (2009) made a comparison of embodied energy and operational energy for 

the 30 St Mary Axe (Gherkin) Tower in London, for the main materials used for the tower’s structure 

and façades. The total embodied energy of these building components, with the average recycled 

materials content, equalled seven years’ of operational energy. This estimate was made for the 

embodied energy specified as ‘from cradle to site’, without accounting for the reoccurring embodied 

energy.  

Some building materials that are used in large amounts in the construction sector are especially 

energy intensive and account for a substantial amount of carbon emissions; these are steel, cement 

and metals.  

The iron and steel industry uses nearly 6.3% of the world’s energy and accounts for around 9% of 

world carbon emissions (IEA, 2007). In 2006, in China, the construction sector consumed 54% of 

steel used in the country ("China Steel Industry Forecast till 2012"). 

The energy used in cement production accounts for 3% of world’s energy and, in 2005, cement 

production accounted for 6.7% of the world’s total carbon emissions (IEA, 2007). 

Aluminium production requires large amounts of electricity. On average, producing one tonne of 

aluminium requires 15,300kWh (IEA, 2007). This is more than the average New Zealand house, at 

11,410kWh, uses per year (Camilleri et al., 2010). In 2009, buildings used 14% of all the aluminium 

produced in USA.  

In 2006, the building sector also used 50% of the copper produced in the USA (USGS, 2010). 

Focusing on New Zealand, in 2008, the chemical processes associated with iron and steel production, 

accounted for 2.8% of the total greenhouse gas emissions. The chemical process in cement 

production accounted for 1.0%, and aluminium for 0.8% of the total of these emissions. Additional 

carbon emissions were associated with the energy used for the steel, cement and metal production, 

e.g. in 2008, basic metal industries used 14% of New Zealand electricity. The Tiwai Point aluminium 

smelter is the largest single user of electricity in New Zealand (MED, 2010b, 2010c).  

Practically, all the energy used for the extraction of aggregates can be associated with the 

construction industry. In New Zealand, for the 1996-2002 period, 25% of the aggregates used were 

for building construction  (Statistics New Zealand). 
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The amount of embodied energy in buildings can be reduced. One way of doing this is to improve the 

energy efficiency of the processes involved in the manufacture of construction materials. According to 

the estimates of the International Energy Agency, the energy used for cement production can be 

potentially reduced by 33%, worldwide. For iron and steel, the energy reductions could be up to 18%. 

These reductions can be achieved through the worldwide implementation of the currently used ‘best 

practice’ technologies (IEA, 2007). 

The next way to reduce a building’s embodied energy is the appropriate selection of materials and 

technologies for building construction, e.g. the energy used to produce steel reinforcement rods from 

recycled steel is three times lower than the energy used to produce rods made from raw materials. 

Alternatives to building construction systems can have varying levels of embodied energy. Fernandez 

(2008) in his Master’s thesis, calculated that a mid-rise commercial building with steel structure can 

have 30% - 47% more embodied energy than if a concrete structure were to be used (for embodied 

energy ‘from cradle to factory gate’). The appropriate choice between construction technology 

alternatives can reduce the level of a building’s embodied energy.  

1.1.5. Non-renewable Resources Required for Building Construction 

The building sector consumes very large quantities of materials other than fossil fuels, e.g., non-

renewable mineral resources. The major minerals consumed are: aggregates (rock, gravel, sand, 

etc.), clays, limestone for cement, gypsum, iron, aluminium, copper, nickel and zinc. 

Historically, there were concerns that these resources would become depleted. These concerns were 

the reason the Club of Rome was set up (Roaf et al., 2009). However, based on available data, there 

seems to be no evidence that there is risk of the global depletion of these non-renewable resources.  

According to data in ‘Mineral Commodity Summaries 2010’ (US Department of the Interior), around 

the world there is an abundance of the natural mineral resources required for the construction of 

buildings, although, when considering each country separately, the availability of these minerals 

varies (USGS, 2010).  

Focusing on New Zealand, based on published data,  for the future, it is predicted that there will be 

sufficient access to the non-renewable mineral resources required for the production of the most 

widely used construction materials. New Zealand has an abundance of minerals that can be used as 

construction aggregates. The country also has vast amounts of iron sand deposits from which steel 

can be produced. It is estimated that the iron sand reserves are sufficient to last for hundreds of years 

(NZMIA). 

Notwithstanding the environmental implications of mineral resources extraction, there seems to be no 

urgent need to reduce the use of these resources when considering their availability. However, a 

reduction in use of these resources could lower the amount of energy used in their extraction. 
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Additionally, the lower consumption of building materials made from minerals reduces the energy use 

in the manufacturing processes. 

1.1.6. Conclusion 

The energy derived from low cost fossil fuels is ending. It is expected that the prices of oil, gas and 

electricity will rise substantially in the near future; this is due to increase in demand, more expensive 

extraction, and carbon tax. Renewable energy technology, which is currently more expensive than 

non-renewable technology, will have to be used to meet the demand for energy. 

The effect of global warming, which is the result of the concentration of greenhouse gases in the 

earth’s atmosphere, is recognised as the cause of the climate change. In response to the climate 

change, international agreements require countries, including New Zealand, to either reduce their 

carbon emissions or pay for exceeding their agreed emissions targets. In order to comply with these 

carbon reduction agreements the countries concerned have to use energy more efficiently and reduce 

the use of fossil fuels.  

As there are known energy saving strategies that can be implemented in new and existing buildings, it 

is considered that the building sector has the potential to reduce high carbon emissions and energy 

use 

Rising electricity prices will cause the cooling, heating and lighting of buildings to become 

substantially more expensive. The operating costs for buildings will increase further in warmer 

climates: due to the unavoidable rise of the global temperature, the amount of energy used for cooling 

will increase.  

Indeed, notwithstanding the importance of environment protection, the need to reduce a building’s 

operational energy use is strongly driven by economic circumstances.  

The energy use and carbon emissions associated with the production of building materials and 

building lifecycle activities adds to a building’s energy use and its carbon emissions. Indeed, for some 

building typologies, in some locations, the embodied energy, as operational energy, has an almost 

equal share in the building’s total energy. However, the building’s embodied energy content can be 

reduced through the selection of materials and technologies with a lower amount of embodied energy. 

In New Zealand, most of energy used for the operation of buildings and for the manufacturing of 

construction materials, is from electricity that has a high level of renewable content. Consequently, the 

building sector in New Zealand has less potential for carbon emissions reduction than as in the case 

for other countries. However, the carbon emissions associated with chemical processes in steel and 

cement manufacture could be reduced, as has been done elsewhere. 

At present, the increase in the price of energy is the main impetus for the improvement of the 

operational energy efficiency of buildings in New Zealand. Additionally, it is very probable that in the 
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long term, the building sector will increasingly compete with other market sectors, e.g. transportation, 

for the limited amount of renewable electricity that is likely to be available. 
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1.2 THE TYPOLOGY OF TALL BUILDINGS 

The typology of the tall building is regarded by many as being inherently energy inefficient. The 

operation of tall buildings depends on the use of energy consuming mechanical systems. Tall 

buildings also require more construction materials than mid and low-rise typologies. Passive design 

energy saving strategies for this typology are less well known and less developed. As Yeang (1996) 

noted, bioclimatic (passive) design principles were developed for smaller buildings, not for tall 

buildings.  

The Council on Tall Buildings and Urban Habitat (CTBUH), a professional organisation focused on tall 

buildings, has recorded contrary opinions concerning the sustainability of this typology. The CTBUH 

website credits tall buildings with the reduction of urban transportation costs and stopping suburban 

sprawl, through the increase in urban density. Also added to the positives is the economy of scale 

gained in the construction of a tall building. As for the topology characteristics that render tall buildings 

as inherently unsustainable, the CTBUH website listed the high embodied energy content of tall 

buildings  and their high impact on the urban environment (CTBUH).   

1.2.1. The Operational Energy of Tall Buildings 

Contemporary tall buildings require large amounts of energy for their operation and depend on use of 

mechanical systems. However, throughout history, tall buildings have not always relied on the 

intensive consumption of energy. Up until the 1950s, energy intensive artificial cooling and 

mechanical ventilation were uncommon in tall buildings and they used less energy. As Gonçalves and 

Umakoshi (2010) noted, the Empire State Building and the Chrysler Building in New York were 

designed to rely on natural ventilation and daylight. Both these buildings also have a high thermal 

mass.  

The increase in operational energy use in tall buildings began after the 1950s, when their operation 

started to rely on the use of air-conditioning and artificial, fluorescent light. As Roaf at el. (2009) 

noted, the advent of air-conditioning allowed architects to create ‘modern buildings’ in which the 

internal climate is disconnected from the weather conditions outside the building.  Modern buildings 

with ‘thin-skin’, fixed windows and closed envelopes cannot be occupied when air-conditioning is not 

operating. 

Since the 1950s, lightweight glazed elevations have also become common. The new lightweight 

glazed building form (Figure 1.1) followed the ideas of Mies van der Rohe, and they were described 

by phrases such as, ‘Less is more’ and ‘Form follows function’. Such a building form started the 

international architectural style, which has been dominant for decades (Kloft, 2003). 

The advent of the international style was coupled with more economical and faster construction 

methods, the development of curtain walls and advancements in air-conditioning, mechanical 

ventilation, and artificial lighting. These advances have enabled the cheaper construction of 
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international style buildings rather than the construction of traditional buildings (Gonc  alves & 

Umakoshi, 2010). 

From the 1950s to the 1970s, energy was inexpensive and thought to be unlimited. During that period 

building design focused on minimising the capital construction costs and architectural expression, 

without regard to passive design. The international style well suited these requirements. 

 

Figure 1.1 Seagram building 

Reproduced from Antony Wood, CTBUH (Wood) 

The first widespread concerns over the energy inefficiency of modern buildings (including tall 

buildings) came after spikes in energy prices during the energy crises in the 1970s. These concerns 

were economically based and eased after energy crises ended. The design trend, which caused 

buildings to be dependent on large amounts of energy, did not change until the early 1990s 

(Gonc  alves & Umakoshi, 2010). 

A different approach to the energy efficiency of buildings was triggered by the Brundtland report and a 

sustainable development action plan ‘Agenda 21’ that was formed during the UN conference in Rio de 

Janeiro in 1992 (UN, 1987). 

In an effort to reduce energy intake, since the early part of the 1990s, an increasing amount of 

automated and controlled services have started to be used in buildings. During that time, the term 

‘intelligent building’ was introduced. However, the architectural form of most new commercial tall 

buildings remained unchanged. These buildings have highly glazed curtain walls, deep floors, artificial 

lighting and depend on full air conditioning for maintaining habitable interiors. The energy saving 

strategies used in early skyscrapers such as natural ventilation, the maximisation of daylight access, 

and high thermal mass, were not considered in this research (Gonc  alves & Umakoshi, 2010). 
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In particular, until today, a highly glazed, air-conditioned, box shape with deep floors has been the 

most popular building form for new commercial tall buildings in the Americas and Asia (Gonc alves & 

Umakoshi, 2010).  

In Auckland, New Zealand, two recently completed towers, one at 21 Queen Street (Figure 1.2), 

which inherited its shape from a reused structure, and a new tower at 80 Queen Street (Figure 1.3) 

follow the principles of international style.  

Since the start of the 1990s, in opposition to major world trends, the design of tall buildings in Europe 

has been approached differently. More emphasis has been placed on energy efficiency relating to 

passive design strategies. Commerzbank in Frankfurt, which was the tallest building in Europe at the 

time of its completion, is the most well-known example of such an approach. This building has been 

designed to allow natural ventilation. Its shallow floors and internal atria allow for maximum daylight 

access (Gonc  alves & Umakoshi, 2010). 

  

Figure 1.2 21 Queen Street in Auckland 

 

Figure 1.3 80 Queen Street is Auckland 

 

A variety of researchers have expressed contradictory opinions on the subject of whether, or not, tall 

buildings inherently require more energy for their operation than low rise and midrise buildings. Roaf 

at el. (2009) noted that tall buildings require additional energy for cooling and heating, because of 

their exposure to extreme sun and wind at higher levels. Additional services, e.g. lifts, add to the 

energy use of this building typology.  
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To the contrary, Gonçalves and Umakoshi (2010) noted that, subject to climatic conditions, tall 

buildings, which rely on natural ventilation and maximum use of daylight, can have lower operational 

energy use than low and midrise buildings. Gonçalves and Umakoshi noted that the excessive 

operational energy associated with tall buildings does not relate to their height but is due to their 

highly glazed elevations and their total reliance on electric lighting and mechanical air conditioning. 

Additionally, the way occupants use tall buildings adds to their energy inefficiency.  

Notwithstanding the contradictory opinions, if tall buildings require more operational energy than lower 

typologies, there are known design strategies that can reduce the energy requirements of tall 

buildings. Amongst other strategies, these are the passive design strategies such as used in the 

Commerzbank, such as natural ventilation and the maximisation of sunlight access implemented 

through the use of shallow floors, skycourts, and atria.  

Other strategies, noted by Ali and Amstrong (2008), are onsite energy co-generation and energy 

production from renewable sources, such as, solar and wind power.  

In the energy co-generation process, electricity production is connected with the use of the energy 

from the waste heat for cooling or heating of a building. Additionally, because the electricity is 

generated on site, electricity distribution loss is practically avoided. Onsite energy co-generation is 

easier to implement in tall buildings because of the economy of scale (M. A. Ali & Armstrong, 2008). 

When considering solar energy production, Ali and Amstrong (2008) noted that tall buildings have an 

advantage over lower buildings, because they have greater exposure to sunlight. The higher wind 

speeds at higher elevations, could also allow for the harvesting of more energy from the wind turbines 

incorporated into tall buildings, when compared to low rise buildings. Ali and Amstrong anticipated 

that, in future, tall buildings would be able to produce energy in excess of their needs and could 

support the energy supply to town/city electricity grids. 

1.2.2. The Embodied Energy of Tall Buildings 

A building’s embodied energy increases with its height. As a result, tall buildings have significantly 

higher embodied energy levels than is the case for low rise buildings.  

Until the end of the 1970s, companies in the USA raced to construct the tallest landmark building. The 

USA’s tallest buildings were constructed just prior to the fuel crises of 1973. The John Hancock 

Centre (344m) was completed in 1969, the World Trade Centre twin towers (417m and 415m) were 

completed in 1972, and the Sears  Towers (442m) were built in 1973 (Gonc alves & Umakoshi, 2010).  

The environmental performance of buildings began to be questioned in the early 1990s. Since then, 

the operational energy use of many of the newly constructed tall buildings has improved, mainly due 

to their more energy efficient mechanical systems. Despite this, project teams have shown little 

concern for the embodied energy of tall buildings, including the factor of embodied energy increase 

with building height. 
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In the wake of the 1990s, amid rising environmental concern, the competition for the tallest building 

recommenced; this was first marked by the construction of the Petronas Towers in Kuala Lumpur, 

built in 1997, and currently continues  with a short break in the competition following the terrorist 

attack on the Twin Towers in 2001 (Gonc alves & Umakoshi, 2010).  

Currently, the most recent tallest building, Burj Kalifa, is 828m high and was completed in 2010. Four, 

proposed 1000m+ towers could surpass this development. These are; the One Dubai Tower A, 

Kingdom Tower in Saudi Arabia, the Burj Mubarak Al Kabir in Kuwait and the Murjan Tower in 

Bahrain. Even taller buildings have already been designed, e.g. if completed, the Nakheel Tower in 

Dubai could reach 1200m. This project has been suspended due to the 2008 financial crisis (CTBUH, 

2011). 

These super-tall buildings require significantly more materials for their construction, per square metre, 

than low or medium-rise buildings. The additional materials are required to allow the structures and 

elevations of tall buildings to resist higher vertical loads. Additional space and materials are needed 

for vertical transportation and extended mechanical services.   

As tall buildings use more materials than low and mid-rise buildings, tall buildings have higher 

embodied energy than buildings of lower elevation. A CTBUH publication, though based on a limited 

number of case studies done to date, indicated that a 40 storey building structure has three times 

more embodied energy than a three storey building structure, per building area unit (CTBUH, 2009). 

Treloar, Fay, Ilozor and Love (2001) studied the embodied energy of two tall buildings in Melbourne 

and three low-rise buildings. This study’s estimates show that the tall buildings have around 60% 

more embodied energy when compared to the buildings of lesser height.  

However, based on the published literature to date, the precise magnitude of the difference between 

the total embodied energy associated with tall buildings and that of low rise buildings has not yet been 

established. This is due to the fact that studies to date have not included the necessary site 

infrastructure required to serve the investigated building. Low rise buildings may need a more 

extensive site infrastructure with a higher level of embodied energy than tall buildings need, due to, 

for example, the need for longer town lines to carry services, or more extensive local road networks. 

The high level of embodied energy in tall buildings adds to the typology’s high level of operational 

energy requirements, and adds to its negative effects on the environment. 

Tall buildings, like low rise buildings, can reduce their embodied energy through the use of materials 

with a lower embodied energy content and through the selection of construction technologies with a 

lower level of embodied energy. 

Unique to tall buildings is the fact that their shape modifications can reduce the wind loads of a 

building. Structural materials usage decreases due to the reduction of wind loads and, in 

consequence, the embodied energy of the building also decreases.  
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For example, in comparison with the standard box tapered shape, aerodynamic modifications to the 

Shanghai Tower’s shape allowed for a 32% reduction in the use of structural materials (Gensler & Xia, 

2009). 

1.2.3. The Effects of Tall Buildings on Urban Transport Energy 

Tall buildings increase urban density and consequently can, according to some researchers, reduce 

the energy required for urban transport. A graph from Newman and Kenworthy’s research illustrates 

the relation between town density and oil use per town inhabitant (Figure 1.4). The graph, reproduced 

in Gonçalves and Umakoshi’s (2010) book, indicates that, with increasing urban density, energy use 

for urban transport is decreasing. Urban transport is a large energy user and greenhouse gas emitter. 

In the European Union, urban passenger transport accounts for 11.5% of EU carbon emissions 

(UITP, 2009).  

 

Figure 1.4 Oil use versus urban density graph by Kenworthy and Newman 

Redrawn from Gonçalves and Umakoshi (2010) 

Note: It could be expected that travel energy use, except for urban density, depends also on local automobile 

culture. 

Kenworthy and Laube (1996), who, since the 1960s, have studied urban transportation systems in 

more than 30 world cities, consider urban density as the key element of towns’ sustainability. Their 

studies indicate that high town density leads to shorter average urban trip distances and improves 



20 
 

public transport use, due to higher user density and shorter walking distances to public transport 

stops. Additionally, the compacted parts of towns contain more mixed-use functions than low density 

suburbs. In the denser areas, the various services are closer to each other, and the length of urban 

trips is additionally reduced (Figure 1.5). The result of shorter urban trips and a high level of public 

transport use is decreased energy use for urban transport. 

Kenworthy and Laube’s (1996) study also indicated that car ownership is lower in more densely 

populated parts of town. For example, they established that car ownership in Manhattan for 

households with incomes greater than $US 75,000 was 0.81 vehicles per household, compared to 

2.61 vehicles per household in suburban areas. This same relationship occurred for other household 

income brackets. 

 

Figure 1.5 Urban density versus car use per person in world cities, 1990 

Reprinted with permission from Elsevier from Kenworthy and Laube (1996) 

The result of lower car ownership is increased public transport use, and consequent transport energy 

use reduction, as private car use is the primary contributor to the carbon emissions associated with 

urban transportation. International Association of Public Transport (2009) (UITP - Union Internationale 

des Transports Publics) stated that private motor vehicle transport accounts for 90% of urban 

transport carbon emissions. 

In a report, the UITP (2009), presented links between public transport use intensity, including walking 

and cycling, and urban passenger transport carbon emissions, for selected towns. The report 

observed large differences in transport carbon emissions between cities with extensive public 

transport and cities with less developed public transport systems. 

Carbon emissions, per capita, for Houston urban transportation, with a 5% public transport share, 

were seven times higher than for Berlin, with a 61% public transport share. Hong Kong, with the 
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highest 84% public transport share, had the lowest emissions, two times lower than in Berlin (UITP, 

2009).  

Based on Kenworthy and Laube’s research, tall buildings can increase urban density and, in 

consequence, reduce urban transport energy use. This energy reduction, according to Gonçalves and 

Umakoshi (2010), is the biggest advantage of tall buildings. However, as Gonçalves and Umakoshi 

noted, that building typologies, other than that of the tall building, can also achieve high urban density. 

For example, Barcelona and Paris have achieved high density with buildings approximately six 

storeys high.  

As Streiltz (2005a) noted, what can be considered as the advantage of the tall building over the 

midrise typology, is that, except for the consideration of increasing urban density, tall buildings, when 

sited strategically on public transport nodes, e.g. above a train station, can further support the use of 

public transport and limit the use of private cars. Tall buildings that accommodate a range of functions 

can reduce the need for travel even further. 

Currently under construction, the Shard Bridge Tower, adjacent to the London Bridge Station, is an 

example of a tall building strategically located at a public transport hub. The tower was specifically 

designed with an assumption that the building’s occupants would use public transport. The 

development will only have a small number of carparks; these will be for those who are ‘disabled’. The 

project includes the re-development of the public transport station. The project brochure claims that 

from the station, the underground rail goes directly to 61 destinations, mainline rail goes directly to 

247 destinations and the 15 bus routes go to 124 destinations (The Shard London Bridge Place, 

2008). 

Considering the information above, increasing urban density through the construction of tall buildings, 

sited at public transport nodes, could provide energy savings, at the large town scale. 

1.2.4. The Financial Cost of Tall Buildings 

The taller the building, the higher the initial building construction costs. The higher costs are due to 

the increased structural requirements resulting from the increase in wind loads with height. Roaf at el. 

(2009) noted that tall buildings require additional earthquake-proofing due to the proportions of tall 

buildings. Exterior elevations have to be more robust, than is necessary with buildings of lower 

elevation, because of their exposure to more extreme weather conditions, high above the ground. In 

comparison with low rise buildings, the requirements of tall building services add to the costs, e.g. the 

need to rely on lifts for vertical transportation, the need to pump water to higher levels, and the need 

for complex fire protection.  

Watts (2005) estimated that a rectangular 60 storey building costs 30% more, per area unit, than a 15 

storey building with the same rectangular floor plan.  
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As with the total construction cost, the cost of lifts increases with height. Grondzik, Kwok, Stein and 

Reynolds (2010) estimated that the capital costs of lifts for an office building would be 10.9% of the 

total building cost  for a 20 storey building, and 12.2% for a 60 storey building. 

Concerning the operation of tall buildings, Roaf at el. (2009) noted that there are additional costs to 

keeping tall buildings cool or heated because of their exposure to extreme sun and wind at high 

levels. Additionally, lift maintenance can account for 5-15% of the running cost a tall building. As Roaf 

at el. noted, in Great Britain, it is cheaper to demolish residential towers than to keep them repaired 

due to their operational and maintenance costs.  

Undeniably, the construction costs for tall buildings are higher than for lower rise buildings. However, 

the costs of a building should not be analysed without considering all the other associated costs e.g. 

the costs for land or for town infrastructure. 

Strelitz (2005b) noted that tall buildings generally require smaller sites than is the case for lower rise 

buildings which offer the same amount of space; from an economic point of view, in a desirable 

location, the initial additional construction cost can be offset by higher rents.  

1.2.5. The Safety of Tall Buildings 

Some question the safety of tall buildings. Roaf at el. (2009) noted that there is no single tall building 

that has a sufficient number of fire escape staircases. The reason for this situation is that, before the 

WTC attack in 2001, most tall buildings were designed following the assumption that fire would be 

constrained to one floor, and that, in the event of fire, people could evacuate in phases in this 

sequence;  first the floor on fire and then the adjacent floors followed by the rest of the floors.  

Roaf at el. (2009) citied the World Trade Centre designer, who said during an interview that, if a 

sufficient number of fire escape staircases could have been provided for the evacuation of the 

Towers, the reduced office space would have caused the buildings to be economically unviable.  

Roaf (2009) added that, after WTC attack in 2001, fire design assumptions were reviewed. Currently, 

when a tall building is designed, it is assumed that, due to fear of a terrorist attacks, people will all try 

to evacuate at once. Despite noting that, Roaf at el. stated that the revised regulations still do not 

provide sufficient fire safety.  

Lay confirmed that a phased evacuation is still the predominant strategy assumed when designing at 

tall building. He also noted, as the World Trade Centre designers did, that if the staircases of tall 

buildings could be designed for simultaneous evacuation, the lettable floor space area might not be 

economically viable. However, contrary to Roaf et al., Lay (2008) noted that the safe simultaneous 

evacuation of tall buildings is possible when they are designed for phased evacuation. In support of 

this view, he presented a design methodology for the modelling of simultaneous evacuation for tall 

buildings that are designed for phase evacuation. Following this methodology, fire safety measures to 

allow for safe simultaneous evacuation can be included in new designs for tall buildings. 
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Bukowski (2008) also expressed concerns about the safe evacuation from tall buildings. However, he 

did not condemn tall buildings as an inherently unsafe typology. Instead, he proposed to improve the 

safety of tall buildings, either, through use of lifts for evacuation (this is feasible at the current levels of 

technology) or, by the use of stairs that have been designed to be able to accommodate all the 

building’s  users and the  provision of refuge areas at places with a high concentration of people.  

Adding to the reasons why tall buildings are not safe, Roaf at el. (2009) noted that, when more than a 

few doors to the staircase are opened at the same time, a staircase fire pressurisation system cannot 

maintain high air pressure inside the staircase.  

In order to prevent smoke from entering staircases, a staircase pressurisation system pumps air into a 

staircase to keep the air pressure inside the staircase above that of the rest of the building. This 

allows for the use of staircases for evacuation (Grondzik et al., 2010). 

Bellido, Quiroz, Panizo and Torero (2009) performed live tests on the staircase pressurisation 

systems of several existing tall buildings. The results of these tests showed that these systems had 

not provided adequate minimum pressure when four staircase doors were simultaneously opened. 

However, the conclusion was not that systems were not working, but that the staircase pressurisation 

systems that had been tested required better maintenance and an improvement in design. 

Adding to fire safety issues, Roaf et al. (2009) noted that fire fighters cannot reach the upper storeys 

of high buildings and citied the New York Fire Department, which had noted that fully-clothed fire 

fighters are unable to access buildings that are above ten storeys in height. 

Grondzik, Kwok, Stein and Reynolds also noted that the fire fighting equipment currently available is 

unable to reach any higher than around 27m above the ground. However, Grondzik at el. (2010) 

explained that, to address this issue, special refuge areas are provided throughout tall buildings, in 

combination with smoke-control systems.  

Considering the articles by Bukowski and Lay, and in Grondzik et al.’s (2008) handbook, it does not 

seem that the tall building typology is inherently more unsafe in the event of fire, than any other 

typology. In fact, Bukowski noted that very tall buildings have a very good fire safety record. 

1.2.6. The Effects of Tall Buildings on the Urban Environment 

Tall buildings, due to their size and shape, strongly affect the surrounding urban environment. Roaf et 

al. noted that tall buildings cause overpopulation in their neighbourhoods. This overpopulation strains 

existing town infrastructure: open areas, parks, streets and roads. However, Pilbrow (2005a) noted 

that recent tall buildings developments add to the quality of urban spaces. 

Roaf et al. (2009) added that tall buildings, could infringe light access rights. However, Müller and 

Schmitz (2003) noted that this can be avoided, or substantially mitigated, through careful positioning 
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of tall buildings within a town. Additionally, the issue of the infringement of light access rights relates 

not only to tall buildings, but also to other building typologies. 

Generally, around the world, before a local government approves the construction of a tall building, a 

project proposal must pass through a planning assessment process. During such process, a local 

authority assesses the tall building’s likely impact on the town infrastructure and urban amenities. An 

example of such an assessment framework is the New Zealand Resource Consent process (AC, 

2011). 

When design decisions address the impact of a tall building on its surroundings, and when the 

proposal for a tall building has passed through a diligent planning assessment process, the approved 

development should not negatively affect the infrastructure and urban surroundings. 

1.2.7. Addressing Land Scarcity with the Development of Tall Buildings 

Some people consider that tall buildings are built because they are perceived to be a symbol of 

economic activity and prosperity. Qingwei Kong, said of the Shanghai Tower development: ‘This tower 

is symbolic of a nation whose future is filled with limitless opportunities’, thus voicing such an opinion 

(WAN, 2008, November 28). Strelitz (2005c) stated that tall buildings significantly affect how cities are 

perceived and, in today’s world, many towns compete with each other through their image. 

Setting aside the subjective perception of tall buildings as a symbol of status, when focusing on the 

use of resources, some say that tall buildings should not be built. Roaf et al. (2009) questioned 

whether, or not, there is a real need to build tall buildings, considering the intensity of the typology’s 

energy and resource requirements. 

However, tall buildings can address land scarcity, which seems to be the main reason for continuing 

the construction of even more tall buildings. As noted by Worthington, in the introduction to Gonçalves 

and Umakoshi’s (2010) book, tall buildings may be the logical solution for large metropolitan cities in 

order to accommodate large numbers of people in situations where there is lack of land and for the 

purpose of reducing the necessity for travel. Examples of places with high population, where land 

available for construction is severely limited, are Hong Kong and Singapore; in such places, there is a 

necessity to build tall buildings.   

Building tall also allows the saving of green spaces. Yeang (2008) noted that the small footprint of tall 

buildings, through land preservation, can positively contribute to local biodiversity. Scheublin (2008) 

proposed the construction of tall buildings in the Netherlands, as a form of protection of precious 

farmlands and forest. The construction of tall buildings in London has allowed town growth without 

sacrificing open spaces, and  the town’s  ‘green belt’ (Strelitz, 2005c).  

The lack of space for town expansion is not the only logical reason for the construction of tall 

buildings. As noted by Strelitz (2005a), large towns, with an old urban fabric, tend not to have 

buildings in the town centre that could be used by large organisations. Tall buildings constructed in 
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old centres do not require large building plots and can provide large new office spaces. Pilbrow 

(2005a) noted that tall building construction can also be used to revive old town centres.  

According to Strelitz (2005a), the lack of large, high quality office spaces and the desire to revive the 

old city centre, were the reasons the London authorities supported the development of tall buildings in 

the centre of London. 

Yeang (1996) noted that, due to the current rate of urbanisation and urban migration, it is highly 

unlikely that tall buildings will disappear in this century. He noted that decisions to build tall buildings 

depend on location and land value. He added that the re-planning of existing cities based on 

ecological principles would result in wasting existing building stock and infrastructure.  

1.2.8. Conclusion  

The perception of tall buildings as being energy inefficient is based on the energy performance of fully 

glazed towers that have limited daylight access and that are fully air conditioned. Such tall building 

form is predominant within the stock of existing tall buildings. This form follows principles of the 

‘international style’, which was introduced at a time when people thought that the energy from chip 

fossil fuels was unlimited, and that carbon emissions had a benign effect on the environment. At that 

time, the design focus was on capital construction cost reduction; buildings designed in the 

‘international style’ met this requirement.  

Today, due to increasing energy prices and the need for the reduction of carbon emissions, the 

design objectives are different.  Tall buildings have to be designed to be more energy efficient.  

Since the 1990s, to make tall buildings more energy efficient, with a few exceptions, designers have 

focused on improving the efficiency of mechanical systems rather than on changing the ‘international 

style’ building form and passive design. Generally, there has been little or no consideration for levels 

of building embodied energy. 

Tall buildings require more materials per square metre and cost more than mid and low rise buildings. 

The operation of tall buildings can also be more energy intensive, due to the high reliance on 

mechanical systems. However, lower rise buildings require more land that could otherwise be used for 

parks or agriculture. They also require a broader infrastructure network, and may lead to yet more 

energy being required for urban transport. 

The construction of tall buildings can significantly increase urban density. High urban density not only 

results in the reduction in the length of urban trips and also in the amount of energy travel required; 

but, in addition, coupled with good public transport, the construction of tall buildings can also result in 

the reduction in the amount of land and resources required for roads and carparking facilities. Tall 

buildings placed at public transport nodes can also reduce urban transport energy.  
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Notwithstanding the energy performance of tall buildings, due to the land supply limitations in densely 

populated conurbations and the need to provide large office spaces in some old city centres, it seems 

that tall buildings will have to continue to be built in the future. In places where new tall buildings have 

to be constructed, the buildings should be designed to use the minimum possible amount of natural 

resources for their construction, to be energy-efficient during their operation and be able to be 

adjusted to the needs of future users. 

Currently, there are energy saving strategies that can be applied to new and existing tall buildings to 

reduce their operational energy demand. Passive design energy saving strategies such as the use of 

natural ventilation and the maximisation of daylight access can also be applied to tall buildings, 

subject to the local climate. 

The materials and technologies used in the construction of tall buildings can be selected with a focus 

on reducing building embodied energy. Future developments in solar and wind energy generation 

could allow for economical electricity generation from renewables incorporated into tall buildings and 

could thus cause the typology to reduce its outside energy demand.  

A well designed and strategically placed tall building, can limit the use of scarce land, contribute to the 

urban environment, and also, coupled with a good public transport system, can significantly reduce 

urban travel and, consequently, transport energy use. 

A poorly designed tall building, placed in an area with inadequate town infrastructure and public 

transport, distant from the functions of the town, may not only have excessive energy needs but also 

would not contribute to the reduction of urban travel energy and would cause a strain on existing town 

infrastructure.   



27 
 

1.3 RESEARCH OBJECTIVE 

The energy requirements for a tall building are the highest among building typologies. As large 

numbers of tall buildings are constructed each year and will be built in the future, it is important to 

make the typology more energy efficient.  

A building’s design can predetermine its energy efficiency. For example, the floor depth determines if 

electric lighting would have to be used during the day, the thermal properties of a building’s envelope 

affect the energy demands for cooling and heating and an electric chiller efficiency affects how much 

electricity is used for cooling. As design decisions are so important for a building’s energy efficiency, 

in this thesis, the question is posed as to the way in which energy-efficient tall buildings should be 

designed. 

The review of the literature and case studies pertaining to the subject showed that, when designing 

tall buildings to improve their energy performance, the main focus is on improving building systems 

efficiency and on the improvement of the thermal properties of the building envelope (Demirbilek & 

Depczynski, 2004, 2008; Frechette & Gilchrist, 2008; Gonc alves & Umakoshi, 2010; Grondzik et al., 

2010; Zikiri, 2005). 

According to the literature, there is a limited focus on passive design strategies such as natural 

ventilation, optimum daylight penetration or solar exposure (Gonc  alves & Umakoshi, 2010; Roaf et al., 

2009). Additionally, except for a few cases, when designing tall buildings, embodied energy has not 

generally been considered.  

Use of natural ventilation, optimum daylight penetration and solar exposure all depend on the shape 

of a tall building. Furthermore, shape affects a building’s embodied energy. Consequently, it is very 

important to design a shape that would allow for the application of these passive energy saving 

strategies. At the same time, such shape should result in the minimum amount of building embodied 

energy. Additionally, when starting this research, it was assumed that such a shape should also allow 

for maximum power output from building integrated solar panels and wind turbines.  

Building shape selection is very important, as shape cannot be changed after the building is built, 

whereas building services have a much shorter lifespan and can be relatively easily altered (Partridge 

& Loughnane, 2008; Smith, 2009). 

In terms of building energy efficiency, a tall building’s shape, despite being very important for passive 

energy saving strategies, embodied energy, and the output of renewables, has rarely been 

considered by designers. Since substantial energy savings can be achieved through the appropriate 

building shape selection, the question was asked as to how to design a tall building shape and layout 

that will be the most energy efficient. 

A review of the relevant literature showed that shape and layout requirements for natural ventilation 

use, optimum daylight penetration and solar exposure for tall buildings have been studied (Eisele & 
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Kloft, 2003; Gonc alves & Umakoshi, 2010; Yeang, 1996, 1999).  However, this review showed that 

these studies were done separately for each of the passive design strategies. The studies did not 

explain how to combine the various energy saving strategies for tall buildings that sometimes have 

differing building shape requirements. The literature also did not explain how other design aspects 

that affect building shape might constrain these passive design strategies. 

The reviewed literature did not provide the answer as to how to design a tall building shape that would 

be as energy efficient as possible. This is because none the studies reviewed considered the 

combining together of all the design aspects that affect shape. Consequently, to answer the question 

of how to design the shape of a tall building and its layout that would be as energy efficient as 

possible, a series of other questions first had to be answered. 

These questions were:  

 What are the shape requirements for combined natural ventilation, optimum daylight 

penetration and optimum solar exposure? 

 Does a shape that allows for the application of these passive design strategies have 

higher embodied energy than other shapes? 

 How do other design aspects, e.g. structural and fire design requirements, affect the 

shape and, consequently, the application of these passive design strategies? 

 Is it practical to incorporate solar panels and wind turbines into tall buildings and 

modify tall building shape to improve renewable energy generation? 

Answering these questions required an analysis of passive design strategies and major tall building 

design aspects. The aim of this analysis was to answer the research question relating to the way in 

which an energy optimum tall building shape and layout should be designed. In an attempt to answer 

the research question, a design process was proposed. This process could aid designers at the early 

design stage of tall buildings’ projects. This research analysis and design method for an energy-

efficient tall building shape – that considers the combined operational and embodied energy use and 

shape constraints resulting from major design aspects requirements –  aims to extend and add to 

previous studies that focused on single or small separate groups of design aspects.  
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1.4 RESEARCH METHODOLOGY 

The research methodology to answer the main research question of how to design the most energy-

efficient tall building shape and its layout is illustrated in the flowchart in Figure 1.6.  

This research uses quantitative methods. Data used in the analyses were either, extrapolated from 

the published results of existing research or, were obtained from experiments (i.e. building energy 

simulations for a sample group of shapes). 

In the first stage of this research, the investigation focussed on the identifying of design aspects (e.g. 

natural ventilation, daylighting, etc.) that are dependent on tall building shape. This was done through 

investigation of secondary data from existing research (literature review).  

In the second stage of the research, after the design aspects had been determined, each of them was 

studied in detail in order to discover how each aspect relates to building shape and how it affects 

building energy use. Also investigated was the way in which the spatial requirements of each design 

aspect depend upon climate. In order to make the study relevant to the design of tall buildings in a 

variety of locations around the world, the intention was to investigate the spatial requirements for as 

many climates as possible. This was done through the determination of how each design aspect 

depends on; building floor height and width, floor plan shape and size, and building height, amongst 

other factors. 

To make data management and, consequently, the analysis easier, the design aspects and relevant 

data were divided into five groups: passive design strategies; building embodied energy; building 

integrated solar and wind energy devices; other energy saving strategies; and building function, safety 

and site constraints.  

Again, as in the first stage, secondary data were used, i.e. existing research, tall building design 

manuals, passive design manuals and handbooks relating to the design of building services. Further 

information was found in the professional articles and presentations pertaining to the various 

disciplines involved in building design, building legislation and standards, government reports and the 

websites of building product manufacturers. 

The third stage of the research, aimed to establish the energy optimum spatial requirements of tall 

buildings. This stage, started by investigating whether building integrated solar and wind generators 

can be as efficient as off site wind and solar plants. If it had been found that it would be desirable to 

use integrated solar and wind generators, then the spatial requirements for passive design strategies, 

embodied energy, and integrated solar and wind devices would be compared, in order to ascertain 

whether these would be contradictory in regard to the floor layout, building position on site, floor 

height, shape height and other factors. 
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In the event that the building’s integrated solar and wind generators were not considered to be the 

best option for energy efficiency, then only the spatial requirements for passive design strategies and 

embodied energy would be compared.  

After finding contradictory spatial requirements, an attempt was made to find the energy optimum 

solution for these spatial requirements. When considering design aspects with competitive 

requirements, the energy savings and losses were estimated. These estimates were based on 

comparison of secondary data from the quantitative research of other authors.  

At the end of stage three, an investigation was undertaken to check if spatial requirements for the 

aspects of design that are important for building function, safety and site constrain the requirements of 

previously investigated design aspects and their combinations. As previously, contradictory 

requirements were found through the comparison of spatial requirements for each aspect and 

analysis of secondary data from the quantitative research of other authors.  

Concurrently with stages two and three, an investigation was made into the way in which building 

environment simulation software can assist design decisions, and whether determining the energy 

optimum spatial requirements for competing design aspects would require the use of computer 

programs. Building energy simulation software, life cycle assessment (LCA) and computational fluid 

dynamics (CFD) programs were investigated. The investigation was based on a review of the 

software documentation and literature, and was supported by the testing of the software. 

In stage four of the research, based on the established spatial requirements for each design aspect 

and the investigations on the energy optimum spatial requirements for design aspects with 

contradictory demands, an attempt was made to define a design process for an energy efficient tall 

building. The design process is intended to be used in the initial design stage when building shape 

and layout are determined. 

The design process was based on investigations of the most relevant design aspects for energy 

efficiency. This first implied an investigation, through the analysis of quantified data, as to how 

significantly energy efficiency can be affected by each design aspect. The data used were retrieved 

from existing research and had been collected in the previous stages of the research. After 

determining the aspects that affect building energy efficiency in a significant way, an assessment was 

made of the design aspects for spatial requirements that are mandatory, regardless of their effect on 

building energy use, i.e. safe fire escapes from a building must always be provided, regardless of how 

their spatial requirements affect the building energy efficiency. Additionally, the approximate amount 

of time that may be required for the analysis of spatial requirements for each design aspect was also 

assessed. Based on the results of these investigations, the order in which the requirements for the 

various aspects of design should be considered, was established. The intention was to identify an 

order that would reduce the time spent on design. 

In stage five of the research, a design experiment was conducted. In order to test the effectiveness of 

the design process established in stage four, a sample tall building for a specific Auckland site was 
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designed following the design process. Additionally, the energy performance of the sample design 

was tested against performance of other alternative shapes that could archive the same urban 

density, for the selected Auckland site. The alternatives had the same total floor area as the building 

created following the design process. To test the energy performance, the combined embodied and 

operational energies of the design alternatives were compared. The method used for this quantitative 

study was to estimate building operational energy by the running of computer building energy 

simulations. The comparison of building embodied energy was based on the assessment of the 

differences in the quantities of materials required for the construction of the various building shape 

alternatives, based on data derived from existing research. 

Concurrently, during stage five, whilst the sample design was being created and its energy 

performance tested against other shape alternatives, the design process created in stage four was 

improved, based on the lessons learned from the process testing on the sample project. 

During stage six, following the testing of the design for the Auckland site, the quantified data obtained 

in stage five were analysed and the establishment of some general rules was attempted for the 

design of energy efficient tall buildings in Auckland.  

Ultimately, in stage seven, based on the results of analyses reported in the previous chapters of this 

research, an attempt was made to establish some general rules for the design of energy efficient tall 

buildings that would be appropriate and relevant to most locations around the world. 
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Figure 1.6 Research methodology flow chart 

Figure starts on previous page 
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1.5 THESIS OUTLINE 

Following the introduction to the project in Chapter 1; in Chapter 2, the NZ Green Star rating tool was 

analysed to demonstrate that in order to design energy-efficient buildings, an alternative approach is 

required to one that focuses solely on achieving ‘green’ certification. This analysis was undertaken in 

order to clarify whether the focus on achieving ‘green’ certification could assure the energy efficiency 

of a building. Furthermore, case studies of certified ‘green’ buildings were analysed to find out 

whether, or not, the design teams had focused on the energy efficiency of buildings. 

In Chapter 3, the spatial requirements for passive design strategies were established and discussed 

in the attempt to find the shape requirements for combined: natural ventilation, optimum daylight 

penetration, and optimum solar exposure.  

In Chapter 4, to verify whether a shape that allows the application of these passive design strategies 

might have a higher level of embodied energy than other shapes; the characteristics for a tall building 

shape that would have the lowest embodied energy were established. Additionally, the tall building 

structural systems requirements, which directly affect a building’s embodied energy and shape, were 

analysed. Subsequently, the spatial requirements of passive design strategies were compared to 

shape requirements for the minimum embodied energy use.  

In Chapter 5, the effects of shape on wind patterns and solar exposure were analysed to answer the 

question pertaining to the practicality of incorporating solar panels and wind turbines into tall buildings 

and to modify tall building shape to improve renewable energy generation. 

In Chapter 6, the spatial design requirements of building services were investigated and discussed. 

This was done in order to verify the way in which the building services’ aspects of design affect the 

building’s shape and, consequently, the application of passive design strategies and the building 

embodied energy.  

When reviewing the literature, the operational energy savings strategies that are not affected, or only 

affected to a small extent, by overall building shape, were noted. These strategies were also 

discussed in Chapter 6 and summarised in its conclusion. 

Consequently, in Chapter 7, the way in which building function, fire design, planning rules and site 

constraints can affect the building’s shape was analysed and explained. 

In Chapters 3-7, each chapter, or part of a chapter, focused on a single design aspect. At the end of 

each chapter or part of it, a set of design considerations was created for the specific design aspect 

that was discussed.   

The design process in Chapter 8 refers to these sets of design considerations.  

In Chapter 8, a design process for an energy-efficient tall building was proposed. This was based on 

the results of the analysis of the passive design strategies and shape requirements for the major 



35 
 

aspects of design. This process could guide an architect in the design of a tall building with the more 

energy-efficient shape for combined embodied and operational energy. This design method was 

provided in an attempt to answer the research question pertaining to the design of the most efficient 

tall building shape and layout. 

The design process is presented in the form of consecutive steps that could be followed when 

designing a tall building. The process steps refer to the sets of design considerations outlined in 

Chapters 3,4,6,7. Subsequently, the design process was explained through a sample design for a 

more energy-efficient tall building, for a specific site in Auckland CBD. 

In Chapter 9, the current use of building environment simulation software was discussed. This chapter 

also discussed capabilities of computational fluid dynamics (CFD) applications and how practical it is 

to use this software during the early stages of the design process. Next, the limitations of building 

energy simulation software were discussed; this was based on the literature and software 

documentation review. This chapter also explained why EnergyPlus software was used for this 

thesis’s simulations. 

The design process from Chapter 8 was supported by assessments that included the use of building 

energy simulations. These assessments, along with the results of the simulation for the sample 

design, were discussed in Chapter 10. Within other assessments, there was an investigation into the 

operational energy savings when a building’s shape is at its optimum for natural ventilation, daylight 

access, and solar exposure, in comparison to an optimal shape for embodied energy use. 

Additionally, using building energy simulations, an assessment was made as to whether the shape 

created by following the design process was the energy optimum building form for the selected 

Auckland CBD site. The energy demands for this shape, and for the shapes of other possible design 

alternatives, were compared.  

EnergyPlus software was used for building energy simulations that support this research. In Chapter 

11, the EnergyPlus set up used in the simulations for the research was described and explained. This 

set up was based on the analysis of building physics, building services’ design, EnergyPlus 

calculation methods, and the identification of the necessary minimum building information input 

required for the comparative analysis of the operational energy of tall building shapes. This 

description is intended for designers, to allow them to adapt the set up for their own EnergyPlus 

simulations. In the final chapter, Chapter 12, the main conclusion was provided and the findings of the 

thesis were summarised. Further studies are proposed that could improve the accuracy of the design 

process identified in the thesis and that could generally improve the energy efficiency of tall buildings. 

  



36 
 

2. ‘GREEN’ CERTIFIED BUILDING AS THE BENCHMARK FOR ‘SUSTAINABLE’ 

BUILDINGS 

This chapter discusses the possible disparity between the perception of a building as ‘green’, and the 

building’s energy performance. As an example of a ‘green’ rating tool, the Green Star New Zealand, is 

analysed to check whether focusing on achieving building for ‘green’ certification can guarantee the 

design of energy-efficient buildings. 

National Green Building Councils award green rating certificates after assessing building project 

designs, using green rating tools. The rating tools of various countries and their points-awarding 

systems are similar to each other, e.g. the Green Star New Zealand rating tool is based on the 

Australian Green Star tool, which draws from the British BREEAM and the North American LEED 

rating systems (GBCA, 2009; NZGBC, 2009b). However, there are some differences in the 

importance given to the credit points achieved in specific categories (NZGBC, 2009b). 

Investors, designers and building users commonly consider ‘green’ certified buildings, as ‘sustainable’ 

in every aspect, including energy use. Governments support green rating certification systems. 

Some tall buildings, regarded as environmentally responsive, hold green rating certificates. For 

example, the Bank of America Tower in New York is platinum LEED certified; the 632m tall Shanghai 

Tower, under construction, aims to achieve gold LEED certification. In Auckland, New Zealand, the 

newly-completed towers at 80 Queen Street and 21 Queen Street are Green Star NZ certified. 

As stated on the New Zealand Green Building Council (NZGBC) website, the Green Council’s goal is 

‘...accelerating the development and adoption of market-based green building practices.’ (NZGBC, 

2009b). 

Undeniably, Green Councils, through the publicity surrounding them, raise awareness about the need 

to build ‘sustainable’ buildings. Consultants and developers involved in green rated projects are 

becoming more conscious of the impact of their designs on the natural environment. Green rating 

tools emphasise good building management and extensive metering, which enables direct user 

control over the interior environment of a building. This allows users to take responsibility for their 

energy use.  

In the case of New Zealand, according to some architects who focus on the ‘sustainability’ of 

buildings, the introduction of green rating has had a significantly positive impact on the construction 

industry and has increased its environmental consciousness. (Couchman, 2011). 

However, amid the positive roles that Green Councils play, there is a concern that green rating tools 

cannot be relied upon when the focus is on improving the operational energy use of a building and its 

total lifecycle energy. There are concerns that contemporary rating tools are constructed in such a 

way that allows the achievement of ‘green’ building status with little or no reduction in energy use, 
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carbon emission and resource use, when compared to the average standard ‘non-green’ building. 

There are even cases where ‘green’ buildings perform more poorly than average.  

Roaf, Crichton and Nicol (2009) noted that current green rating systems do not focus on a building’s 

energy performance improvement to the extent that has been claimed.  Further, they noted that green 

rating tools do not encourage the use of passive design strategies. Instead, buildings that do not have 

full air conditioning are actually disadvantaged by the green rating tools credit systems, because 

some credits for energy efficiency cannot be achieved when full air conditioning is not included in a 

project.  

Roaf at el. (2009) added that some green rating assessors are not prepared to assess passive low 

energy architectural features. They noted the difficulties that the fully naturally ventilated Federal 

Building in San Francisco had had in obtaining its LEED certification. 

Roaf at el. (2009) referred to the Molecular Foundry building at Lawrence Berkeley National 

Laboratory as an example of the way in which LEED and other systems do not encourage large 

improvements in energy efficiency. For this building, to achieve the 35% energy savings needed for 

LEED gold certification, the only required action was to properly size its HVAC systems. Further, Roaf 

at el. noted that the achieving of the LEED silver rating is possible without improving a building’s 

energy efficiency at all. 

Adding to the criticism of LEED and that of other green rating tools, Roaf at el. (2009) noted that these 

systems encourage the use of sophisticated equipment that consumes resources instead of 

supporting passive design strategies. In LEED, the installation of solar panels or the buying offsite 

‘green’ power is awarded twice: once under ‘Green Power’ credits, and the second time under ‘Onsite 

Renewable Energy’ credits. In contrast, operational energy reduction through design that incorporates 

passive design strategies (‘solar passive energy’) is considered only once.  

Roaf at el. (2009) strongly expressed their opinion about the certification of ‘green’ buildings and 

concluded that ‘… the Green Architecture movement has been developed to promote, and hence sell, 

efficient or inefficient machines that run the buildings’. 

Other researchers also noted imperfections in green rating tools. Yeang (2008), warned against the 

self-complacency that can occur when a building is green certified, and the common misperception 

that, if a building is green rated, then it reduces environmental degradation.  

Partridge and Loughnane (2008) also noted that there are many projects where a focus on achieving 

green credits has ‘clouded’ designers’ judgment when selecting the most sustainable solutions.  

Dalton and John (2008) pointed out the problem of focusing on achieving the maximum amount of 

green credit points at the lowest cost and warned that, when following such an approach, the main 

sustainability issues may not be addressed. 
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2.1 The Measured Energy Performance of ‘Green’ Buildings 

The real energy performance of ‘Green’ certified buildings further shows that current green 

certification systems do not guarantee higher levels of energy efficiency in buildings. Turner and 

Frankel (2008) studied yearly energy use for 121 LEED certified buildings and compared the 

performance of these buildings to the USA national average. They found that, on average, yearly 

energy use for the LEED buildings included in the research was 24% lower than the average for non-

rated buildings. However, a quarter of certified buildings had energy use higher than the average.  

Roaf at el. (2009) noted that a ‘sustainability’ assessment that does not focus on real energy 

efficiency, e.g. green tool rating, could be misleading and they described how, after the 

implementation of the Display Energy Certificates (DEC) policy in England and Wales, some buildings 

praised as ‘sustainable’ were found, in reality, not to be energy-efficient at all.  

Among other examples noted by Roaf at el. was the Welsh Assembly building. In 2006, this building 

had qualified for the BREEAM ‘Excellent’ certification and received the highest award for ‘sustainable’ 

building construction from the Building Research Establishment (BRE) but, for its real measured 

energy performance it received a ‘G’ rating, the lowest possible. 

The DEC policy requires the public display of a building’s energy use. Its energy efficiency scale is 

from the most efficient, ‘A’ to the least efficient, ‘G’ (A guide to Display Energy Certificates 2008). 

2.2 The Assessment of Green Star New Zealand Tool 

Designers consider that focusing on achieving green rating certification during the building’s design 

process, leads to the creation of buildings that are more ‘sustainable’ in every aspect. However, as 

described in the previous section, Roaf at el. noted that these tools do not focus on building energy 

reduction and do not support passive design strategies sufficiently. In this section, the New Zealand 

green rating tool: Green Star NZ - Office 2009 v2 is analysed to check whether the criticism is also 

applicable to this tool. The focus of the analysis was on the following:  

 The minimum compulsory energy efficiency standards that green certified buildings must 

meet.  

 Whether use of ‘green energy’, e.g. wind, is encouraged more than achieving energy 

efficiency through passive design. 

 Credits that can be claimed for the implementation of passive design strategies. 

 Credits that can be claimed when using specific mechanical systems’ equipment. 

 Credits that do not relate directly to building shape and overall layout design, and the 

reduction of the energy efficiency of the building itself, e.g. credits that can be claimed for 

building location or indoor air quality. 
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The aim of the analysis was to verify whether buildings have to achieve higher above-average energy 

efficiency to be Green Star NZ certified and if the setup of the New Zealand green rating tool favours 

the use of mechanical systems more than passive design strategies. 

The Green Star NZ - Office 2009 v2 tool, used in this analysis, was downloaded from NZGBC website 

(NZGBC, 2010a). 

2.3 Minimum Energy Efficiency Requirement 

The central services of office buildings that Green Star NZ certified must meet the minimum energy 

efficiency requirement. This requirement is prescribed by an ENE-1 credit that specifies the maximum 

energy use that an office building cannot exceed. Currently, for conditioned spaces within office 

buildings, the allowed maximum energy use for the central services (excluding tenant consumption of 

lighting and small power) is 105kWh/m
2
/y.   

A building’s energy use, considered for ENE-1 assessment, is based on the results of building energy 

simulation programmes (NZGBC, 2009b). These programmes have their inherent inaccuracies; these 

will be discussed in later chapters. 

Available publications were investigated to determine the average energy use for New Zealand 

standard office buildings, to check if the 105kWh/m
2
/yr energy use per year is difficult to achieve. 

McDonagh’s (2010) paper, ‘Electricity Use Trends in New Zealand Office Buildings, 1990-2008’ 

provided some information about office buildings’ energy use.  

McDonagh (2010) analysed office buildings’ energy use for the period 1990-2008, using annual office 

building expenses data gathered by the Property Council of New Zealand. These data were for 418 

office buildings, and included most large-scale office buildings. From the data, McDonagh extracted 

information about electricity use for common areas, carpark lighting and central HVAC services. 

These are the energy use components that are considered in the energy estimate for Green Star NZ 

credit ENE-1.  

Based on electricity costs, McDonagh (2010) calculated the mean electricity intensity per square 

metre per year, for a lettable (conditioned) area, for each year within the 1990-2008 period. The 

electricity intensity figure for all considered years was within a band from around 50kWh/m
2
/yr to 

70kWh/m
2
/yr, for central services. The average electricity intensity for large commercial buildings, for 

a lettable (conditioned) area, was around 55kWh/m
2
 per year. 

McDonagh used only electricity data to assess building energy use. This raises the question of 

whether the HVAC services in some of the buildings included in the data relied on other energy 

sources than electricity; this was not clarified in the paper. However, another study ‘Building Energy 

End-Use Study (BEES) Year 3’, which, in part, was the surveying of energy sources for non-

residential buildings, showed that out of 261 buildings, 28 (11%) used natural gas (mainly for heating) 

and 9 (3.5%) diesel and/or fuel oil (Kay Saville-Smith et al., 2010). As New Zealand standard office 
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buildings rely mainly on electricity for their operation, it is very probable that the average energy use 

for office building central services calculated by McDonagh is correct.  

The BEES case studies for energy use further support that McDonagh’s electricity use analyses are 

an indication of the average energy use for an office building.  

Except for the central services energy, McDonagh (2010) also calculated the approximate total 

energy use for an average office building. He derived the figure from a study of 23 buildings for which 

central and tenant electricity use for tenant lighting and small power was available. Based on this data 

he estimated that, on average, central services’ energy accounted for 36% of total building energy 

and that the average total energy use was around 153kWh/m
2
/yr for lettable office areas. 

The 153kWh/m
2
/yr is at the top range of measured energy use for case studies presented in the 

BEES’s third year report (Kay Saville-Smith et al., 2010). BEES case studies energy use is shown on 

Table 2.1. 

Table 2.1 Energy intensity per area and area energy use indexes (AEUI) from BEES year 3 report  

Adapted from Kay Saville-Smith et al. (2010) 

 

Property Council of New Zealand (PCNZ) (2000) did another study of office buildings’ energy use. 

This study was based on energy use data for 35 office buildings in city centres (CBD), mostly in 

Auckland and Wellington, for years 1998 and 1999.  

CBD offices included in this study differ in their energy use from New Zealand standard offices. Out of 

35 studied buildings, 27 used large quantities of gas. For these offices, the average common services 

energy use was 118kWh/m
2
/yr for Auckland and 145Wh/m

2
/yr for Wellington. In Auckland 5 out of 10 

surveyed buildings had energy efficiency below 105kWh/m
2
/yr, in Wellington 6 out of 18.  

The PCNZ study also provided division of building energy use by HVAC system types. The study 

showed that buildings with variable air volume (VAV) system were the most common, within the 

surveyed buildings (a VAV system is mainly used in large buildings with central HVAC system). 

Only 2 out of 14 buildings with VAV system had energy consumption lower than 105kWh/m
2
/yr. For 

nine offices with fan coil or packaged units, all buildings used less than the ENE-1 conditional 

requirement and seven had lower energy use than 70kWh/m
2
/yr (PCNZ, 2000). 

Considering the above studies, an average office building in New Zealand can easily meet the 

conditional Green Star energy efficiency requirement (ENE-1 credit). The average New Zealand office 

Total

kWh/m²/yr W/m² AEUI W/m² AEUI W/m² AEUI

Office A 82 16 29 14 21 20 32

Office B 116 9 19 25 35 (~30) 61

Single-storey office 120 14 34 2 5 25 68

Tower block office 168 16 44 15 37 35 39

Mixed use office 122 13 24 30 29 124 81

Plug loads HVACLighting
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energy use, estimated at around 55kWh/m
2
/yr for central services, is well below the Green Star NZ 

105kWh/m
2
/yr minimum.  

Considering that building services efficiency has improved and HVAC controls have developed since 

1999, when the PCNZ data was taken, it is easy to achieve energy use below the ENE-1 requirement 

for all buildings equipped with new building services, including larger buildings that rely on inherently 

inefficient all-air central systems, e.g. VAV. In 1999, 2 of 14 surveyed buildings with VAV system were 

able to meet the current (2011) ENE-1 requirement.  

Woods (2011), an ESD Engineer, confirmed that 105kWh/m
2
/yr is achievable to all new buildings, 

though harder for existing buildings with old HVAC systems. 

Thus, the lenient ENE-1 energy efficiency minimum requirement allows buildings with standard or 

even above-standard energy use to be considered for Green Star NZ certification. 

2.4 Onsite Renewable Energy Production 

Roaf at el. (2009) noted that LEED rating encourages ‘green energy’ use, e.g. solar panels, to a 

greater extent, than does the achievement of building energy efficiency through passive design.  

Solar panels or wind turbines are expensive and consume valuable materials. In contrast, the 

implementation of passive design strategies is often less expensive and more benign to the 

environment (PCNZ, 2000).  

To investigate whether Green Star NZ encourages the use of ‘green energy’ more than passive 

design, carbon emissions credit points (ENE-2) were calculated for different energy use scenarios. In 

these scenarios, arbitrary amounts of ‘green’ electricity were set up to check how ENE-2 credit would 

be affected.  For the study the Green Star NZ Office v2 ENE-2 calculator was used (NZGBC, 2010a). 

Table 2.2 ENE-2 credits for ‘green’ energy use 

 

The investigation results (Table 2.2) showed that a base building that used 95kWh/m
2
/yr can achieve 

two fewer points than a building 1 that used 105kWh/m
2
/yr that included 10kWh/m

2
/yr of ‘green 

energy’. An energy efficient building 2 that used 55kWh/m
2
/yr can achieve two fewer credits than a 

building 6 which just met the ENE-1 conditional requirement; (105kWh/m
2
/yr) if 50kWh/m

2
 of this 

building’s energy demand would be met by onsite photovoltaic panels or wind turbines.  
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The results show that Green Star NZ rating tool is set up in a way that promotes the use of ‘green 

energy’ producing equipment. 

However, Woods (2011) noted that it is cheaper to target energy efficiency than to buy renewables 

and that it is cheaper to offset the energy used by an energy-efficient building than to add renewables 

to an energy inefficient building.    

2.5 The Assessment of Carbon Emissions 

ENE-2 ‘Greenhouse Gas Emissions’ credit relates to reduction of carbon emissions associated with 

common services energy use. A maximum of 20 points in energy category can be achieved for this 

credit. In weighted points, ENE-2 maximum is 17.86 for naturally ventilated buildings and 16.13 for 

mechanically ventilated, out of total 100 for all categories (NZGBC, 2009b). 

The weighted points are calculated by multiplying the percentage of credit points achieved in a 

specific category by the category weighting. 

For a fully naturally ventilated building, the maximum weighted points available for carbon emissions 

reduction were calculated as follows: 

(2.1) 

  
                                                                        

For a mechanically ventilated building, the weighted points calculation is: 

(2.2) 

  
                                                                        

In this section, it was estimated how many credits could be claimed for carbon emissions’ reduction 

for two ventilation systems. The first system had efficient mechanical ventilation combined with 

mechanical heating and cooling. The second system had natural ventilation combined with passive 

control of interior temperature. These estimates were required for the analysis presented in the next 

section. The estimates were based on data for office energy use from BEES report case studies 

(Table 2.1). BEES data configurations for the two systems were as follows: 

 First system: office plug loads excluded, HVAC included, 20% of lighting energy.  

 Second system: office plug loads excluded, HVAC excluded, 20% of lighting energy.  

 For second configuration, it was assumed that natural ventilation and passive 

strategies are the only means to control thermal comfort. There is no artificial cooling 

and heating. 

The ENE-2 credits for yearly energy use for the two different systems are presented in Table 2.3 and 

Table 2.4. These ENE-2 credits were calculated using Green Star NZ Office Design and Built v2 

calculator (NZGBC, 2010a). 
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The energy used for plug loads and tenant lighting was excluded from the energy calculation because 

the energy use of these systems is not included in the ENE-2 assessment. 

It was assumed that the lighting in common areas, which is included in ENE-2 calculations, used 20% 

of the total lighting energy because, generally, common areas account for 20% of the total floor area. 

For this study, the HVAC and lighting yearly energy use was based on the AEUI (Area Energy Use 

Index) from Table 2.1. For each building case, all sub-use category indexes were summed. Each sub-

category AUEI was described as a percentage of the total summed indexes. Yearly energy use for 

each sub category was calculated through multiplying its percentage by a building’s total energy use 

from the Table 2.1. 

It was assumed that the buildings in BEES case studies relied on mechanical ventilation and that the 

energy used for running mechanical ventilation was included in the HVAC energy use. 

Table 2.3 Central services energy study: thermal control through ideal passive system 

 

Table 2.4 Central services energy study: thermal control by HVAC 

 

The analysis showed that, for the BEES case studies, the maximum amount of points available for an 

ideal passive interior temperature control system that does not need exterior energy could be 19 

(16.96 weighted points) (Table 2.3). When the HVAC system is used, the maximum amount of credits 

available for the case studies could be 13 (10.48 weighted points) (Table 2.4). 

2.6 Sustainability Areas Assessed by Green Star NZ  

Aiming to establish to what degree Green Star NZ focuses on; building energy efficiency, low energy 

passive design, mechanical systems and design aspects not related directly to a building itself, e.g. 

landscaping, Green Star NZ Office v2 tool credits were divided into categories (NZGBC, 2010a). The 

categories were as follows: 

Total Lighting Plug loads HVAC ENE-2

(kWh/m²/yr) (kWh/m²/yr) (kWh/m²/yr) (kWh/m²/yr) credit

Office A 5.8 5.8 0.0 0.0 18

Office B 3.8 3.8 0.0 0.0 19

Single-storey office 7.6 7.6 0.0 0.0 18

Tower block office 12.3 12.3 0.0 0.0 17

Mixed use office 4.4 4.4 0.0 0.0 19

Total Lighting Plug loads HVAC ENE-2

(kWh/m²/yr) (kWh/m²/yr) (kWh/m²/yr) (kWh/m²/yr) credit

Office A 37.8 5.8 0.0 32.0 13

Office B 65.4 3.8 0.0 61.5 8

Single-storey office 83.9 7.6 0.0 76.3 4

Tower block office 66.9 12.3 0.0 54.6 7

Mixed use office 78.1 4.4 0.0 73.7 5
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 daylight. 

 natural ventilation and passive comfort control. 

 energy efficiency / carbon emissions. 

 natural ventilation energy efficiency / carbon emissions based on analysis for BEES 

cases from previous section. 

 mechanical ventilation energy efficiency / carbon emissions based on analysis for 

BEES cases from previous section. 

 mechanical ventilation energy efficiency / carbon emissions, with added renewables. 

 materials’ conservation / embodied energy for new building. 

 materials’ conservation / embodied energy for reused building. 

 environment protection other than energy and carbon. 

 efficient water and sewer use. 

 site: urban design / transport / location / landscape. 

 plumbing and drainage. 

 HVAC. 

 electrical and lighting. 

 management / quality control. 

 health / comfort - not related to natural environment protection. 

The credits division graph is shown in Figure 2.1. Some credits were considered to be applicable to 

more than one category. Table 2.5 shows the credit points allocations in weighted points. 

Credits allocations from Table 2.5 were further divided into categories as follows: 

 credits that can be achieved for passive design, including energy efficiency, based on 

the investigation of BEES case studies outlined in the previous subchapter 

 credits that can be achieved for building services design, including energy efficiency 

on previous BEES case studies. 

 credits that can be achieved for building services design, including ‘green power’, e.g. 

solar panels. 

 credit points related to materials conservation. 

 credits relating to limiting building environmental impact, other than energy efficiency 

and materials’ conservation, e.g. water conservation. 

 credits that do not relate directly to natural environment protection, or that relate to 

human comfort and health.  

The grouped credits are shown on a graph on Figure 2.2. The allocation of weighted credits for this 

graph is shown in Table 2.5. 
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Figure 2.1 Green Star weighted credits subdivided into subcategories 

 

 

Figure 2.2 Green Star weighted credits points grouped into bulk categories 
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The following are notes to the graph on Figure 2.2: 

 credits relating to materials’ conservation are equal to the credits for the reused 

building category from the graph in Figure 2.1 

 credits listed below were included in the passive design group on the graph. 

However, it would be very difficult to achieve them when relying entirely on natural 

ventilation. 

 IEQ-4 Air Change Effectiveness (1.42 points). This credit is for displacement 

ventilation use. Such type of ventilation generally requires use of mechanical 

systems. 

 IEQ-5 Tenant Exhaust Riser (0.71 point). Woods (2011) noted that it typically requires 

the mechanical system installation. However, with a specific natural ventilation 

arrangement, described by Woods, subject to NZGBC approval of a Credit 

Interpretation Request (CIR), this credit might be achieved. 

 IEQ-6 Thermal Comfort (2.14 points). As Woods (2011) noted, it is very difficult to 

achieve IEQ-6 credit for a completely passive building, because of large internal 

temperature variations in such a building. 

The graphs in Figure 2.1 and Figure 2.2 showed that a large number of credits could be achieved 

when focusing on areas not directly related to energy efficiency. The greatest number of credit points 

could be received through: combined building management, urban transportation, landscaping, 

efficient use of water, human health and comfort (cat.5+6 on Figure 2.2). Almost the same amount of 

credits could be achieved for the design of building services and supporting power supply with the use 

of renewables, e.g. solar panels (cat.3). Slightly fewer points could be achieved for the design of 

building services and more energy efficient HVAC system (cat.2).   

For passive design and almost ideal energy efficiency (19 out of 20 non-weighted credits in ENE-2 

category), approximately 50% less points could be achieved than in the building services category 

(cat.1). 

There are many prescriptive credit categories for building services’ features. In contrast, there are no 

prescriptive credits for use of passive systems such as the use of shades, thermal mass or night 

cooling. Consequently, many more credits can be achieved for the features of mechanical and 

electrical systems than for implementation of passive design strategies. 

The lowest amount of points could be achieved in the area of materials’ conservation (cat.4). 

Additionally, materials’ conservation credits did not focus on the limiting of quantities of materials 

used, and consequently limiting the embodied energy of buildings. Hypothetically, it could be possible 

to achieve credits for materials’ conservation, when using inefficiently large quantities of recycled and 

renewable materials.  
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Credit points for the use of low environmental impact building materials do not relate to the efficient 

use of materials on a building site, or to the low level of embodied energy content. Credit points for 

coatings (MAT-3), insulation (MAT-5), timber (MAT-6) and floor coverings (MAT-9) can be achieved 

when using materials certified by NZGBC approved certification bodies. For timber, a certificate from 

the Forest Stewardship Council (FSC) is required. For paint, insulation and floor coverings, 

certification from Environmental Choice New Zealand (ECNZ) is required (NZGBC, 2009b).  

A certified product must meet criteria specified by a certifying body. One of the ECNZ’s certification 

requirements is that a product manufacturer must have an energy management programme. This 

programme, however, does not require better energy efficiency for product manufacturing than the 

industry average. In general, ECNZ assessment criteria focus mainly on a product’s impact on human 

health and some non-energy efficiency effects on the environment (ECNZ). 

Building materials’ conservation and building embodied energy seems to have the lowest priority in 

the Green Star NZ system. The analysis showed that a building can achieve a high green rating 

without focusing on operational energy efficiency and related passive design strategies, but rather, 

focusing instead on other aspects included in the tool assessment.  

An additional issue is that energy use is calculated per square metre, not per user. It is possible that a 

more densely populated building would use more energy per square metre but less energy per user 

than another building of the same type. When energy is calculated per square metre, buildings with 

lower occupant densities could have an advantage over more densely occupied buildings. 
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Table 2.5 Green Star weighted credits subdivided into subcategories 
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MAN-1 Green Star NZ Accredited  Prof. 3 1.88

MAN-2 Commissioning Clauses 3 1.88

MAN-3 Building Tuning 2 1.25

MAN-4 Independent Commissioning 

Agent 

1 0.63

MAN-5 Waste Management 3 1.88

MAN-6 Users’ Guide 2 1.25

MAN-7 Environmental Management 2 1.25

IEQ-1 Base Ventilation Rates cond.

IEQ-2 Ventilation Rates 3 2.14 2.14

IEQ-3 Indoor Air Quality 5 3.57

IEQ-4 Air Change Effectiveness 2 1.43

IEQ-5 Tenant Exhaust Riser 1 0.71 0.71

IEQ-6 Thermal Comfort 3 2.14 2.14 2.14

IEQ-7 Thermal Comfort Control 2 1.43 1.43

IEQ-8 Daylight 3 2.14

IEQ-9 Daylight Glare Control 1 0.71

IEQ-10 External Views 2 1.43

IEQ-11 Electric Lighting Levels 3 2.14

IEQ-12 High Frequency Ballasts 1 0.71

IEQ-13 Internal Noise Levels 2 1.43 1.43 1.43

ENE-1 Energy cond.

ENE-2 Greenhouse Gas Emissions 20 16.96 10.48 16.13

ENE-3 CO2 Monitoring and Control 1 0.81

ENE-4 Lighting 3 2.42

ENE-5 Lighting Control 3 0.89 2.42

ENE-6 Energy Sub-metering 2 1.61

ENE-7 Peak Energy Demand 

Reduction 

2 1.61

TRA-1 Provision Car Parking 2 1.82

TRA-2 Fuel-Efficient Transport 2 1.82

TRA-3 Cyclist Facilities 3 2.73

TRA-4 Commuting Mass Transport 4 3.64

WAT-1 Occupant Amenity Water 7 1.67 4.17 4.17 1.67

WAT-2 Water Meter 2 1.67

WAT-3 Landscape Irrigation 1 0.83 0.83

WAT-4 Heat Rejection Water 2 1.67 1.67

MAT-1 Shell & Core or Integrated 

Fitout 

3 1.43 1.11

MAT-2 Building Reuse 6 2.22

MAT-3 Applied Coatings 1 0.48

MAT-4 PVC 3 1.43

MAT-5 Insulation 1 0.48

MAT-6 Sustainable Timber 3 1.43 1.11 1.43

MAT-7 Concrete 3 1.43 1.11 1.43

MAT-8 Steel 3 1.43 1.11 1.43

MAT-9 Floor coverings 2 0.95 0.74 0.95

MAT-10 Recycling Waste Storage 2 0.95

ECO-1 Ecological Value of Site cond.

ECO-2 Re-use of Land 1 1.25

ECO-3 Reclaimed Contaminated 

Land 

2 2.50

ECO-4 Change of Ecological Value 4 5.00

ECO-5 Topsoil and Fill Removal from 

Site 

1 1.25

EMI-1 Refrigerant ODP 1 0.42 0.38

EMI-2 Refrigerant GWP 1 0.42 0.38

EMI-3 Insulant ODP 1 0.38

EMI-4 Discharge to Sewer 3 1.15 1.15

EMI-5 Watercourse Pollution 4 1.54

EMI-6 Light Pollution 1 0.38

EMI-7 Purge Control 1 0.38

EMI-8 Legionella 1 0.42 0.38

INN Innovation 5

Total 151 3.04 12.44 16.96 10.48 16.13 6.67 7.41 6.96 6.15 20.00 9.36 16.58 9.31 10.95 10.71

Notes

cond. - conditional requirement that  a building must met to be green rated

For ENE-2 for natural ventilation and passive comfort control, it is assumed that maximum 19 credit points for energy efficiency could be achieved based on BEES cases analysis

For ENE-2 for mechanical ventilation, 13 credit points were assumed as possible to achieve based on BEES cases analysis

For ENE-2 for mechanical ventilation with added renewable, 20 credit points were assumed as possible to achieve to account for onsite energy production

Not related to building form and passive design

Passive 

design 

Materials 

conservation       

Other environment 

protection related

Building 

mechanical 

systems

Non building 

and urban 

design relatedEnergy efficiency 
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Table 2.6 Achieving Green Star NZ Office certification without reducing energy use 
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Table 2.7 New Zealand Green Star NZ rated buildings strategies to achieve green certification 
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2.7 Achieving Green Star NZ Certification without Reducing Energy Use  

As the previous analysis showed, it is possible to achieve a high Green Star NZ certification without 

improving building energy efficiency. For a new office building, this could be achieved as described 

below.  

The points in the description below are weighted points, which are used in the final green rating 

assessment. Numbers in brackets, e.g. (3) refer to rows numbers at the bottom of Table 2.6. 

For management, e.g. providing project documentation to the owner, up to 10.95 weighted credit 

points could be claimed (1).  Next, 5.15 weighted credit points could be obtained for providing high air 

exchange, or the use of less harmful refrigerants, 50% increased ventilation rates, and providing 

users with more control over interior conditions, which would not necessarily result in improved 

building energy efficiency (2). Next, 17.5 points could be achieved for project elements related to site 

use and urban transportation, e.g. a project location close to public transport or brown field site reuse 

(3).  

Another 1.9 points could be claimed for eco-labelled materials (4). An additional 6.08 points could be 

achieved for lighting controls and additional electricity sub-meters (5). For human comfort and health 

protection, 9.29 weighted points could be achieved (6). The total number of points noted so far, 50.87, 

would allow for four Green Star NZ certificate (45-59 points).  

To achieve five stars rating (60-75 points), 9.36 weighted points could be claimed for installing water 

meters and reducing environmentally harmful emissions other than carbon (7). Credits described 

above are highlighted in Table 2.6.  

To obtain the highest, six-star ‘World Leadership’ certificate, a minimum of 75 weighted points must 

be achieved. Considering that for a fully air conditioned building, the maximum number of weighted 

points available for energy efficiency is 16.13 out of 100, achieving another 15 points, on top of the 

60.23 previously noted, seems to be possible, without focusing on quantifiable improvements in 

energy efficiency of the building itself. 

In the scenario described above, five Green Star NZ certification was achieved without focusing on 

building energy reduction. A six stars certificate could be received after some energy use reduction, 

from the 105kWh/m
2
/yr level, which is high above the 55kWh/m

2
/yr New Zealand office average from 

the McDonagh (2010) study. 

Although, Woods (2011), an ESD engineer and Green Star NZ Accredited Professional, noted that 

achieving a five star rating would require some energy efficiency improvement (reduction from the 

105kWh/m
2
/yr level). As the energy category has the highest weighting, it is the easiest in which to 

gain a good score. Additionally, energy efficiency improvement can provide a payback.  
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The above analysis is for the energy of common services, excluding offices’ plug loads and lighting. 

Office tenancies are assessed using a separate Green Star Office Interiors tool. Using this tool, 

credits that relate to energy efficiency focus on use of efficient lighting, sub-metering, use of Energy 

Star® rated equipment and efficient chillers in computer rooms. No points are awarded for the 

reduction of overall tenancies’ carbon emissions (energy use) and there is no conditional minimum 

energy efficiency requirement, an equivalent to ENE-1 for an office building ‘shell and core’.  

This means that the tool does not set a limit on energy demand for tenant equipment and lighting. The 

office lighting does not have to be energy efficient provided that other conditions prescribed by the 

rating tool are met. These conditions do not guarantee energy use reduction. This can allow an office 

tenancy with high energy use to be green certified. 

Notwithstanding Woods’ (2011) opinion, based on the above analysis and considering the lenient 

ENE-1 requirement, it is possible that a building with five or even six star certificate would use more 

energy and have higher embodied energy than a New Zealand average office building.  

2.8 Green Star NZ Certified Buildings Case Studies 

As Green Star NZ Office v2 certification cannot guarantee that a building is energy efficient, Green 

Star NZ certified buildings case studies, that have been posted on the NZ Green Star website up to 

the beginning of 2011, were analysed to deduce what areas of ‘sustainability’ were the primary focus 

of project teams and whether there was focus on the building energy efficiency (NZGBC, 2010b). This 

analysis was undertaken to answer the following questions: 

 What are the credits that are most often achieved?  

 How intensely are mechanical building services used? 

 How often are passive design strategies employed? 

All the office buildings presented in case studies included in the analysis were certified using the older 

Green Star NZ rating tool (Green Star NZ – Office Design v1) (NZGBC, 2009a). This tool version, 

which was launched in 2007, allowed 120kWh/m
2
/yr maximum energy use for core services 

(conditional ENE-1 credit). This was equal to the Auckland CBD’s office average at the end of 

the1990s, according to the data from  the PCNZ publication (118kWh/m
2
/yr) (PCNZ, 2000).  

In the published case studies, credit points allocations for each credit group category were shown as 

graphs. A sample of a case study brochure is shown in Figure 2.3. 

In Table 2.7, for each credit category, all the points from all case studies were averaged, and divided 

by the maximum number of available points under each category. The results were shown as a 

percentage of averaged points archived under each category, before weighting. 

The analysis showed that the most frequent focus was on credits for management (73%) and for 

water efficiency (77.3%). The next credit category on which designers have focused on most 
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frequently is transport (60%). These categories do not relate directly to building operational energy 

efficiency, passive design strategies or generally to the building itself.  

Other categories on which design teams focused most often were energy efficiency (55.7%) and 

indoor environment quality (51.0%). Points in these categories were mainly achieved for the use of 

specific equipment in building services and electrical lighting systems that might, or might not, 

improve building operational energy efficiency. Notably, only 6 out of 16 building cases were indicated 

as having carbon emissions (associated with common services energy use) below a level that would 

be associated with using 100kWhr/m
2
 of electricity, including two buildings in which carbon emissions 

were reduced through the use of renewable energy. 

Data for each case’s exact carbon emissions which would give an indication of the studied buildings’ 

energy efficiency, was not included in the case studies posted on the NZGBC website, except for the 

Club Tower in Christchurch. The tower’s carbon emissions, related to common services’ energy use, 

were estimated at less than 7.5kg/m²/yr. This level of carbon can be associated with 50kWh/m
2
/yr grid 

electricity use. This is ten per cent less than the office average in the McDonagh (2010) research. 

In relation to HVAC mechanical system use, most buildings relied on full air-conditioning. Fifteen out 

of seventeen buildings were fully air-conditioned, including one building with supplementary natural 

ventilation (mixed mode ventilation). All buildings relied on additional HVAC systems equipment (e.g. 

controls) for which credits can be claimed. All buildings had additional lighting controls and electrical 

sub-metering.  

Natural ventilation was used in 3 buildings out of 17, including one mixed-mode building with 

supplementary natural ventilation. Other than natural ventilation, passive design strategies were used 

in 13 out of 17 cases. These strategies focused predominantly on improving the building’s envelope 

thermal performance, through use of thermally efficient glazing and double-glazed facades.  

The analysis showed that, generally, energy efficiency of buildings itself and the implementation of 

natural ventilation to reduce the energy use in buildings were, to some extent, addressed, but were 

not prioritised by project teams. The greatest focus was on credits that do not relate directly to a 

building’s energy performance and on other ‘sustainability’ factors, e.g. credits for building 

management or water conservation.  

The case studies’ analysis showed that Green Star NZ certification cannot be relied on as a 

guarantee that a building has been designed to be more energy efficient than other, non-certified 

buildings. 
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Figure 2.3 NZGBC case study sample 

Reproduced from NZGBC (2010b)  
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2.9 Conclusion 

Green Councils support more sustainable development, through raising awareness, among 

developers, designers and building users, of the impact of buildings on the environment. In the case 

of the LEED system, based on measured energy use data, the certification, on average, encourages 

buildings’ operational energy use reduction. 

However, based on the presented analysis of Green Star NZ and New Zealand green-certified office 

buildings, and Roaf et al’s description of the LEED system, the fact that a building is green-certified is 

not a reliable indicator of the building’s energy efficiency. A certified ‘green’ building can have an 

average, or even a below average, energy performance and have a higher than average level of 

embodied energy.  

It is possible to achieve high Green Star NZ certification when focusing on credit points that do not 

relate directly to the building’s operational energy efficiency, e.g. credits can be achieved for reduction 

of urban travel, site biodiversity or air quality. Undeniably, these are important aspects of the 

building’s, and the town’s, overall impact on the environment. However, the achievement of these 

points does not make a building itself more energy efficient. 

As Roaf et al. claimed for all green-rating tools, the way in which the Green Star NZ Office tool is 

constructed encourages the use of mechanical building services more than the application of passive 

design strategies. Based on the GBCNZ published case studies, most of the Green Star NZ certified 

buildings achieved Green Star NZ certification with a limited focus on building operational energy use 

reduction and with a limited, narrow focus on the implementation of passive design strategies. Even 

the Green Star NZ minimum energy efficiency requirement is easily achievable by all new standard 

buildings. Consequently, focusing on achieving green certification may not address the need for a 

building, itself, to limit energy use.  

Due to the pressing need to reduce buildings’ energy use and to contain energy-related 

environmental problems, buildings have to be designed in a way that will make them more energy-

efficient. A different approach to building design that does not focus on achieving green certification is 

needed. 
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3. SHAPE REQUIREMENTS FOR PASSIVE ENERGY SAVING STRATEGIES 

In most locations, the application of passive operational energy saving strategies is most important for 

the reduction of energy use in buildings. Most of these strategies, including the two most important, 

daylight use and natural ventilation, have specific shape and layout requirements. When the shape 

and layout of a tall building are proposed during the early stage of concept design, the application of 

passive operational energy saving strategies must be considered. 

In this chapter, the shape implications of operational energy saving strategies are discussed. At the 

end of each section, a design consideration set is provided for the energy saving strategies discussed 

in the particular section. These consideration sets, supported by the chapter analyses, can be used 

as guidelines when designing the shape and layout of a tall building. The comprehensive design 

process, provided in Chapter 8, refers to the design consideration sets outlined in this chapter. 

3.1 NATURAL VENTILATION USE IN TALL BUILDINGS 

Natural ventilation, along with maximising of daylight access, is the most important passive design 

strategy (Pedrini, 2003). Energy savings are achieved when buildings are naturally ventilated; this is 

because the electricity used to run the fans that supply and remove air when mechanical ventilation is 

operating, is not consumed. Natural ventilation can also support building cooling when it is required. 

Generally, the temperature inside a building is higher than that of the outside. The natural 

replacement of warmer air from a building’s interior, with the cooler outside air, reduces the 

temperature inside the building.   

Etheridge and Ford (2008) noted that it is not common practice to use natural ventilation in tall 

buildings. They noted that the reason for this, among others, is because, in general, tall buildings 

have deep floors. To achieve good cross-ventilation, the maximum floor depth should be 

approximately five times the floor height. This means that to allow natural ventilation, when a floor is 

3.6m high its plate should be a maximum 18m wide.  

However, according to Etheridge and Ford, the most important reason that natural ventilation is not 

widely applied in tall buildings, is that tall office buildings are, in general, considered to be prestigious 

and thus, their tenants require a high level of control over the internal environment. Due to the 

unpredictability of changes in external atmospheric conditions, it is almost impossible to have such 

control using solely natural ventilation. 

Yeang (2008) also noted that passive systems cannot provide the same level of comfort of internal 

building environment as can be achieved when using artificial systems. Gonçalves and Umakoshi 

stated that the greatest barrier to implementing natural ventilation is the culture of air-conditioning 

buildings and the status associated with the use of air conditioning. 
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The comfort expectation of tenants was the reason why, in the Menara UMNO tower, that was 

designed by Yeang, a central air conditioning plant was installed although the building had been 

designed to be naturally ventilated (Menara Mesiniaga). The users of the London Gherkin tower were 

also not satisfied with the building’s natural ventilation. Except for the Swiss Re company, which 

occupies two floors, all of the tenants turned off the automated windows that had been designed to 

regulate natural ventilation airflow and, instead, used full air conditioning all the year round (Spring, 

2008). 

Another reason noted by Etheridge and Ford as to why natural ventilation is rarely used in tall 

buildings is exposure to noise and city pollution. However, this reason and the others noted so far, 

that could prevent a building using natural ventilation, are not specific to tall buildings but are also 

applicable to other building typologies. 

Unique to tall buildings is the requirement to deal with high wind pressure. Wind speeds at 200m 

above the ground can be three times higher than wind speeds close to the ground, as noted in the 

EnergyPlus (2010) documentation.  

However, wind speed pattern is location-specific and there are locations where natural ventilation is 

used in tall buildings. Wong and Hassel (2009) noted that, in Singapore, where wind speeds are 

generally low, natural ventilation was successfully applied to residential buildings. It was only the 

introduction, post the 1980s, of fully glazed facades that caused the requirement for mechanical 

cooling. 

In locations where natural ventilation cannot be used throughout the whole year due to periodic high 

wind speeds and extreme temperatures, mixed mode systems can be applied. Buildings with mixed 

mode systems use natural ventilation when external conditions allow. During adverse weather the 

natural ventilation openings are closed, and mechanical ventilation is used instead.  

Gonçalves and Umakoshi (2010) noted that there are no fixed rules for when the use of mixed mode 

ventilation is economically viable but European practice indicates that, if natural ventilation can be 

relied on for 30% of the time, the use of mixed mode conditioning can be justified. The use of mixed 

mode ventilation requires the use of a sophisticated control system to switch between natural and 

mechanical systems. The exterior and interior variables that trigger change in ventilation operation 

are; exterior air temperature, air humidity, wind velocity, rain, and interior temperature. Natural 

ventilation can be combined with radiative heating and cooling, e.g. chilled beams and under-floor 

heating.  

Gonçalves and Umakoshi (2010) noted some ‘rules of thumb’ for the use of natural ventilation. These 

are: having a narrow floor plate to allow for cross ventilation, providing atria that connect groups of 

floors, and using the stack effect to enhance the natural air flow. Other advice from Gonçalves and 

Umakoshi was to increase the floor to ceiling height. When a floor is higher, there is larger pressure 

difference between openings at different levels, which improves the air rate exchange.  
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The problem of high winds at the upper levels of high buildings can be partially overcome by using 

either, an exterior shielding in front of operable openings or, a double skin façade. Each floor can be 

treated differently. Depending on exterior conditions, air pollution, noise and wind speed, certain floors 

can have operable windows and natural ventilation. 

In relation to the ‘narrow’ floor requirement, this is required, as noted earlier, to achieve good cross-

ventilation (Etheridge and Ford 2008). Additionally, this is required to avoid air contamination. The 

Hamzah & Yeang design company website states that, to allow for the use of natural ventilation, the 

distance of work stations from openable windows should be no more than 6.5m. Any exterior air that 

would have to flow further than 6.5m would become contaminated before reaching more distant work 

stations (Menara UMNO). However, Gan’s (2000) study showed that effective natural ventilation can 

be achieved, for rooms up to 9m deep, with windows on one side, just because of the natural air 

buoyancy without wind support.  

In regard to exterior noise, as can be found in Nicol and Wilson’s paper (2004), the maximum exterior 

noise level at which natural ventilation can be used is 70 dB. When a special treatment to openings is 

applied, the maximum tolerable exterior noise level can be increased to 74 dB. Tall buildings do not 

have a significant advantage over low rise buildings in relation to noise. As can be found in Walerian, 

Janczur and Czechowicz’s  (2001) study, noise levels drop very slowly with height. 

The following analysis of cases studies explains in more detail how different natural ventilation 

systems work in tall buildings. Further details of the natural ventilation requirements for a tall building 

are also provided. 

The Commerzbank in Frankfurt, Germany, completed in 1998, is a pioneering example of an 

environmentally responsive tower, designed with a focus on passive design strategies (Figure 3.1). As 

described by Gonçalves and Umakoshi, the design of the building was commissioned through a 

competition, the brief for which included a requirement for a 50% saving in energy, when compared to 

an ‘average’ local office building. 

One of the energy-saving strategies implemented in the Commerzbank was natural ventilation. The 

tower has mixed mode ventilation and uses natural ventilation, on average, for 80% of the time 

throughout the year. The building floor plate width, from the internal atrium to the exterior wall, is 

narrow, to allow for cross-ventilation. The air flows from the exterior windows through offices to the 

building’s internal atrium. In the atrium, the air moves upwards due to the stack effect. The internal 

atrium is divided into segments, every few floors, to reduce the air pressure difference caused by the 

stack effect. The used air is generally discharged at the top of each segment’s (Gonc alves & 

Umakoshi, 2010).  

Fresh air is introduced to the atrium through the winter gardens, which can be opened to the exterior. 

Each atrium segment has three winter gardens, at various levels, all facing in different directions. This 

allows for the catching of  wind most of the time (Gonc  alves & Umakoshi, 2010). The schematic for 

the Commerzbank’s natural ventilation is shown in Figure 3.2.  
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According to Gonçalves and Umakoshi, the Commerzbank’s natural ventilation works well for both 

open-plan and cellular office configurations.  

 
 

Figure 3.1 Commerzbank 

Reproduced from Marshall Gerometta, CTBUH 
Figure 3.2 Commerzbank ventilation schematic 

(Section through the atria) (Gerometta) 

In the Commerzbank, to allow use of natural ventilation with high wind speeds, a double skin façade 

was installed. Such a solution allows for the  use of natural ventilation when the exterior wind speed 

reaches 15m/s, although the theoretical limit for use of natural ventilation is 8m/s (Gonc alves & 

Umakoshi, 2010) .  

When exterior conditions allow, users can manually operate the windows of the tower. The windows 

shut automatically when the exterior temperature is below -5ºC, or when the internal temperature is 

below 17ºC and, also, during periods of excessive wind (Gonc alves & Umakoshi, 2010). 

The next example of a tall building that can be naturally ventilated is the Gherkin building, completed 

in 2004, at 30 Saint Mary Axe in London (Figure 3.3). This circular plan building has triangular atria 

adjacent to the exterior wall. These atria climb spirally for the full height of the building. Every six 

floors the atria are divided, to limit the air pressure difference caused by the stack effect. The atria 

have operable windows and air can naturally flow through the building and its office areas, due to 

cross-ventilation and the stack effect (Gonc  alves & Umakoshi, 2010). 

The planned set up for the control of the building’s natural ventilation use is as follows: in summer, 

when the outside temperature may rise above 24ºC - 26ºC, the openings will be automatically closed 

and the building will then become fully air-conditioned. Other limitations for natural ventilation use are 
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the occurrence of wind speeds higher than 10m/s and humidity rates higher than 60%. The Gherkin’s 

natural ventilation schematic is shown on Figure 3.4 (Gonc alves & Umakoshi, 2010). 

 
 

Figure 3.3 Gherkin Figure 3.4 Gherkin ventilation schematic 

The GS Square tower in Anyang, South Korea, was designed to use natural ventilation. Olt and 

Rothwell (2008) noted that the concept of the natural ventilation system for this building was inspired 

by the traditional Korean natural air and heating system, ‘ondol’.  

The natural ventilation of this, 79 storey, tower employs the stack effect and cross-ventilation. The 

building was designed to have natural ventilation stacks positioned centrally. Each stack is seven 

floors high. Every seven floors, there are air intakes to the stacks above and exhausts from the stacks 

below. These air intakes and exhausts are specifically placed, to take advantage of prevailing winds 

during a hot summer (Olt & Rothwell, 2008).  

For the GS Square tower, to allow for natural ventilation air intake during high wind speeds at high 

levels, double skin elevations were proposed. It was proposed that this double skin elevation should 

be divided at every floor level. The concept for the ventilation of the GS Square tower is shown in 

Figure 3.5. The actual performance of the system could not be verified in practice, because the 

building was not constructed. 

The next tall building designed to rely on natural ventilation, described by Olt and Rothwell (2008), 

was the Landmark tower in Hanoi Ba Dinh district. This tower was not constructed. Thirty five storeys 

of this 65 storey building, were to be occupied by residential units. These units were to be naturally 

ventilated. 
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It was proposed that the corner units would be naturally cross-ventilated. The natural airflow for units 

adjacent to the central, six storey high, skygardens would be due to a cross ventilation and stack 

effect.  

The central skygardens were to have openings at their top and bottom, on opposite walls. Due to a 

combined cross-ventilation and stack effect, this would allow airflow,. 

The air would have been introduced to the interior of units through manually controlled, linear sill slots 

in the sills of curtain wall units (Olt & Rothwell, 2008). The concept for ventilation is shown in Figure 

3.6. 

 

Figure 3.5 GS Square Tower ventilation schematic 
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Figure 3.6 Landmark Tower in Ba Dinh ventilation schematic  

Redrawn from Olt and Rothwell (2008) 

 

Figure 3.7 Manitoba Hydro airflow for spring/fall operation mode 

Adapted from Manitoba Hydro www.hydro.mb.ca 

 

http://www.hydro.mb.ca/
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Another type of natural ventilation system is used in 21 storeys of the Manitoba Hydro building in 

Winnipeg. This system includes an ingenious design for air intake, passive air distribution, and a solar 

chimney. The building’s natural ventilation employs cross-ventilation and the stack effect. Air flows 

from the exterior through the windows, across office spaces to a solar chimney. Due to the stack 

effect in the chimney, the air moves upwards to be discharged through the chimney top. The natural 

airflow schematic is shown in Figure 3.7. The Manitoba Hydro building has mixed-mode ventilation 

and natural ventilation is predominantly used during spring, fall and summer (Manitoba Hydro Place ). 

In CH2 10 storey building in Melbourne, in which fresh air is delivered through an under floor 

distribution system, the air is extracted through suspended ceilings and discharged to the outside 

through chimneys. Due to the stack effect, the air naturally flows outside. The stack effect is 

supported by wind powered turbines located on the tops of stack chimneys. When the wind blows, 

these turbines rotate and extract air from the chimneys. Additionally, the north-facing solar chimneys 

are exposed to warm sunlight (southern hemisphere). The solar heating of the chimneys increases 

the stack effect (CH2 Council House, 2012). 

 

 

Figure 3.8 Menara UMNO view 

Copyright T. R. Hamzah & Yeang Sdn. Bhd. (2012). (Yeang, 

2012) 

 

The bioclimatic skyscraper Menara UMNO in Penang, Malaysia, completed in 1998, is another tall 

building designed to be naturally ventilated (Figure 3.8). This tower has an exterior service core, 

which allows for providing natural ventilation and daylight for lobbies, staircases and toilets. Unique to 

this building are special wind walls combined with air pockets, to enhance natural ventilation and 

cooling (Menera UMNO) 

In the Menara UMNO, wing walls were designed to catch wind from predominant directions and, 

through wind pockets, to direct it to the inside of the building. According to the Hamzah and Yeang 

company website, based on building inspections and wind computer simulations, the wind lock 

worked well before a central HVAC system was installed in the building (Menera UMNO). 



68 
 

Sometimes it is difficult to implement natural ventilation because of local climatic conditions. For the 

towers in the Aldar market project, natural ventilation was not implemented, because of the high 

exterior temperatures, among other reasons (Gonc  alves & Umakoshi, 2010). As the weather data for 

Abu Dhabi shows, the town temperature is above 26ºC for most of the time (EnergyPlus Weather 

Data). The dust would also pose a challenge to the maintenance of the openings in the façade 

(Gonc  alves & Umakoshi, 2010). 

Double skin façades were used in most of the tall building case studies presented in this chapter; this 

was in order to allow for natural ventilation at higher levels. However, such facades are complex and 

expensive. As noted by Schuler (2003), to avoid the use of double skin façades, a single skin façade 

with specially-designed air intakes was designed for the Max Tower (not yet built). 

 

Figure 3.9 Adelaide City Noise Map 

Adelaide Noise Map by Bassett Acoustics (Bassett_Acoustics) 
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3.1.1. Design Considerations for Natural Ventilation Use 

Site-specific conditions have to be investigated before the commencement of the design of a tall 

building.  

 

Wind and temperature check 

To establish the height above the ground at which the use of natural ventilation is feasible, the 

following points require investigation: 

 The establishment of the height (1) above ground level, where the wind speed is above 8m/s, 

or the exterior temperature is above that of the maximum, or below the minimum, allowed for 

natural ventilation use for more than 70% of the hours of building operating per year. 

 The establishment of the height (2) above ground level, where the wind speed is above 15 

m/s, or the exterior temperature is above the maximum, or below the minimum, allowed for 

natural ventilation use for more than 70% of the building operating hours per year.   

The minimum and maximum temperature when natural ventilation can be used depends on an 

acceptable comfort level for occupants. For an office building, the maximum external temperature can 

be 26°C and the minimum 5°C (at or below a temperature of 5°C, Daniels advised the use of 

mechanical ventilation with heat recovery (Daniels, 2003)). 

Above height (1), windshields or a double skin façade must be used to allow for the frequent use of 

natural ventilation and to justify the installation of a mixed mode system, instead of a one-mode 

mechanical ventilation system. Above height (2), natural ventilation use cannot be justified 

(Gonc  alves & Umakoshi, 2010). 

 Noise level check 

 to attenuate exterior noise above 70 - 74 dB, double skin façade use can be considered. 

Note: A building may last more than 100 years and noise levels in the cities of the future might be 

reduced, for example, by the use of electric cars. 

At an early concept design stage, the noise level for a specific site can be deduced from a town noise 

map published by a local authority. Figure 3.9 shows a sample noise map. The noise map information 

has to be later verified through an on-site noise assessment. 

Local air pollution check  

This relates mainly to excessive car emissions. Pollution other than that of car emissions is also 

possible, e.g. dust in towns close to deserts.  
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When the site conditions for wind speed, temperature, noise and pollution levels allow for natural 

ventilation use, a tall building shape and layout has to meet the following requirements:  

 office work station distance from windows to be up to approximately 6.5m, according to 

Yeang (Menera UMNO); a floor depth to be of up to 9m according to Gan (2000). 

 for cross-ventilation, the maximum floor width to be approximately five times the floor height.  

 service cores (staircases, bathrooms etc) to be be adjacent to the exterior, to allow for natural 

ventilation to staircases and bathrooms.  

 use of window windshields, or a double skin façade, or special façade air intakes, to allow 

natural ventilation at higher levels exposed to high wind speeds.  

Other building shape and layout requirements that have to be considered are:  

 when exterior or interior atria are used: to make a building wider; to reduce width to height 

ratio, due to structural requirements, or due to functional requirements: 

 atria to be divided every few floors to reduce increases in air pressure, at higher floor 

levels, due to the stack effect 

 air intakes to atria to face predominant wind direction, for seasonal periods when 

ventilation is most needed 

 air intakes to atria to be positioned at different levels, on opposite building elevations, 

to combine the stack effect with cross ventilation 

 used air can be discharged through stack chimneys. The stacks have to be divided into 

shorter segments, subject to the building height. 

 building form can be shaped to direct wind into a building, e.g. the Menara UMNO wind wall 

(Menera UMNO). 

To confirm that the floor arrangement is adequate for natural ventilation use, wind tunnel studies and 

computer simulations (CFD) should be done when developing the design. 

3.2 DAYLIGHT USE     

The optimisation of daylight access, along with natural ventilation, is the most important passive 

design strategy (Pedrini, 2003). As noted by Li and Wong (2007), even in locations close to the 

equator, an increase in daylight access gives rise to energy savings, despite the higher energy use 

required for cooling.  



71 
 

Pilbrow (2005a) noted that good daylight conditions in an office can be achieved up to 9 - 12m from 

the façade. Yeang (1999) advised that the maximum distance for good daylight for traditional window 

height is no more than 4.6m. However, daylight can still be introduced further away from the window 

area, up to 9m using light shelves. Figure 3.10A shows how a light shelf works.  

Müller and Schmitz (2003) described another solution. Blinds that have slats of variable angles can 

extend daylight further across the floor area, at the same time controlling solar glare. Figure 3.10B 

shows a schematic for blinds with variable slat angles. Such blinds, which combine light deflection 

and shading, were used in DLZ tower in Neckarsulm in Germany. 

Another means of allowing daylight access further across a floor is through using light-reflecting glass 

units. A light reflecting glass unit has acrylic profiles in its air gap that reflect light into the ceiling. This 

solution provides better daylight conditions than blinds with slats at variable angles. Figure 3.10C 

shows a light reflecting glass unit schematic (Müller & Schmitz, 2003).  

 

Figure 3.10 Solar shelf (A), blinds with variable angles (B), light reflecting glass unit (C) 

Based on Müller and Schmitz (2003) 

The next solution for bringing daylight deeper is the use of laser cut panels (LCP). LCP’s are made 

from a thin panel of acrylic material with parallel laser cuts; this is, either, laminated to a glass pane, 

or, is sandwiched between two glass panes. The laser cuts create prismatic elements that deflect light 

passing through LPC’s. The use of LPC’s for windows and atria glazing, and as louvre panels allows 

the bringing daylight deeper into a room as well as reducing solar heat gain (Ian R. Edmonds, 1993). 

Vertical light pipes can direct light further than 8-10m from exterior walls. Light pipes that can be used 

in tall buildings can be divided into pipes with lenses, hollow prismatic pipes, light rods, mirrored light 

pipes and fibre optics (V. G. Hansen & Edmonds, 2003). A mirror light pipe schematic is shown in 

Figure 3.11. Hansen and Edmonds (2003) noted that hollow mirror light pipes that transport light by 

multiple secular reflections are currently the most economical option. LCP’s  can be combined with 

light pipes to increase the light pipe performance (I. R. Edmonds & Greenup, 2002; V. G. Hansen & 

Edmonds, 2003). 
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Figure 3.11 Mirror light pipe 

 

Based on Hansen and Edmonds (2003), except for the façade solutions described above, increasing 

the window head height allows deeper daylight access across floors. As described by Gonçalves and 

Umakoshi (2010), in order to achieve optimal use of daylight, newly constructed tall buildings in New 

York, the Hearst Tower, Times Square and the Bank of America have higher window heads (higher 

stud heights), when compared to other buildings,. A site visit to the Seven World Trade Centre 

building in New York showed that good daylight access can be achieved for a standard deep floor 

when the floor height is increased. The Seven World Trade Centre has deep floors; these are typical 

of New York. Nonetheless, due to the high windows and fully glazed walls, the daylight lighting level 

appeared to be satisfactory for office tasks being undertaken at distant parts of the floor, as observed 

on 5
th
 April at 6:00 p.m.  

As advised by Lewis (2011), an experienced tall buildings’ architect, and based on his observations, 

when the sky is overcast, if required, tenants use task lighting instead of the overhead general 

lighting. Lewis (2011) noted that, currently, in New York, it is general practice to design tall buildings 

with stud heights that are higher than usual, in order to allow for good daylight access. 

The NZ Building Code refers to the window head height, when specifying its requirements for daylight 

in residential buildings. The code ‘acceptable solution’ defines that the maximum floor depth must be 

twice the window head height, as illustrated in Figure 3.12 (G7 Natural Light). 

German legislation requires that the daylight access required for each office workstation limits the 

floor depth to approximately 7m (Gonc alves & Umakoshi, 2010). 

 

Figure 3.12 NZBC ‘acceptable solution’ daylight access requirements for residential buildings  
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Atria can allow for the introduction of daylight deep into floors. In the Commerzbank tower, in 

Frankfurt, atria were used to provide adequate daylight conditions (Figure 3.13A). The building floors 

receive daylight from two sides, from the outside and from the interior atria. In the Gherkin tower, 

triangular atria, which are adjacent to exterior glazed walls, cut deep into the floors to bring daylight 

(Figure 3.13B) (Gonc alves & Umakoshi, 2010). London’s Heron Tower is another example of a 

building in which daylight access was improved through atria use (Figure 3.13C)  (Pilbrow, 2005b). 

As noted by Yeang (1996), having service cores adjacent to exterior walls allows for daylight to 

illuminate lifts, halls, bathrooms and staircases. Daylight is used in the service cores of London’s 

Heron Tower and Malaysian Menara UMNO tower. 

An important means of improving daylight levels is to use glazing with high transmittance, e.g. clear 

glazing. The Heron Tower’s north façade, which does not have to be protected from excessive solar 

radiation, has clear glazing, to allow the maximum amount of diffused daylight penetration into office 

spaces (Gonc alves & Umakoshi, 2010). In the Seven World Trade Centre, low iron glass was used to 

maximise the use of daylight. Low iron glass allows the highest possible light transmission (Lewis, 

2011). 

 

Figure 3.13 Commerzbank (A), Gherkin (B) and Heron Tower (C) layouts 

Finally, to maximise the benefits of good daylight access and to reduce the influence of occupant 

behaviour on electric light useage, dimmable lighting, controlled by daylight illuminance sensors, can 

be used. The daylight sensors monitor daylight levels inside a building, and adjust dimmable lighting 

output accordingly. As noted by Gonçalves and Umakoshi (2010), a dimmable lighting system 

controlled by daylight sensors is used, for example in the New York Times Tower. Dimmable lighting 

is also used in Manitoba Hydro Building in Winnipeg (Manitoba Hydro Place ).  

Based on the above information, it is possible to comfortably achieve good daylight access for floors 

up to 9m deep, when using light-reflecting solutions, e.g. light shelves, and/or increasing the height of 

the window heads. The daylight access requirement for the floor width is similar to the natural 

ventilation requirement. 
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3.2.1. Design Considerations for Maximising Daylight Use  

The following tall building shape and layout characteristics allow for the maximisation of daylight use: 

 narrow floors. 

 floor depth to be a maximum of twice the window head height. 

 large unobstructed windows. 

 service cores to be adjacent to exterior walls to allow for daylight use in lobbies, staircases 

and bathrooms. 

 atria to cast daylight further into each floor of the building. 

The following façade solutions can allow daylight to be brought further into the floor spaces, e.g. at a 

stud height of approximately 2.7m (floor to ceiling), daylight can extend into the floor area to a 

distance of approximately 9m  from the window: 

 light shelves.  

 solar blinds that combine light deflection and shading. 

 light pipes. 

 laser cut panels. 

 a combination of laser cut panels and light tubes. 

 light-reflecting glass. 

Other daylight use design strategies, which should be investigated at more advanced design stages: 

 clear glazing with high light transmission use (e.g. low iron glazing). 

 a dimmable electrical lighting system controlled by daylight sensors. 

3.3 BUILDING SHAPE AND FLOOR CONFIGURATION  

A tall building’s shape and floor configuration affects its operational energy use. Building heat gains 

and losses resulting from solar radiation and heat exchange between the exterior and interior depend 

on the building’s shape and layout. Regulating heat gains and losses through appropriate building 

shape selection and floor arrangement can reduce a building’s operational energy use.  
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3.3.1. Floor Plan 

Yeang includes the appropriate shape selection and layout configuration in his ‘bioclimatic’ design 

methods. According to Yeang (1999), a rectangular building facing south has the lowest cooling and 

heating loads in temperate, arid and tropical climates. For a cool climate, a circular plan is the most 

energy efficient.  

Yeang (1999) analysed a variety of proportions for a rectangular floor layout. He found that the 

rectangle should be made longer when getting closer to the equator. He noted that, for locations 

closer to the equator, having longer north and south walls allows for maximum daylight exposure; at 

the same time, the ‘hot’ east and west sides are minimised. The proportions of a tall building rectangle 

for differing climates, as proposed by Yeang, are shown in Figure 3.14. 

The reason why a building should have a long rectangular layout to achieve better energy 

performance when located close to the equator can be explained as follows. 

Direct sun at low altitude angles causes the highest heat gains. In the morning, because the sun is at 

a low altitude angle, the sun’s radiation falls on vertical east walls at direct angles. When the sun 

moves to the south (in the northern hemisphere), its altitude angles become higher and radiation falls 

on the south vertical walls at very steep angles, especially in locations close to the equator. When the 

sun is in the west, it is again at a low altitude and solar radiation falls on the south vertical walls at 

more direct angles. As the east and west vertical walls are exposed to the greatest amount of direct 

sunlight, their combined heat gain is much higher than the heat gain of the north and south walls 

combined.   

As noted by Yeang (1999), the rectangular layout is optimally positioned when its long axis is slightly 

rotated from an east-west direction. The best orientations for longer walls in northern hemisphere 

conditions, as proposed by Yeang, are shown on Figure 3.15. The best orientation for a rectangular 

layout, in relation to true north, can be found using Ecotect Weather Tool (Autodesk, 2011b). When 

positioning a building, the fact that true north and the ‘north’ shown on a grid map may  differ must be 

taken into consideration. 

Cho studied the energy performance of rectangular, triangular, and octagonal floor layouts with a 

central service core. He also produced energy simulations for these layouts; these were rotated in 

relation to north, at 45° steps. The study included four climates: Chicago (cool), New York 

(temperate), Phoenix (hot arid) and Miami (hot humid). 

In Cho’s study, in all climatic conditions, the rectangular building layout with long wall facing south had 

the best energy performance. This result agrees with Yeang’s recommendations for tropical, arid , and 

temperate, climates.  

Cho explained that, for the Chicago heating-dominated cool climate, the long wall south exposure 

allows for the accumulation of solar heat gain during the winter. This is also the case for the New York 

temperate climate. 
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Figure 3.14 Most energy efficient tall buildings proportions 
for different climates 

Based on Yeang (1999) 

Figure 3.15 Optimum solar orientation for 
Northern Hemisphere 

Based on Yeang (1999) 

In the hot, arid climate of Phoenix where cooling loads are predominant, short east and west walls 

allow for a reduction in heat gain. This is also the case for the hot, humid climate of Miami (Cho, 

2002).  

Following Yeang’s recommendations, in relation to the cool climate of Chicago, it could be expected 

that an octagonal layout, which is closer to the Yeang optimum circlar layout, would perform better 

than a rectangular one. However, the energy use difference between the octagonal and rectangular 

layouts in Cho’s (2002)  study, was only 1%.  

Additionally, Cho (2002) followed the classification of climate by V. Olgyay, which was based on the 

theory of W. Koppen. Following this classification, when describing Chicago climate as “cool” the  

focus is on temperature and heat conservation, rather than on latitude and, consequently, solar 

exposure. Indeed, Chicago is at a latitude of 41.5° N, the same as that of Barcelona, Spain, which has 

a mild temperate climate. In locations at a higher latitude than that  of Chicago, a circular layout may 

still be the most energy efficient, as suggested by Yeang (1999). However, a study would be required 

to confirm it. 

The next study of the relationship between a floor shape and operational energy use was done by 

AlAnzi, Seo and Krarti (2009). The subject of this study was a fully air conditioned, 20-storey, 

building in Kuwait. Using building energy simulation software, AlAnzi et al. studied the energy 

performance of the following floor layouts shapes: square, rotated square, rectangular with long walls 

facing north and south, and rectangular, with long walls facing east and west (Assem & Al-Mumin, 

2010). 

There was little operational energy difference between the various floor shapes which all had the 

same degree of compactness. However, the impact of orientation was significant. For a very long 

rectangle exposed to solar radiation from east and west, the additional energy demand was up to 

300% higher than for the same rectangle with long walls exposed to north and south. The results of 
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this study confirmed Yeang’s recommendation that, in hot climates, sun exposure to the east and 

south should be minimised, by limiting the length of the east and west walls  (AlAnzi et al., 2009). 

The design of the Aldar Central Market towers in Abu Dhabi is a practical example of the minimising 

of east and west exposure in a hot arid climate (Figure 3.16). During the design process, building 

energy simulations showed that substantial energy savings could be achieved if the long axes of the 

elliptical floors (Figure 3.17) were located in an east-west direction, and consequently the exterior 

walls had minimum exposure to the east and west sun (Gonc alves & Umakoshi, 2010).  

The elliptical floors of the office and hotel towers were adjusted accordingly. However, for commercial  

reasons, to maximise views of Persian Gulf and natural coastline, the residential ‘Domain’ tower was 

positioned to have its longer walls exposed to harsh sunlight from both east and west (Gonc  alves & 

Umakoshi, 2010).  

To minimise heat gain for the residential tower, designers split its exterior façade into many parts in 

order that each part faced a direction with lower solar exposure, as shown on Figure 3.18. Through 

building energy simulations, it was estimated that this design decision allowed for 13% solar gain 

reduction, when compared to a form with smooth façades (Gonc  alves & Umakoshi, 2010). 

 

 

Figure 3.16 Aldar Central Market overall view Figure 3.17 Aldar Central Market office tower plan 

Reprinted from Aldar Central Market website (Aldar Central Market; Aldar Central Market Office Tower Plan) 
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Figure 3.18 Façade of residential tower 

Reprinted from Aldar Central Market website (Aldar Central Market) 
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3.3.2. Service Core Position 

The operational energy use of a tall building is affected by the position of the building service core. 

The building service core is the space that contains lobbies, elevators, bathrooms, stairs, mechanical 

equipment and vertical shafts.  

Yeang (1999) stated that the best option for building operational energy performance in a tropical 

climate, is when a tall building has two service cores, one positioned at the east end and the other at 

the west end of the building. These cores serve as solar protection buffers. Yeang noted that the use 

of two service cores, to protect against solar gain from east and west, is applicable at up to a latitude 

of 40° above the equator. 

Apart from protection from solar gain, further energy benefits from such core positions allow for 

natural ventilation use and a maximisation of the use of daylight in lift lobbies, bathrooms and 

staircases (Yeang, 1999). 

To illustrate the effects of the service core position on a building’s operational energy, Yeang (1999) 

presented the results of the cooling loads simulations for a Tokyo tower (35°N latitude). The results of 

this analysis showed that a rectangular shape with long walls facing south and north and with two 

cores, one on the east and one on the west, had the best energy performance. Additionally, on 

average, for all simulated cases, the building with two exterior cores had 37% lower cooling loads 

than a building with a single central core. For cases with one exterior core, the cooling loads were 

slightly higher, up to few per cent, than for the cases with two cores. The results of the Yeang 

simulations are shown in Figure 3.19. 

The Menara Mesiniaga building in Malaysia (Figure 3.20), designed by Yeang and completed in 1992, 

is an example of a tall building where the service core has been positioned to protect the building from 

solar heat gain, and therefore to reduce the building’s cooling load. As described by Ali and Amstrong 

(2008), the building’s heavy concrete core protects offices from the harsh eastern sun.  

Another example of a tall building where the service core has been positioned to protect office spaces 

from solar heat gain is the Heron Tower in London (Figure 3.21). The tower service core is positioned 

on the south, to protect it from heat gain in summer (Gonc alves & Umakoshi, 2010). 
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Figure 3.19 Yeang tall buildings service core positions study 

Redrawn from Yeang (1999) 

  

 

Figure 3.20 Menara Mesiniaga   

Reprinted from flickr® from Yahoo! (Ryan, 2007) 
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Figure 3.21 Heron Tower 

3.3.3. Compactness and Floor Depth 

Compactness and the floor depth (lease span) are important building shape parameters that affect its 

solar exposure and consequently, the building’s operational energy use.  

Cho (2002) studied the relation between building lease span and operational energy use for fully air-

conditioned tall buildings with dimmable lighting controlled by daylight sensors in different climates. 

The study showed that, for air-conditioned buildings, in most climates, increasing the lease span 

resulted in a decrease in operational energy use. This occurred despite the fact that the demand for 

electric lighting was increasing whilst the length of lease spans continued to increase.  

There was a deviation from this trend for buildings located in New York’s temperate climate. In New 

York, buildings with a lease span of longer than 18.3m (60 feet) had higher energy demand. The 

reason for this was that electrical lighting use was increasing at a faster rate than the cooling and 

heating loads were decreasing in cases where the lease span was longer than 18.3m (Cho, 2002). 

The better energy performance of buildings with deep floors in the Cho study relates directly to 

building shape compactness. A compact building with a small exterior surface area compared to its 

floor area, has low heat gains and losses. 

Using building energy simulation software, Ourghi, Al-Anzi and Krarti (2007) investigated the 

operational energy demand of tall buildings of various shapes, in the hot climates of Kuwait and 

Tunisia. They studied buildings with rectangular and L shaped floor plans that have different levels of 
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compactness, different window to wall ratios, and different glazing shading coefficients. For the 

purpose of the study, Ourghi, Al-Anzi and Krarti (2007) defined the relative building compactness 

(3.1).   

   
                

           
             (3.1) 

     : exterior wall area 

   : building volume  

                 : refers to considered building shape  

            : refers to reference cube building 

The results of the simulation showed that relative compactness directly affects the useage of both the 

cooling and the total energy of a building. For shapes without windows, shapes with a relative 

compactness closer to one (closer to the compact cube shape) had better energy performance. After 

windows were added, the relationship between the compactness and the operational energy use did 

not change; compact shapes still performed better.  

 

Figure 3.22 Shapes studied by AlAnzi, Seo and Krarti 

Adapted from AlAnzi, Seo and Krarti (2009) 

AlAnzi, Seo and Krarti extended the previous research by adding new shapes, and adding, as a study 

variable, building orientation in relation to the north. In addition to rectangular and L-shapes, they 

investigated: T-shape, Cross-shape, H-shape, U-shape and C-shape (Figure 3.22). The study was 

done for the Kuwait climate. This research results confirmed previous study findings that the most 

compact building shapes have the lowest operational energy needs (AlAnzi et al., 2009). 

A tall building with a rectangular plan can achieve the highest degree of compactness, defined as the 

ratio of the gross floor area to the combined exterior walls, floors and roof areas. Consequently, in 
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AlAnzi, Seo and Krarti’s study, the most compact building with a rectangular plan, had the lowest 

cooling loads of all the investigated shapes. At lower compactness, some other shapes performed 

better than the rectangular shape because of their self-shading. However, these shapes could not 

achieve the compactness of the rectangular shape. Figure 3.23 shows results of the AlAnzi, Seo and 

Krarti study. 

 

Figure 3.23 Simulation results for shapes studied by AlAnzi, Seo and Krarti 

Adapted from AlAnzi, Seo and Krarti (2009) 

The next study of building compactness to be presented in this research was done by Depecker, 

Menezo, Virgone and Lepers (2001). This study was undertaken for building shapes of various 

proportions and heights (Figure 3.24). The researchers performed building heating energy simulations 

for these shapes for the colder climate of Paris and the warmer climate of Carpentras, in France. The 

simulation results showed that, for the warmer climate of Carpentras, there was no correlation 

between building compactness and heating energy use. In relation to the colder Paris climate, 

compact shapes performed better during the simulated heating season. 

Another study of the relationship between a building’s compactness and its heating and cooling loads 

was conducted by Pessenlehner and Mahdavi (2003). The studied shapes (Figure 3.25) included self-

shaded forms and differing glazing ratios. The study was for the Vienna climate. The building energy 

simulation results showed that compact buildings need less energy for heating than those that are 

less compact. In relation to overheating, Pessenlehner and Mahdavi did not note a strong correlation 

between a building’s shape and its cooling loads. They noted that self-shading can significantly affect 

the results. 
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Figure 3.24 Shapes studied by Depecker, Menezo, Virgone and Lepers 

Adapted from Depecker, Menezo, Virgone and Lepers (2001)  

 

Figure 3.25 Shapes studied by Pessenlehner and Mahdavi 

Adapted from Pessenlehner and Mahdavi (2003) 
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The findings of the described studies on compactness are in agreement with the intuitive design rules 

for small dwellings in North American climates, summarised by Keplinger in 1978.  

Keplinger (1978) noted that northern cool climate homes should have a compact shape with small 

windows oriented to the south. He noted that in hot-arid climate, a compact shape is also the most 

energy efficient, combined with small windows oriented to the south, with shades to exclude summer 

sun. 

According to Keplinger (1978), in temperate climates, for small dwellings, more important than 

building compactness is exterior wind control and allowance for internal natural airflow. Similarly, in a 

hot-humid climate, the most important feature is the control of internal and external air movement.  

3.3.4. Angled Walls 

Angled walls affect building operational energy performance. Building shapes with sloping walls 

slanted towards the sun, have higher heat loss due to the lower surface thermal resistance of such 

walls; they also have higher solar heat gains due to higher solar exposure. This situation is not 

generally, desirable for habitable locations worldwide. 

 

Figure 3.26 Solstice on the Park view 

By Studio Gang Architects, adapted from eVolo (Solstice on the Park) 

When taking consideration of overhanging walls, such walls can either block, or allow, solar radiation, 

as required. The solar exposure of the Solstice Tower in Chicago is controlled through the use of such 

walls. The overhanging segments of building’s south facade provide shade in summer and allow for 

solar access in winter, as is shown in Figure 3.26. 
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However, the same operational energy reduction could be achieved through use of window 

overhangs. A building shape that has vertical walls with windows protected from solar radiation by 

overhangs would require fewer materials for its construction (and would have lower embodied 

energy). Additionally, such a shape would be easier to construct. 

Another way to provide wall shading and reduce a building’s cooling load is to use recessed walls. Ali 

and Amstrong (2008) noted that such recessed walls are used in the Menera Mesiniaga Tower 

(Figure 3.20). However, as in the case of overhanging walls, the same shading effect could be 

achieved using overhangs and fins. Generally, overhangs and fins require less material for their 

construction, and are easier to construct than recessed walls. 

3.3.5. Design Considerations for Shape and Layout Configuration 

The following tall building shape and layout characteristics allow for optimum solar radiation exposure: 

 a rectangular floor plan with long walls facing the solar south and north is preferable in hot 

and temperate climates, of up to 40° N/S latitude 

 the preferable rectangular plan proportion for tropical climate is 1:3 

 the preferable rectangular plan proportion for temperate climate is 1:1.6 

 a rectangular floor is optimally positioned when it has its long axis slightly rotated 

from the east-west direction. The Ecotect Weather Tool can be used to find the 

optimum position. 

 a circular floor plan can be preferable in cool climate. However, a compact rectangular shape 

can also have good energy performance and a rectangular plan could be preferable, when 

considering building function. 

 compact forms have better energy performance, especially in cool and hot climates. 

 solar exposure control through the appropriate use of shading devices gives better results 

than a building shape that has been modified to provide self shading. 

 the service core should be adjacent to an exterior wall to allow for natural ventilation and 

daylight access. 

 up to a latitude of 40° from the equator, two exterior service cores are preferable for 

protection from solar gain: one at the east of the building and one at the west. 

 at higher latitudes, an exterior service core on the south wall (Northern hemisphere) provides 

protection from solar heat gain in cooling dominated buildings.  
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 in a heating dominated climate an exterior service core can be positioned to afford protection 

from cold winds.  

A comparative study of building floor plans, using building energy simulation software, may be 

required to determine the best layout proportions and service cores position in some climates.  

3.4 EXTERIOR WALLS   

The optimum glazing-to-walls area ratio, the use of shading devices such as overhangs, fins, or 

blinds, the use of double skin façades and the optimum wall thermal resistance, significantly affect a 

building’s operational energy use.  

When considering the initial building concept design, the energy saving strategies that affect the 

appearance of building elevations are; the optimum glazing-to-wall area ratio, the use of shading 

devices and double skin façades and the colour selection of elevation material. 

However, these energy saving strategies do not determine which building shape and layout has the 

optimal solar exposure. For example, for two buildings of which one would have more optimum solar 

exposure than the other, if the appropriate shading devices were installed on both buildings, then the 

building with the more optimum solar exposure would have lower energy use than the building with 

less optimum solar exposure. However, if the other shape with less optimum solar exposure had 

shading devices, than it could perform better than the shape with more optimum solar exposure 

without such devices. 

3.4.1. Glazing to Wall Area Ratio 

The glazing-to-wall area ratio significantly affects a building’s operational energy use. The aim of the 

optimum ratio selection is to; minimise heat loss and maximise solar heat gain during the heating 

season, minimise solar heat gain in summer, and to admit sufficient daylight to minimise artificial 

lighting energy use.  

The combined assessment of exterior elevations heat exchange and solar gain is complex due to the 

differences between thermal properties of glazed and opaque walls. Glazing has a much lower 

thermal resistance than opaque walls; consequently, heat can flow through glazing much faster than 

through opaque walls. This difference in magnitude can be explained by discussing minimum thermal 

wall resistance requirements as specified in building codes. Building code requirements are based on 

what is perceived as a reasonable balance between capital costs and energy savings.  

As specified in NZ Building Code, for Auckland residential buildings, the minimum thermal resistance 

for walls (R) is 1.9   
    

    and for glazing is 0.26 (H1 Energy Efficiency). At such a level of 

thermal resistance, heat can flow through glazing approximately seven times faster than through 
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walls. This means that heat losses and gains through windows are significantly higher than through 

walls.  

Transparency is the next of the glazing characteristics that is important for the thermal performance of 

a window. The solar radiation that passes through a window adds to a building’s heat gain. High 

window heat gain can reduce heating energy demand in winter but can also substantially add to 

cooling loads in summer. In the case of opaque walls, this radiation is blocked through reflection and 

absorption. 

It is possible to increase the thermal resistance of window glazing and to reduce its solar heat gain. 

However, increasing thermal resistance of glazing is very expensive, whereas the thermal resistance 

of opaque walls can be increased at far less cost, to a much higher level. As calculated using Window 

6.3 software, even a highly insulated glass unit has low thermal resistance and high solar heat gain 

when compared to a standard opaque wall. Triple glazing with cavities filled with argon and low E 

coating, on the most interior glass pane, facing outside, has a resistance R=1.0, according to the 

Window 6.3 calculation, not accounting for the thermal bridges of window frames (Window 6.3, 2011). 

Keplinger (1978) described rules for the selection of window sizes for small North American dwellings. 

He recommended small windows for dwellings in cool climates and small windows with shades for hot 

climates. Such window arrangements limit solar heat gain and heat loss. At the same time, they 

provide sufficient daylight access for the needs of the dwelling’s occupants. However, other buildings 

have lighting requirements that differ from those of small traditional dwellings.  

Due to the complexity of the heat exchange of exterior elevations, computer building energy 

simulations, have been commonly used by researchers to establish the optimum glazing-to-wall area 

ratio (Pedrini & Hyde, 2001). Using building energy simulation software, Cho (2002) studied the 

operational energy requirements of tall buildings with varying glazing-to-wall area ratios. This study 

was for four buildings with differing floor plans, rotated in steps in relation to the north direction. The 

simulated buildings had an approximate 13.5m lease span, the North American average.  

Simulation results showed that the optimum balance between window heat loss and the maximising of 

daylight access for a cool Chicago climate, was when windows accounted for 50% of the wall area. 

For a New York temperate climate, the optimum glazing-to-wall ratio was 75%. For Phoenix’s hot, 

arid, climate and for Miami’s hot, humid, climate, the optimum glazing-to-wall ratio was 50%. For this 

ratio, the best balance was achieved between heat gain and maximising daylight access.  

The glazing-to-wall area ratio significantly affects a building’s energy performance. Cho (2002) found 

that the energy consumption related to window size varied between the cases studied, by up to 

26.5%; whereas, the energy variations due to building floor shape difference varied by up to 19.3%, 

and by up to 4.7%,  due to building orientation, 

The design of the Ventura Corporate Towers in Rio de Janerio ( Figure 3.27), described by Gonçalves 

and Umakoshi (2010), is an example of operational energy use reduction through the appropriate 
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selection of glazing to wall ratio, and exterior wall thermal properties’ improvement. Initially the 

building was designed with fully glazed walls. To improve its energy performance, the glazing-to-wall 

area ratio was reduced to 58%. Additionally, to reduce heat gain through windows, reflective, tinted, 

glass was used. 

  

Figure 3.27 Ventura Corporate Towers 

Reprinted from flickr® from Yahoo! (Bank, 2011) 

Figure 3.28 Manitoba Hydro from South 

Reprinted from Manitoba Hydro www.hydro.mb.ca 

Windows that face in different directions have different solar radiation exposures. Gonçalves and 

Umakoshi (2010) noted that, for the best building operational energy performance, the window to wall 

ratio should be adjusted appropriately to the direction that a wall is facing.  

Pessenlehner and Mahdavi (2003) when studying building compactness, noted that large glazing 

areas exposed to high solar radiation can reduce building heating requirements due to a solar heat 

gain that is higher than the heat lost through windows. For the Vienna location studied, the use of 

large, south facing windows, resulted in a reduction in energy demand during the heating season. 

The Manitoba Hydro tower in Winnipeg is an example of a building in which a large glazed area was 

used to increase building solar heat gain and to reduce heating energy demand (Figure 3.28).  

The Canadian town of Winnipeg is close to a latitude of 49º N and has a climate characterised by long 

harsh winters and short hot summers (- daily average temperatures below -4.5°C from November to 

March, with the average temperature of -17.3°C in January; daily average temperatures above 16.8°C 

from June to August, with the average temperature of 20.5°C in July). In this climate, heating energy 

http://www.hydro.mb.ca/
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requirements are dominant (- 197 annual cooling degree-days and 5754 annual heating degree-days 

at 18°C baseline) (EnergyPlus Weather Data).  

To maximise solar heat gain during cold seasons, the Manitoba Hydro Building has glazed atria facing 

south. To protect office spaces from solar gain in summer, during warm weather the atria are cooled 

using natural ventilation (Manitoba Hydro Place, 2010).   

3.4.2. Shading Devices 

Solar radiation control with shading devices can provide significant energy savings. For example, a 

study by Assem and Al-Mumin (2010) showed that, for a standard, fully air-conditioned office building, 

in a hot Kuwait climate, with the use of overhangs, potential cooling energy saving can be up to 10%. 

Shading devices are used to block direct solar radiation from falling onto windows, to limit window 

heat gain, at times when such heat would increase the cooling load of a building. Shading devices 

should allow direct solar radiation to fall on windows at times when additional window heat gain would 

reduce the heating load.  

For example, in a temperate climate, it is desirable to block solar radiation during ‘hot’ months. During 

these months, the sun falls on north facing facades at high altitude angles. During ‘cold’ months, it is 

desirable to allow direct solar radiation to reduce heating load. During these months, the sun falls on 

north-facing facades at low altitude angles. For spring and autumn, it can be desirable to partially 

block the sun during the hottest hours around noon.  

A fixed overhang, shown on Figure 3.29, has been designed to protect a window facing north, in a 

temperate climate, in the southern hemisphere. To achieve optimal energy performance, the 

overhang blocks the high altitude angled sunlight but allows the low altitude angled sunlight.   

 

Figure 3.29 North elevation overhang in temperate climate on Southern hemisphere 

The optimum shading selection depends on the location’s latitude, the local climate, and the direction 

in which a wall faces. In case of Auckland, at 36.9˚S latitude, horizontal shading overhangs are the 
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most suitable for north elevations. This is due to the high sun altitude angles that prevail the sun’s 

rays fall from a northerly direction.  

For east and west elevations, vertical fins are more suitable. In case of east elevations, vertical fins 

protect from the sun when it moves from east to north. However, in the morning, when sunlight falls 

directly on east-facing façades at very low altitude angle, the sun’s rays cannot be blocked by fixed 

shading .  

In summer, it can be beneficial to have vertical fins installed on south-facing elevations; this is 

because, in summer, the morning and evening sunlight falls from a southerly directions. The path of 

the Auckland sun and the arrangement of shades is shown in Figure 3.30. 

 

Figure 3.30 Sun path for Auckland 

Sun path created with Ecotect Solar Tool (Autodesk, 2011b) 

To achieve the optimum results, a combination of overhangs and fins can be used, as shown in 

Figure 3.31. The detailed geometry of fixed shading can be determined following the methods 

described by Szokolay (1980), or by Burberry (1983), or by using Ecotect Solar Tool software 

(Autodesk, 2011b). 
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Figure 3.31 Fixed shading devices 

The New York Times Building is an example of a tall building that has an exterior fixed shading 

system which reduces solar gain in summer (Gonc alves & Umakoshi, 2010). This shading system is 

shown on Figure 3.32. 

 
 

Figure 3.32 New York Times fixed shading  

Reproduced from New York Architecture (The New York Times Building) 

An alternative to fixed shading devices is movable blinds. Grondzik at el. (2010) noted that controlled 

movable blinds are generally more efficient in reducing a building’s operational energy needs than are 

fixed overhangs and fins. The advantage of movable blinds is that they can be adjusted to fit the exact 

building thermal requirements at a specific time.  

Movable blinds can be controlled by internal and external temperature sensors, and by solar radiation 

sensors. When considering the visual comfort of building occupants, and also to maximise the use of 

daylight, one of the better control options comes in the form of blinds with slats of which the angles 

are automatically adjusted to block direct solar radiation.  
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The disadvantage of movable blinds is that they must be protected from high winds and frost; to 

achieve such protection, blinds are often placed inside a double skin facade cavity. 

However, this is not the best solution. Optimum performance is achieved when blinds are installed 

externally, as exterior blinds reflect light before it falls on glazing, they are cooled by exterior air 

movement.  

Blinds installed inside a cavity reflect light onto the inside of the exterior skin glazing. The exterior 

glazing then reflects part of the light back into the cavity. In addition, the solar radiation absorbed by 

the interior blinds is dissipated into the cavity.  

In the case of one skin, Yeang (2006) stated that the typical solar gain for white louvres installed 

internally is 46% of the solar radiation that falls on the window; whereas, for exterior blinds, the solar 

gain is 12%. 

Another disadvantage of movable blinds is that they require additional maintenance, and, as noted by 

Bode, highly complex (blind) systems can be unreliable (Gonc  alves & Umakoshi, 2010).  

Natural light glare control is an issue that relates to a building’s operational energy use. Inside a 

building, occupiers can experience glare due to the high level of difference between the illuminance 

level of light that falls through a window and the illuminance level inside (Grondzik et al., 2010).  

For example, in winter, if the sun is blocked by exterior blinds to prevent glare, then solar heat gain 

will be reduced, and consequently the heating load will increase.  

However, there are other solutions to prevent glare. In the sample described above, to prevent solar 

glare, internal fabric solar shades with low reflection could be installed. Such shades would allow 

sufficient daylight to pass through and would not reflect the light energy back to the outside. Such 

shades are commercially available (New Zealand Windows Shades Limited). 

3.4.3. Double Skin Façade 

The double skin façade has been created for cold and temperate climates, as a more energy efficient 

replacement for the single-skin glazed curtain wall. The double skin façade cavity can either be 

sealed, naturally ventilated, or mechanically ventilated. When mechanically ventilated, the cavity can 

be used to supply or extract air from building spaces. Various modes of operation of double skin 

facades are shown on Figure 3.33. 
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Figure 3.33 Samples of different modes of operation for double skin façade 

Redrawn from Gonçalves and Umakoshi (2010) 

As the double skin façade was originally created for cold and temperate climates, when it is used in 

hot climates, the double skin façade cavity has to be ventilated. To protect from direct solar radiation, 

blinds have to be installed inside the cavity. To minimise façade overheating, one method is to 

provide full openings to the exterior skin (Gonc  alves & Umakoshi, 2010). 

When a double skin building façade is part of a building’s natural ventilation system, the façade cavity 

has to be divided every three to five floors. This has to be done to prevent cavity overheating at the 

top of the cavity, due to the stack effect (Gonc  alves & Umakoshi, 2010).  

Because of the complexity of double skin façades, its operation and maintenance are difficult and the 

construction of it is expensive. 

An issue with the double skin facade is that it can create an additional risk for fire spread.  As noted 

by Chow (2012), for a single skin curtain wall, when glass breaks during fire, smoke and toxic gases 

can be diluted and cooled down by exterior air, but, in the case of a double skin façade, smoke can be 

trapped inside the cavity. Smoke, and even flames, can be spread to upper building levels. This risk 

has to be mitigated through specific design (W. K. Chow, Hung, Gao, Zou, & Dong, 2007; Shameri, 

Alghoul, Sopian, Zain, & Elayeb, 2011). Another issue is that if a double skin facade is not designed 

properly, it is possible that sound will be transmitted from room to room and from floor to floor. This 

undesirable sound transmission can occur when the windows of the interior skin are opened and the 

exterior skin deflects the sound back into the building (Poirazis, 2004). 

Gonçalves and Umakoshi (2010) noted that there is no universal solution for every façade in every 

climate. In many cases, a single skin glazed façade can provide the same results as a double skin 

façade. Additionally, standard opaque walls can often have better energy performance than a double 

skin façade. The double skin façade performs differently in each climate, and when it faces different 

directions.  
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The only way to estimate whether a double skin façade is a better solution than a single skin glazed 

façade, or a standard, partially opaque, wall, is to compare the energy performance of these 

alternatives, using building energy simulation software. Such comparative studies have been 

undertaken for specific buildings and locations.  

Høseggen, Wachenfeldt and Hanssen (2008) simulated the energy use of an office building with a 

double skin façade that was four levels high and that had exterior openings at its top and bottom. The 

simulated building was located in a Norwegian town. The double skin façade was facing west. 

The results of the simulation showed that there was almost no difference in a building’s operational 

energy use between the best performing double skin facade option and a single curtain wall with 

double glazing and improved thermal resistance. In this case, the use of double skin façade could not 

be justified when considering energy savings and initial costs.  

Chan, Chow, Fong and Lin (2009) studied the energy performance of a double skin façade in the 

Hong Kong climate. The façade studied had a naturally ventilated cavity, which was divided at every 

floor level. The ratio of the interior skin window to the wall area was 0.6. For the best performing 

façade case, the internal windows were glazed with a single sheet of clear glass, while the exterior 

skin was double glazed. Reflective glass was used in the most exterior glass pane. The simulated 

building was fully air-conditioned and the internal façade skin was sealed. 

When comparing to a standard Hong Kong single skin façade, computer simulation results showed 

that, with the use of double skin façade, the saving for cooling would be around 26%. Researchers 

calculated that, after 81 years, the energy savings would offset the initial cost. 

In comparison, a single skin façade, with windows with single reflective glazing, would provide a 

10.5% saving. As the researchers concluded, the use of double skin façade was not feasible for the 

studied case (Chan et al., 2009).  

Hamza (2008) studied the performance of a double skin façade in the hot, arid, Cairo climate. In this 

study, first, the operational energy use for a standard office building that had 40% windows-to-wall 

area ratio and single reflective glazing to its windows, was simulated. Next, a single glazed skin was 

added to the building elevations. The created double skin façade was six storeys high, naturally 

ventilated and had exterior air inlets at the base of the façade and exterior outlets at the top. 

Simulation results showed that the double skin façade with clear glazing substantially increased the 

building’s cooling load. However, a double skin façade, with exterior skin glazed with reflective glass, 

reduced the building cooling load by 30% (Hamza, 2008). In this study, as an alternative to the 

additional wall skin, the use of blinds was not considered; the use of blinds could have significantly 

reduced the building’s cooling load.  

Demirbilek and Depczynski (2008)  studied double skin facade use in the Brisbane climate. In this 

study, a double skin facade was used for the eastern elevation of a 20 storey high building. Energy 

use for four different double skin facade designs was simulated and compared to the base-case of a 
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building without double skin facade. There were two case studies of fully air-conditioned buildings. In 

one case, the inner skin had lower solar transmission and in the second, the exterior skin had lower 

solar transmission. The lower solar transmission glass had a solar heat gain coefficient (SHGC) of 

0.27 and the higher solar transmission glass was described as clear glazing. For the case of the 

exterior skin with low solar transmission, the reduction of cooling load was only 0.6%. For the case of 

the interior glass with low solar transmission, there was an increase in cooling load of 8.5%, when 

compared to the building without a double skin facade. Demirbilek and Depczynski (2008) noted that 

the large cooling load increase is due to the greenhouse effect.  

The other two case studies were for a mixed mode ventilation system and night purging. In these 

cases, the exterior glazing was of low solar transmission glass. The difference between these two 

case studies was in the percentage of openable windows. In both cases cooling loads were reduced, 

respectively, by 16.1% for the case with the higher percentage of openable windows, and by 9.4% for 

the case with a lower percentage of openable windows when compared to the building without double 

skin facade (Demirbilek & Depczynski, 2008). This study showed, that for the investigated building, 

the double skin facade would provide energy saving only if the facade allowed for natural ventilation, 

e.g. protecting window openings from high wind speeds. As the presented studies show, when 

considering a building’s operational energy performance, a double skin façade is not the optimum 

solution for every elevation or for every climate. However, the double skin façade is one of the means 

of enabling natural ventilation during high winds and in situations where there is a high level of 

exterior noise. 

Pasquay (2004) stated that it is reasonable to use double skin facades to allow natural ventilation in 

tall buildings. He based this statement on real building energy performance measurements for 

naturally ventilated tall buildings with double skin façades, located in the moderate climate of 

Germany. 

Many tall buildings, which are considered environmentally responsive, have double skin facades. For 

example, the energy-efficient Manitoba Hydro building in Winnipeg has a double skin façade. As 

shown in Figure 3.7, in the instance of the Manitoba Hydro, the exterior skin has openings for natural 

ventilation which are automatically opened when conditions are favourable. The interior skin has 

manually operable windows that are controlled by the building’s occupants. In winter the openings in 

both skins are closed. At this time, the air in the cavity serves as additional thermal insulation. 

Automated solar shades are installed inside the cavity to protect against excessive solar gain when 

required (Manitoba Hydro Place, 2010). 

The next example of a tall building that has a double skin façade is the Gherkin Tower in London. In 

this building, the external skin has openings to ventilate the façade cavity and the internal skin is 

sealed. The external skin can be closed to allow for the mechanical cooling or heating of the façade, 

as needed. Additionally, as a protection from direct sunlight, blinds are installed inside the cavity 

(Gonc  alves & Umakoshi, 2010). 
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Another building example, the Aldar Central Market towers in Abu Dhabi have highly insulated double 

skin façades with an E-coating
1
 applied to the most exterior glass pane. The high thermal resistance 

of the double skin facades protect from fast heat transfer from outside to inside. 

The Aldar Central Market towers are full, air-conditioned and the exterior skin facades are fully sealed. 

The towers’ designers considered that, due to high external temperatures, natural ventilation use 

would not provide energy savings. Additionally, it was considered that, due to dust from the desert, it 

would be too difficult to maintain openings in the exterior skin (Gonc alves & Umakoshi, 2010). 

An interesting example of a tower, which could be classified as having a naturally ventilated double 

skin façade, is the O-14 building in Dubai (Figure 3.34 and Figure 3.35). The building façade is made 

of an exterior concrete exoskeleton perforated with circular openings and an interior fully glazed 

curtain wall. Between the exterior exoskeleton tube and interior glazed wall is a one-metre air cavity. 

According to Ocampo, Reiser and Umemoto (2010), due to the chimney effect, air rises in the cavity 

and consequently cools the building façade. Ocampo, Reiser and Umemoto claimed that this passive 

system should reduce the building’s cooling energy use by 30%.  

 
 

Figure 3.34 O-14 Tower plan 

Reproduced from CTBUH (O-14, Dubai)  

Figure 3.35 O-14 Tower 

Reproduced from CTBUH (O-14, Dubai) 

3.4.4. The Thermal Resistance and Colour of Walls 

The thermal properties of building materials used for exterior walls, roofs and floors construction, have 

a significant impact on building cooling and heating loads. The properties of construction materials 

that are considered to most affect heat transfer and, consequently, the operational energy of a 

                                                   
1
 The low E-coating applied on glass stops infra-red invisible radiation, from inside and outside, 

resulting in summer heat gain and winter heat loss reduction. Appling E-coating on the most exterior 

window panes reduces solar heat gain by the largest amount and reduces heat transfer from exterior 

to interior. 
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building  are thermal resistance and thermal mass (H1 Energy Efficiency). Building codes regulate the 

minimum thermal resistance requirements for building exterior elements. These minimum 

requirements are intended to provide a balance between energy savings and initial construction 

capital cost.   

The optimum thermal resistance of walls depends on climate and building function. As noted by 

Gonçalves and Umakoshi (2010), for climates with high temperature differences between the interior 

of a building and the exterior, walls with high thermal resistance reduce building energy demand. Due 

to the heat exchange rate reduction between the exterior and the interior in cool climates, walls with 

high thermal resistance reduce building heat loss. In hot climates, such walls reduce heat gain.  

For climates with only small temperature differences between the building’s interior and exterior, the 

thermal resistance of the building envelope has an insignificant effect on the building’s energy 

performance. In such climates, single glazing can be the appropriate solution (Gonc  alves & 

Umakoshi, 2010).  

In warmer climates, in naturally ventilated buildings that do not have mechanical cooling, the indoor 

temperatures are generally higher than the exterior temperatures. Such buildings should have walls 

with low thermal resistance to allow heat to escape from the building (Gonc alves & Umakoshi, 2010).  

Focusing on building function, some buildings have high internal heat gain, e.g. in offices, caused by 

computer equipment. This high internal heat gain can cause interior temperatures to be higher than 

outdoor temperatures throughout most of the year. In such cases, walls with high thermal resistance 

will keep the undesirable heat inside the building (Gonc alves & Umakoshi, 2010). 

Solar absorptance, which can affect a building’s energy use, is the next important property for 

materials used for building surfaces that are exposed to solar radiation. The solar absorptance of a 

material describes how much solar thermal radiation the material absorbs. A material’s solar 

absorptance value is the division of solar radiation absorbed by the total radiation that falls on the 

material ("EnergyPlus", 2010). This material property relates directly to the colour of the material. 

Generally, lighter coloured materials have lower absorptance and darker coloured materials have 

higher absorptance. Thus, white paint has an absorptance 0.3 and matt black paint has an 

absorptance 0.96 (Zöld & Szokolay, 1997).  

Lighter colours can be used to reduce heat gain and darker colours to increase heat gain. As noted by 

Keplinger (1978) in traditional North American dwellings, in hot climates, light surfaces are used to 

minimise heat gain.  

In the Manitoba Hydro building, the top part of its ‘solar chimney’ that is used to passively discharge 

used air, due to the stack effect, was painted black to maximise its heat gain. This heat gain, stored in 

the chimney thermal mass, keeps the temperature higher at the chimney top than in the rest of the 

building, which allows the natural ventilation season to be extended (Solar Chimney, 2009).  
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3.4.5. Optimum Design for Walls Facing Different Directions  

Walls facing in different directions have to be designed differently. In order to achieve the optimum 

operational energy performance, these walls should all have different wall to glazing area ratios, 

thermal properties and shading arrangements, as noted by Gonçalves and Umakoshi (2010).  

Demirbilek and Depczynski (2004) studied different glazing ratios for different facades for Brisbane 

climate. Their study results show that, for the investigated medium-rise commercial building, the 

smaller window ratios in the north-east or north-west facades resulted in higher savings in the cooling 

and de-humidification loads.  

Pedrini (2003) also studied the optimum glazing to wall area ratio and shading arrangements for the 

Brisbane climate. Pedrini (2003) and Demirbilek and Depczynski (2004) study results confirm the 

Gonc alves and Umakoshi statement. 

The Heron Tower in London is an example of a tall building which has had each elevation designed 

differently to achieve better operational energy performance. In this building, the north facade has 

clear double glazing. The west and east elevations have double skin façades. The internal skin of 

each of these double skin façades is double glazed, and the external skin has single glazing with low 

E coating.  Additionally, there are internal blinds, in the cavity of the façade and the cavity can be 

naturally ventilated. The south façade is clad with building integrated solar panels (Gonc  alves & 

Umakoshi, 2010).  

In the London climate, the cooling loads for office buildings are much higher than heating loads, due 

to high internal heat gain. In the Heron Tower, the large glazing on the north façade allows for 

maximum daylight access; at the same time the heat gain through the north façade is small. There are 

no blinds installed on the north facade. The glazing system of the west and east facades prevent high 

heat gain from eastern and western solar radiation. Additionally, on these facades, blinds are used to 

control direct sun. The building is protected by its service core from radiation from the south; the 

service core is placed alongside the south elevation. Photovoltaic panels are installed on the exterior 

wall of the service core (the south elevation). To maximise energy production the panels are facing in 

a southerly direction which is the direction from which the greatest amount of solar radiation comes at 

the London latitude (51.3°N (Figure 5.1).  

The next example of a tall building that has differently designed facades to achieve operational 

energy savings is the Menara Mesiniaga tower in Kuala Lumpur (Figure 3.20). In Kuala Lumpur, at 

3.8°N latitude, solar radiation on the facades facing east and west is at its highest. These facades are 

also exposed to direct sun. As described on the Yeang company website, the Menara Mesiniaga 

tower windows facing east and west have external louvres and solar shading to prevent high solar 

heat gains. The north and south glazing, which is not exposed to direct solar radiation, is less 

obstructed in order to maximise daylight (Menara Mesiniaga).  
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3.4.6. Design Considerations for Exterior Envelope  

Optimum glazing-to-wall area ratio, shading devices, double skin façades and elevation colour, are 

very important for building energy performance and for elevation appearance. However, they do not 

determine which building shape and layout has the optimal solar exposure. The final architectural 

appearance of tall building elevations has to be developed at a more advanced design stage, with 

support of building energy simulation software. At an early design stage, the general rules below can 

be followed: 

 for walls facing in different directions, the energy optimum design is different and thus, each 

façade should be designed separately 

Glazing to wall area ratio selection: 

 minimum size openings should be used in cool and hot climates 

 opening sizes should be sufficient to allow building use without the use of artificial light, during 

normal daytime weather conditions (refer Section 3.2.) 

 in cool climates with a long heating season, walls exposed to high solar radiation can have 

larger windows, e.g. south facing walls in the northern hemisphere  

 for fully air-conditioned office buildings, the glazing to wall area ratio can be initially assumed 

as 50% for cool and hot climates, and 75% for temperate climates 

Fixed shading: 

 vertical overhangs are best suited to facades exposed to radiation from the sun at high 

altitude angles, e.g. north facades in the southern hemisphere 

 a combination of vertical fins and horizontal overhangs provides optimum results for facades 

exposed to radiation from sun at lower altitude angles 

 the geometry of shading devices should be determined based on a building’s cooling and 

heating requirements, solar path geometry and façade exposure direction 

Automatically controlled, movable blinds: 

 allow better building energy performance than fixed shading 

 blinds should be positioned externally for the best protection from solar radiation 

Double skin façade can be used to: 

 allow natural ventilation use during high wind speeds 

 allow natural ventilation use in places with high exterior noise 
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 protect blinds from high wind speeds or other elements e.g. desert dust 

When considering energy savings, in comparison with other façade alternatives, there are no rules in 

relation to double skin façade use. Every case has to be analysed separately using building energy 

simulation software. 

However, many research studies have shown that the use of a double skin façade for the sole 

purpose of improving the thermal resistance of an elevation does not provide benefits that would 

justify its use, when considering the initial cost and possible energy savings. 

Façade colour: 

 lighter colours reduce solar heat gain  

 darker colours increase solar heat gain 

The thermal resistance of facades in general, does not affect the building’s appearance and does not 

have to be precisely specified at the time when the building shape and overall layout are being 

designed. General rules for selecting the thermal resistance of exterior facades are as follows: 

 in hot climates the high thermal resistance protects from undesirable heat gain 

 in cool climates the high thermal resistance protects from undesirable heat loss 

 in climates with small temperature differences between the building interior and exterior, the 

high thermal resistance is not required  

 for building functions with high internal heat gains, and expected interior temperatures higher 

than exterior temperatures throughout most of the year, walls should have low thermal 

resistance.   

Finding the optimum balance between the glazing-to-wall area ratio, shading device use and the 

thermal resistance and colour of the elevations to achieve the optimum combined energy use for 

cooling, heating and electrical lighting, requires parametric studies of façade alternatives, using 

building energy simulation software.  

3.5 CONCLUSION 

The optimum building shape and layout for operational energy use is constrained by passive energy 

saving strategy requirements. First, in most locations, building shape is constrained by natural 

ventilation and daylight access requirements. Secondly, when considering cooling and heating loads, 

buildings that are more compact perform better than those that are less compact. 

Buildings with a compact shape have simple floor plans, e.g. square, rectangular or circular. 

Operational energy use studies for these compact buildings shapes have previously been undertaken 
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e.g. by Yeang. Based on these existing studies, the initial floor plan for a specific climate can be 

selected. The selected shape has to be adjusted to allow for natural ventilation and maximum daylight 

access. 

A building’s self-shading could potentially reduce cooling load. However, self-shading shapes are less 

compact. Studies for hot arid climate in which buildings could most benefit from self-shading, showed 

that the most compact rectangular shape has the lowest cooling load, when compared to the most 

compact self-shaded forms.  

In case of shapes with recessed walls or cantilevered floors, these shapes, except for being less 

compact, require more materials for their construction and consequently, have higher embodied 

energy. When considering building self-shading, overhangs and fins allow for a more controlled form 

of shading that provides a greater reduction in operational energy use than is due to building shape. 

Even better results can be achieved using solar controlled window blinds, as windows are responsible 

for most of the solar heat gain of a building.   

Due to the differences in climate between each location, the optimum proportions for floor layout can 

differ slightly for each climate. However, allowing natural ventilation and maximising daylight use is 

more important than the optimum shape solar exposure. When appropriate, building energy 

simulations can support the selection of a floor plan with the optimum proportions. 

Natural ventilation use depends on the exterior conditions; in extremely tall buildings, due to high wind 

speeds, it may not be possible for it to be implemented at the upper levels. However, the lower floors 

of high buildings can still be naturally ventilated. 

Building user expectations might be the greatest barrier to natural ventilation implementation, as 

natural ventilation cannot provide the same level of internal comfort as full air conditioning. 

For buildings where natural ventilation cannot be used, due to the project-specific conditions, 

increasing the floor depth can result in operational energy use reduction. This is due to the increase in 

building compactness and, consequently, reduction in energy used for cooling and heating; the 

reduction of the amount of energy used for cooling and heating can be larger than the additional 

energy used for lighting. 

The design of exterior walls does not influence which tall building shape and layout has the optimal 

solar exposure. However, design decisions relating to exterior walls can significantly affect a building’s 

energy performance. Finding the energy optimum elevation design, in general, requires a comparative 

study of elevation alternatives using building energy-use simulation software. For each wall facing in a 

different direction, the optimum design is different. 
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4. THE EMBODIED ENERGY OF TALL BUILDINGS 

Tall buildings require more materials for their construction and have significantly higher embodied 

energy than do low and midrise buildings. Due to improvements in the efficiency of building 

mechanical services and the consequent operational energy reduction, for all building typologies, the 

embodied energy of a building is starting to account for a significant part of its total energy. For this 

reason, when a tall building’s shape and layout are proposed during the early concept design stage, 

the minimisation of the building’s embodied energy must be considered.  

In this chapter, the shape implications for the embodied energy of building are discussed. The section 

ends with a set of design considerations; this set is referred to in the design process provided in 

Chapter 8. 

To establish a building’s embodied energy, embodied energy data for each product used during the 

building construction is required. Each product’s embodied energy calculation requires a detailed 

analysis of energy inputs, beginning from raw materials extraction, through to manufacturing, product 

use and final disposal (PRé). This analysis requires knowledge of how the product is manufactured, 

the way in which it is used, and how it is disposed of. Generally, such analysis has to be done by a 

specialised researcher.  

To establish a building’s embodied energy, a building designer has to rely on the available databases, 

prepared by others. In relation to embodied energy of building materials. However, these databases 

do not provide precise embodied energy values. 

The same type of product may have differing amounts of embodied energy in a variety of world 

locations. Szalay and Nebel (2006) compared embodied energy databases for different locations. The 

databases compared were the New Zealand database by Alcorn, German GaBi, British BRE, North 

American Athena and SimaPro, among others. The comparison shows that the differences between 

the embodied energies of major building materials can be large. For example, the production of kiln 

dried timber in New Zealand requires 5.3 times more energy than production in a European location    

(SimaPro database). 

The differences can occur even between the same type of product that has been manufactured by a 

variety of local producers. The reason for this is that production methods for the same product may 

vary, each requiring different amounts of energy. For instance, as noted in the BEES documentation, 

cement can be produced using the energy-efficient preheater and precalciner processes, or, by the 

older, more energy-consuming wet and dry processes (NIST).   

Furthermore, the transportation distance for raw materials to a manufacturing plant can vary for the 

same product. For example, the BEES embodied energy database assumes that the transportation 

distance of raw materials for Portland cement production is 97 km. However, in reality, there are 

variations between plants. As the various raw materials transportation distances demand differing 
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amounts of energy use, the amount of embodied energy of the cement produced by different 

manufacturers, in one location, can vary (NIST).  

As an embodied energy database for a specific location cannot capture all energy input details, the 

databases are inherently imprecise and represent the local average. However, based on the available 

databases, general rules about how to select building materials to reduce a building’s embodied 

energy, can be deduced. For example, the use of recycled steel instead of virgin steel always reduces 

a building’s embodied energy. Virgin steel has approximately a 2.4 times higher level of embodied 

energy than recycled steel, according to the Alcorn and GaBi databases (Szalay & Nebel, 2006).  

At the early design stage, when a tall building’s shape and layout are being created, many design 

details are unknown. At this stage, the method for reducing the building’s embodied energy is to focus 

on reducing the use of building materials through the selection of a building shape that requires fewer 

resources for its construction, and also through the selection of the most material-efficient 

superstructure.  

4.1. The Superstructure of Tall Buildings 

Building superstructure and exterior elevations are the elements of a tall building in which embodied 

energy is significantly affected by height and shape.  

As the floors of a tall building have to carry the same loads as the floors of shorter buildings, the use 

of the materials used for suspended floors does not depend on the building’s height and shape. 

Similar internal fit-outs can be used in both tall and short buildings. 

To a small degree, a tall building’s floor shape affects the amount of materials used for the 

construction of internal building services. In addition, the use of materials for the installation of 

building services does not increase significantly with the building’s height, with the exception of lifts, 

as can be deduced from Watts(2005) cost study. Lifts however, are not a major building embodied 

energy component.  

Foundations, except for building height, are affected by the shape of a tall building. Different shapes 

can have different wind loads. These wind loads are transferred to the subsoil through the foundation. 

The foundation design and its material use have to be adjusted according to shape-specific wind 

loads. However, the use of materials for foundations, due to the variations in building height and 

shape, per gross floor area, does not change significantly, as can be deduced from the studies 

undertaken by Treloar at el (2001) in regard to the embodied energy of tall buildings, and also from 

the cost study done by Watts (2005). As it can be deduced from Arslan and Ripper’s (2003) analysis 

of tall building foundations, the main factor for consideration in materials usage for foundations is site 

geology.  

A tall building’s shape affects the building’s superstructure and, consequently, its embodied energy. 

However, a tall building’s shape is also constrained by its superstructure requirements. Furthermore, 
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as Yeang (1996) noted, for buildings above 300m, structural requirements can pre-determine the 

shape of a tall building. 

Structurally, a tall building can be considered as a cantilever fixed to the ground. In a cantilever, the 

bending force (moment) increases quadratically from the cantilever when vertical loads are evenly 

distributed. However, in the case of a tall building wind pressure is greater at higher elevations. This 

causes different load distribution in a tall building. A schematic graph that presents a tall building’s 

wind loads is shown on Figure 4.1 (Grohmann & Kloft, 2003).  

Due to the high wind loads, a tall building sways and oscillates. Tall, slender, building shapes have 

higher lateral acceleration. To keep the lateral acceleration within limits that are acceptable to the 

occupants, generally, the maximum ratio of a building width to its height should not be more than 

eight (Grohmann & Kloft, 2003).  

This is the reason why, in European countries, where floor depth is limited to 30 - 40m because 

building codes require daylight access to work spaces, the maximum tall building height is between 

240 - 320m. However, when applying efficient bracing, a higher ratio can be achieved, for example 

the Petronas Towers in Kuala Lumpur has a ratio of 8.6 (Grohmann & Kloft, 2003). 

Furthermore, adding atria to a tall building can decrease its width to height ratio and provide the 

required daylight access. The 259m tall Commerzbank complies with the German building code 

daylight requirement due to the introduction of daylight through the central atria (Gonc  alves & 

Umakoshi, 2010). Additionally, the central atria provision decreases the tower width to height ratio.  

 

Figure 4.1 Tall building wind loads schematics 

Redrawn from Grohmann and Kloft (2003) 

The embodied energy of a tall building’s superstructure depends on the type of structural system 

selected and the material used for its construction.  

In the case of tall buildings, the only superstructure materials to be considered are steel and 

reinforced concrete. These are the only materials that allow the construction of tall buildings. As 

Grohmann and Kloft (2003) noted, after the development of economic methods for steel production at 

the end of 19
th
 century, it became possible to construct tall buildings. Using steel sections allowed for 

the construction of taller and more slender buildings with larger windows that allowed the admission of 
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natural light deeper into spaces. Earlier, buildings had to be constructed from brick or stone. This 

required thick load-bearing walls and limited the building’s height.  

There are differences between the embodied energy of tall building superstructures made of 

reinforced concrete or of those with steel profiles. However, the superstructure material choice is not 

critical when creating a building shape and layout, since, generally, all superstructure types can be 

built using concrete, steel, or a combination of both. This can be deduced from Ali and Moon’s (2007) 

description of superstructure types. 

There are tall buildings where the main structure’s material was changed just before the construction. 

For example, Chicago’s Trump Tower superstructure was initially designed in steel. However, when 

later, due to functional changes, shorter internal beams spans were accepted, the structure was 

redesigned in reinforced concrete. This resulted in a reduction in construction costs (W. F. Baker, 

James, Tomlinson, & Weiss, 2009).  

A variety of superstructure types can be used for a tall building. Each superstructure type requires a 

differing amount of materials for its construction and, consequently, each superstructure type has 

different embodied energy content. There are studies of superstructure types from which the 

differences between the embodied energy of the types of superstructure can be deduced 

Moon (2008) compared the materials use for various types of steel superstructures of about 100 

storeys high. These superstructures were; the braced tube of the John Hancock Centre, the framed 

tube of the World Trade Centre, the bundled tube of the Sears Towers and the braced rigid frame of 

the Empire State Building. Figure 4.2 shows diagrams of the structural systems of such types and 

Table 4.1 shows the  comparative usage of materials for the superstructures. 

Table 4.1 Amount of steel used per area unit  

Redrawn from Moon (2008) 

 

 

The comparison shows that the oldest superstructure, the braced rigid frame, used the highest 

amount of materials. Moon estimated that this system used 42% more material than the braced tube, 

which was the most efficient of the compared systems. The framed tube used 24% more material, and 

the bundled tube used 11% more material than the braced tube. These differences in materials’ use 

translate directly to the differences in embodied energy between these superstructures. Selecting the 

most materials-efficient superstructure type results in a reduction in the embodied energy of a 

Building Year Stories (Height/Width) Structural System Steel Usage in psf

Empire State Building, NY 1931 102 (9.3) Braced Rigid Frame 42,2

John Hancock Center, Chicago 1968 100 (7.9) Braced Tube 29,7

World Trade Center, NY 1972 110 (6.9) Framed Tube 37,0

Sears Tower, Chicago 1974 109 (6.4) Bundled Tube 33,0
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building. Building’s height determines which superstructure type is the most materials efficient. Moon 

(2008) compared the most efficient superstructures from his study, the braced tube and the diagrid 

frame. The results of Moon’s estimates showed that the diagrid frame requires fewer materials for 

buildings from 40 to 90 storeys high. The difference for a 40 stories building was significant (20.5%). 

For 100-storey buildings, the braced tube was more efficient.   

 

Figure 4.2 Tall building exterior superstructures diagrams 

The optimum service core position is important for a tall building’s operational energy performance, as 

discussed in the previous chapter. The service core position is also important for the fire escape 

provisions for the building, as is explained in Chapter 7. However, the type of some tall building 

superstructures requires the service core to be positioned specifically in the building’s centre. In these 

structures, shear walls, which resist lateral loads, are incorporated into the service core. These 

superstructures, which were classified by Moon and Ali (2007) as interior structures, are shown in 

Figure 4.3.  
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The use of interior structures should be avoided, due to their higher building materials requirements, 

and the consequent higher amount of embodied energy when compared to the exterior structural 

systems.  

As Ali and Moon (2007) noted, exterior systems require less construction material because, in these 

systems, the horizontal load resisting components have increased depth, when compared to interior 

systems. In exterior systems, horizontal load resisting components are incorporated into the exterior 

walls. In interior systems, horizontal load-resisting components are incorporated into service core 

walls. The central service core walls are much shorter than the exterior walls. 

 

Figure 4.3 Interior structures with shear walls 

Redrawn from Ali and Moon (2007) 

Additionally, the advantage of exterior structures is that they do not constrain the service core 

position. This allows the placing of the service core in the optimum position for a building’s operational 

energy use. 

Ali and Moon (2007) noted, that instead of the interior structures, exterior structures alternatives such 

as framed tube, braced tube, and diagrid frames can be used.  
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When preparing an initial tall building concept, the superstructure type selection is important, because 

it significantly affects a tall building’s layout and external appearance. As discussed, there is a direct 

relationship between the construction materials requirements for the superstructure of a tall building 

and the embodied energy of the superstructure. The type of superstructure that requires the lowest 

quantity of material has the lowest level of embodied energy. During the initial concept design, it is 

important to select a superstructure type that will require the smallest possible amount of materials for 

the height of the specific building proposed. 

In the case of ‘short’ tall buildings, apart from concrete and steel, another superstructure material 

option is timber. According to Buchanan’s ‘Timber Design Guide’ citied by John, Nebel, Perez, and 

Buchanan (2009), up to eight storeys of building can be constructed in a light timber structure. The 

light timber structure requires the use of large plywood shear walls and currently, in such structures, 

the maximum floor span for timber engineered wood products, is 6m.  

In relation to the use of timber floors, the maximum height at which a timber framed floor with plywood 

lining can be used, depending on floor configuration, is between 15 to 25 storeys. The limit is due to 

the capacity of the nails connecting the plywood and framing, to resist seismic accelerations (John et 

al., 2009).  

Timber use for tall building construction should be considered, as timber can be the most 

environmentally benign, when compared to the other materials commonly used. Timber is renewable, 

has the lowest level of embodied energy and, in addition, during their growth, trees sequester carbon 

from the atmosphere. John et al.’s (2009) research showed the potential for building embodied energy 

reduction when using timber. In this research, the embodied energy of three alternative 

superstructures was compared, for a four-storey office building in New Zealand. The alternative 

superstructures were steel, concrete and timber. The timber building, except for its superstructure, 

also had timber walls linings, window frames and louvres. The estimates showed that the timber 

building had approximately a 44% lower embodied energy level than the building with concrete 

structure and 55% lower than the standard steel building.  

The disadvantage of a timber structure is that it can limit the flexibility of building use due to the short 

maximum floor span and densely spaced shear walls.  

The selection of superstructure material generally does not affect the building’s shape and floor plan 

layout. However, an exposed exterior superstructure can affect the aesthetics of exterior elevations.  

An exposed exterior superstructure has a different appearance when constructed in concrete or in 

steel. For that reason, it is important to decide between steel or concrete use as early as possible in 

the design process. However, for buildings above eight storeys high, there are no published studies 

comparing the relative embodied energy of both concrete and steel superstructures. Thus there are 

no available guides to provide direction at the start of the design process. 

In case of lower buildings, various studies, summarised by Fernandez, have shown that, for buildings 

up to eight storeys high, concrete superstructures have a lower embodied energy level than steel 
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superstructures (Fernandez, 2008). In John et al’s. (2009) study, a four-storey office building located 

in New Zealand with reinforced concrete superstructure had 18% less embodied energy than the 

building alternative with steel superstructure. Both superstructure alternatives had similar levels of 

embodied carbon. 

When developing a tall building design, another superstructure material alternative that has to be 

considered is the combined use of concrete and steel.  In the Jim Mao Building in Shanghai, 

materials’ efficiency was achieved through the use of a hybrid structure that combined reinforced 

concrete, composite steel and high strength concrete (Eisele & Kloft, 2003). The materials’ efficiency 

achieved through the use of hybrid structures could result in a reduction in the embodied energy of a 

building. The final decision for the selection of structural materials has to be made once more detailed 

design information is available. A sample comparison of the embodied energy of different slab options 

illustrates the information that is required (Table 4.2).  

In the sample presented, it depends on the content of recycled steel, which floor option can be 

considered as the most sustainable (Table 4.2). The comparison also indicates that the greatest 

reduction in embodied energy and carbon could be achieved through maximising the use of recycled 

steel. The importance of recycled steel use is also highlighted in the CTBUH (Philip Oldfield) 

comparison of the embodied energy of tall buildings (CTBUH, 2009). 

Table 4.2 Composite and in situ concrete slabs comparison 

 

In the near future, superstructure systems that have lower levels of embodied energy and embodied 

carbon could become available. For example, Buchanan, cited in John et al. (2009) noted that timber 
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concrete floor insitu kg/m² MJ/kg MJ/m² MJ/kg MJ/m² g CO2/kg g CO2/m² g CO2/kg g CO2/m²

concrete 220mm 

(1/40*8.8m span) 484 1.20 581 1.20 581 159 76956 159 76956

reinforcement at 

40kg per m³ of conc. 9 12.30 108 31.30 275 526 4629 1242 10930

total 493 689 856 81585 87886

composite floor 

(ComFlor 210)

lightweight concrete 318 1.20 382 1.20 382 159 50562 159 50562

steel profile 16kg/m² 16 8.60 138 31.30 501 352 5632 1242 19872

steel mesh at 2 * 

6.16kg (A393) 12 12.30 152 31.30 386 526 6480 1242 15301

total 346 671 1268 62674 85735

Notes:

Floor requirements: load 5kN/m², 8.8m span, fire rating 90 min, concrete 30MPa. 

ComFlor design according to manufacturer guideline.

Insitu slab reinforcement assumed following Rawlinsons New Zealand Construction Handbook.

recycled steel virgin steel recycled steel virgin steel
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buildings that are higher than eight storeys could be constructed using LVL (laminated veneer 

lumber).  

According to Ali and Amstrong (2008), developments in other disciplines could address the issue of 

the high consumption level of the materials used in the construction of tall buildings. For example, 

composite materials that use carbon fibre have been developed for an aircraft fuselage. In future, 

carbon fibre, which has increased strength and reduced weight when compared to traditional building 

materials, could be used for the construction of tall building superstructures. Architect Peter Testa has 

already proposed a 40 storey ‘carbon tower’. However, at present, the high cost of carbon-fibre 

prohibits its use as a tall building construction material. 

4.2. Space Use Efficiency 

To keep a tall building’s embodied energy level as low as possible, it is important to select a shape 

that will allow for efficient building space use. Efficient space use results in embodied energy 

reduction per usable area and per user.   

The main indicator of space use efficiency is the ratio of service-core to floor-area. Commonly, the 

floor space required for the service core varies by between 15% and 25%, as described by Yeang 

(1996). 

The service core is specifically designed for each floor area. However, when a floor area changes due 

to building shape, it is often not possible to change the size of the service core due to structural, lift 

and staircase requirements.  

A tall building with floors of various sizes that have the same size service core at each level has a 

higher level of embodied energy, per usable area, than a building with repetitive same-size floors. For 

example, due to its shape, the Gherkin tower has different floor sizes and, consequently, different 

usable areas, but it has the same core size at all levels (Figure 4.4). 

 

Figure 4.4 Different lettable areas have the same size service core in tower at 30 St Mary Axe 

Redrawn from Pilbrow (2005b) 
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A tall building shape with sloped elevations does not allow for optimum space efficiency. In the case 

of articulated elevations where the building facades are not single planes (Figure 4.5), the optimum 

service core-to-floor area ratio cannot be achieved on each floor, as in the case of the tower at 30 St 

Mary Axe. 

 

Figure 4.5 Overhanging elevations can result in less efficient use of space  

Large atria can also result in a usable space loss and, consequently, a building embodied energy 

increase per user. In general, atrium spaces should be kept to the minimum required for natural 

ventilation use and daylight penetration.  

Some floor plan shapes can also reduce floor use efficiency. For example, due to its high degree of 

compactness, a circular floor plan could potentially provide some energy savings in a cold climate. 

However, it is difficult to arrange a floor plan with curved walls as efficiently as a rectangular plan, as 

is shown in Figure 4.6. 

 

Figure 4.6 Functionally less efficient building shape  

The importance of maximising space use efficiency is illustrated in the Commerzbank Tower. In this 

building, the space used for workstations accounts only for 35% of the total building area; this is due 

to the space use for large atria, communal areas and gardens (Gonc alves & Umakoshi, 2010).  
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The Commerzbank is considered an energy-efficient office building exemplar. According to Gonçalves 

and Umakoshi, district heating and cooling energy used by the building is 105-127kWh/m
2
/yr for net 

area. This energy use is below the German benchmark for an energy efficient, naturally ventilated, 

heated, but, not cooled, building (135kWh/m
2
/yr).  

The number of Commerzbank occupants is around 2820 and the net area used for the energy 

efficiency calculation is 85,500m
2
 (Gonc alves & Umakoshi, 2010). This is approximately 30 square 

metres per person. It is much higher than 17.5* square metre per person, advised by Yeang, for an 

economically viable tall building, and higher than 18.5* square metre per person for an average office 

in Germany, as specified by Yeang.  

*Yeang advised that to make a tall building economically viable, the lettable area should be a 

minimum of 80% of the building’s gross floor area and the maximum area per person should be 14 

square metres per person, of the lettable area. Yeang (1996, 1999) also noted that, on average, a 

German office worker uses 14.8 square metres
 
of the lettable area. 

The Commerzbank space use per occupant is also higher than the average space use per occupant 

for office buildings in the USA. According to the1999 US Commercial Buildings Energy Consumption 

Survey (CBECS), citied in EnergyPlus file generator documentation, an average US office occupant 

uses 25.6 square metres (EnergyPlus Example File Generator, 2009). 

Considering Yeang’s calculations and USA survey data, the area use per person for the 

Commerzbank appears to be much higher than for an average German office building. When using 

the energy use per occupant value as the building energy efficiency indicator, the Commerzbank 

operational energy efficiency would be much lower than the energy efficiency of an average German 

office that just meets the 135kWh/m
2
/yr benchmark. At the same time, the Commerzbank, due to low 

occupant density, has a higher than average building embodied energy content per occupant. 

4.3. Incorporating Vegetation into Tall Buildings 

Large trees and plantings inside a building are considered as a characteristic feature of ‘green’ 

buildings. Yeang and Richards (2007) strongly advocate the inclusion of ‘parks’ and public spaces 

inside tall buildings, and on the outside, on elevated terraces. 

According to Yeang (2008), it is very important to preserve and enhance biodiversity in urbanised 

areas and considers the support of biodiversity as one of key requirements for the design of 

sustainable buildings. To enhance biodiversity, as Yeang noted, a tall building should incorporate 

vegetation. Additionally, tall building and site vegetation should be linked with other ‘green’ town 

areas, which should be connected to rural green areas, e.g. forests. Linked, continuous vegetation 

allows species to migrate. This continuous vegetation belt enhances a town’s biodiversity.  

However, there seems to be no published material showing that large plants, grown inside a building 

and outside on elevated terraces, are capable of offsetting the carbon emissions embodied in the 
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additional structures required by the plants, and the carbon emissions associated with the plants’ 

maintenance.   

To clarify this issue, a sample calculation was done, to check how much carbon a tree could 

sequester, when compared to the embodied carbon of a purpose-built structure to accommodate the 

tree. The calculation was done for a small tree that was grown externally on the balcony of a tall 

building, for the Singapore climate. 

The tree selected for the calculation, was a Pink Tecoma, 25 years old and 8.7m high. The Pink 

Tecoma is a medium-sized tree suitable for a tropical climate. A CUFR Tree Carbon Calculator was 

used to estimate how much carbon the tree could sequester (CUFR Tree Carbon Calculator). The 

calculation results showed that the tree could sequester up to 625kg of carbon, in 25 years.  

The carbon embodied in the tree planter structure was calculated using the database for the 

embodied carbon of New Zealand building materials (Alcorn, 2003). It was considered that, for this 

explanatory sample estimate, the exact Singapore data is not required, as the concrete and steel 

production technologies in New Zealand are on a par with those of other developed countries. 

Furthermore, based on Szalay and Nebel’s (2006) report, the embodied carbon of the main 

construction materials, concrete and steel, does not differ between countries to a great degree.  

Based on a planter design for a built tower in Singapore, the planter’s interior dimensions were 

assumed as 1.5m width, 1.5m length and 1.2m depth, with 0.12m walls and 0.15m slab. The 

reinforcement was assumed at 80kg/m
3
 for walls, based on BEES documentation, and 40kg/m

2 for 

the slab, based on Rawlinsons New Zealand Construction Handbook (Giddens, 2007; NIST).  

The planter-embodied carbon calculation is shown in Table 4.3. This calculation is for the materials ‘at 

factory gate’. It does not include the carbon associated with the planter construction, maintenance 

and disposal. 

Table 4.3 Planter embodied carbon 

 

The comparison showed that the carbon emissions associated with the tree planter construction could 

constitute 77% of the carbon sequestered by the tree.  

concrete planter interior dimensions 

1.5m * 1.5m * 1.2m wall width 0.12m 

slab thickness 0.15m kg C0

₂

 / m³ kg CO

₂

/kg

Total:   

kg CO

₂

walls  [m³] 0.93

floor  [m³] 0.45

Total concrete 17.5MPa [m³] 1.39 268 372

steel virgin at 80kg/m³ for walls 74.65

steel virign at 40kg/m² for floors 18.17

steel total 92.82 1.242 115

Sum: 487
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After offsetting the planter-embodied carbon, the tree sequesters a small carbon amount when 

compared to a tree grown in its native soil. Additionally, a tree does not store carbon forever; the 

carbon is released when the tree decays, or when it is used as energy source.  

It does not seem that the carbon sequestration can justify a tree’s incorporation into buildings. 

However, the positive effect of incorporating vegetation into a building is that plants can provide 

cooling to elevations. As noted by Yeang (1996), plants can be used to shade elevations and, through 

their natural evaporation process, provide evaporative cooling to elevations. This can result in less 

energy being required for building cooling.  

Plants can reduce building operational energy use. However, the plants incorporated into a building 

should have very low requirements in relation to soil, watering, space and supporting building 

structures.  

The EDITT tower designed by Yeang, is an example of a tall building that incorporates planting. In 

this project, large floor areas have been designed to be planted with vegetation and trees. These 

gardens were to be linked between floors by vegetated ramps. This continuous planting system would 

be connected with the site ground vegetation. As Yeang (2008) noted, the role of vegetation was to 

enhance site biodiversity and to cool the facades through shading and natural plant evaporation. The 

tower is shown on Figure 7.10. 

4.4. Shape Modifications to Reduce Wind Loads 

The controlling of wind-induced tall building motion (tall buildings oscillation) requires substantial 

amounts of structural materials. However, more aerodynamic shapes have lower wind loads and, 

consequently, the smaller amount of oscillation which the superstructure has to contain. 

Amin and Ahuja (2010) summarised the shape modifications of tall buildings that reduce oscillation 

and, consequently, the use of superstructure materials. The aerodynamic modifications described by 

Amin and Ahuja were chamfering (or rounding) of square buildings, the tapering of a building shape 

and the provision of openings through a building. As Amin and Ahuja advised, in case of the corner’s 

chamfering and rounding, the cut to the building width ratio should be greater than 10%, and openings 

through the building top provide the best results. 

However, as Amin and Ahuja (2010) concluded, the shape treatment effects on wind loads must be 

checked through wind tunnel tests, as the treatment effects depend also on other shape 

characteristics, for example, the width to height ratio.  

The magnitude of the level of embodied energy savings due to shape aerodynamic modifications, for 

60-70 storey high square buildings can be assessed using data from Tse et al (2009). They estimated 

that when reducing wind loads through a building corner’s treatment, the maximum cost reduction for 

a reinforced concrete frame and concrete core structure was around 10%, for a 60 - 70 storey 
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building. The cost reduction could be translated into the reduction of concrete and steel use and, 

consequently, the reduction of the superstructure’s embodied energy.  

Based on Treloar et al’s (2001) study for Melbourne, the superstructure and internal concrete core 

walls accounted for 23.5% of the initial building embodied energy in a 42 storey building (and 16.3% 

in a 52 storey building). As is explained in the next section, when assuming that the embodied energy 

of a tall building accounts for 29% of the total building energy, than the maximum embodied energy of 

the superstructure from Tse et al’s study could be 6.8% of the total building energy. 

Consequently, the corner aerodynamic treatment could decrease the total building energy by up to 

1% (10%*0.068=0.68%). This estimate is for a building in a location with wind and earthquake 

requirements similar to those of Melbourne. 

Aerodynamic shape treatment can reduce the building floor area. To retain the total floor area, the 

addition of floors could be required. These additional floors could have higher operational energy 

requirements, due to higher wind speeds present at higher levels.  

For building up to 50 storeys high, it can be expected that building shape aerodynamic modifications 

do not significantly reduce building’s embodied energy. At the same time, these modifications could 

have negative effects on the efficiency of operational energy use.  

At the early concept design stage, shape aerodynamic modifications can be proposed. However, the 

way in which such modifications affect a tall building’s wind induced oscillation must be checked 

through wind tunnel tests. The potential superstructure embodied energy savings have to be 

compared to the building’s operational energy use changes that would result from the modifications. 

In case of super-tall buildings, the wind load reduction through the building’s shape selection 

becomes very important, as the superstructure materials use increase drastically with building height 

(Figure 4.7.). The 632m high Shanghai Tower is an example of super-tall building with a shape 

purposely designed to reduce the building’s wind loads (Figure 4.8). Gensler and Xia (2009) noted 

that the tapered form of the building allows for a 24% wind load reduction, when compared to the 

traditional tapered box shape. Wind load reduction allowed for a 32% decrease in superstructure 

materials use and, consequently, in the building’s embodied energy reduction. However, despite the 

reduction, as Figure 4.7 indicates, the tower superstructure embodied energy per unit area must be 

considered to be extreme. 

4.5. Combined Embodied and Operational Energy  

The optimum shape for operational energy use can be different than the optimum shape for building 

embodied energy.  

The optimum building shape for a building’s operational energy is a compact form that allows natural 

ventilation and maximum use of daylight. Facade articulation, e.g. through recessed walls or 
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cantilevered floors, could result in a reduction in cooling load; this is due to the building’s self-shading. 

However, a better solar gain control can be achieved through use of overhangs or moveable blinds, 

which respond to sunlight.  

Compact forms with minimum facade articulations require lower material quantities rather than highly 

articulated forms and, consequently, the building embodied energy is lower. Thus the compact, simple 

shape is better for a building’s operational energy and for its level of embodied energy. 

The shape characteristics that can decrease a building’s operational energy use, but increase the 

building’s embodied energy are floor plan proportions designed to optimise solar exposure, and 

natural ventilation and daylight access requirements.  

 

 

Table 4.4 Materials use comparison for different shape proportions 

 

When considering the optimum floor plan for a building’s operational energy, the rectangular plan with 

a side proportion of 1:3, for tropical climate, is the most unfavourable for a building’s embodied energy 

level. This plan requires more material for the building superstructure and results in a facade area 
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rectangle 4.3 0.58 1.73 1 7.45 2.48 115% 200%
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increase when compared to a square plan. The magnitude of possible superstructure materials use 

increase and the elevations area increase are shown on Table 4.4. 

The approximate estimate of material requirements for different exterior braced tube proportions in 

Table 4.4, was based on equations for preliminary design from the Moon (2008) study.  The braced 

tubes were selected as the exterior structure in this comparison for ease of calculations. For a 40 

storey tall building the diagrid frame should be the most materials efficient structure. 

It is assumed that the aspect ratio for the square shape is 4.3, as for the 40 storey tower from the 

Moon study. The 40 storey tower required 55% of steel for its columns and 45% of steel for its braces 

(Moon, 2008). Moon’s equations for a preliminary estimate of column and brace sizes are: 

   
 

            
                      (4.1) 

   
  

          
   

      (4.2) 

    - area of each diagonal on web 

    - area of each column on flange 

  - shear force (lateral load) on building 

  – moment (bending) on building 

  - building width in the direction of applied force 

      - number of columns assumed equal for both shapes to simplify calculations 

           –constant for both shapes to simplify the calculation, full description in Moon (2008) 

 
Based on Moon’s equations, the calculations for this section comparison are as follows: 

Materials use change for short wall 

(4.3) 

                                  
            

         
  

     
      

 
   

 
    

              

(4.4) 

                                          
            

        
 

     

 
        

55%*0.194 = 0.107 steel for columns    45%*1.73 = 0.78 steel for diagonals 

Total steel for short wall 0.107+0.78 = 0.89 - fraction of the wall for square shape 

 

Materials use change for long wall 

(4.5) 

                                 
            

         
  

     
      

 
   

 
    

     
       

 (4.6) 
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55%*5.32 =2.93 steel for columns 45%*0.57 = 0.26 steel for diagonals 

Total long wall 2.93+0.26 = 3.18 - times more than the wall for a square shape 

The total materials’ use change 

Total steel use for tube in long rectangular shape: 3.18*2+0.78*2=8.14 

Total steel use for tube in square shape: 4*1=4 

The rectangular shape could require approximately twice as much steel for its exterior superstructure. 

The shape modification, from the optimum for construction materials’ use, to the optimum for 

operational energy use, can result in a substantial materials’ use increase for the building’s 

superstructure and its elevations. However, the level of operational energy saving can be higher than 

for additional embodied energy. The magnitude of the total building energy changes due to the shape 

modification to minimise building operational energy use, is analysed below.  

In this analysis, using published data, the potential increase of building embodied energy, due to 

shape modification is estimated, for a building 40 - 50 storeys high. This increase is compared to 

possible operational energy savings, as deduced from published data.  

This analysis does not provide accurate estimates; however, it shows the magnitude of possible 

operational and embodied energy changes, due to shape modification.  

Treloar, Fay, Ilzor and Love (2001) estimated the embodied energy for two tall buildings in Melbourne, 

one of 42 storeys and one 52 storeys high. Based on this study, it can be calculated that the highest, 

from the two cases, the initial embodied energy associated with exterior walls and windows was 7.5% 

of the building’s initial embodied energy. 

In relation to the embodied energy of the superstructure, the highest initial embodied energy was 

23.5% of the total initial embodied energy, for the 42 storey tower. This tower superstructure is made 

of steel columns field with concrete and a reinforced concrete core that provides wind and earthquake 

bracing. 

According to the WBCSD report, building embodied energy accounts for 20% of the total building 

energy for an average commercial building (WBCSD, 2009). According to Treloar et al (2001), a 

building, 40 - 50 storeys tall, can have 60% more embodied energy than a low rise building. 

Considering the data from WBCSD and Treloar et al, a tall building’s embodied energy could account 

for 29% of the total building energy  
       

         
 . 

If the tall building embodied energy accounted for 29% of the total building energy, then the exterior 

elevations from Treloar et al’s study would account for 2.2%            of the total building energy, 

and the superstructure would account for 6.8%             . 
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Considering the materials use increase values from Table 4.4, the total building energy increase, due 

to floor plan change from square to long rectangle could be 7.35% of the total building’s energy 

                                                        . It could be expected that the 

increase could be smaller if the most materials-efficient substructure were to be used, e.g. a diagrid 

frame, instead of the interior structure’s concreted frame and shared walls, from Treloar et al ‘s study. 

In the Cho (2002) study, the difference in operational energy use between tall buildings that have 

differing floor plans (- basic compact shapes), were estimated to be up to 19.3%, for fully air 

conditioned buildings. In Cho’s study, the operational energy did not include electrical plug loads, 

which can account for approximately 25% of the operational energy. Considering the plug loads, the 

possible change of the total building’s energy due to the shape modification could be estimated as 

10% (19.3%* 75% (- to account for plug loads) * 71% (- operational energy expressed as fraction of 

the total tall building’s energy)) 

If the shape modification were done to allow the natural ventilation use, the total building’s energy use 

could be reduced by 19.9%           , based on the Pedrini (2003) study for the Brisbane climate. 

Pedrini (2003) estimated that, for the Brisbane climate, natural ventilation use could reduce 

operational energy demand by a minimum of 28%.    

As discussed, the total building energy reduction, due to the optimum building exposure to solar 

radiation, could be 10%, for an air conditioned building. The total building energy reduction due to 

natural ventilation use could be 19.9%. On the other hand, the total building energy could increase by 

7.35%, due to additional construction materials’ use. 

These results indicate that the analysed building shape modification may result in a total building 

energy reduction for an air-conditioned building. It also suggests that, if the change were to be done 

to allow for natural ventilation use, the total building energy could decrease substantially in a Brisbane 

climate.  

It also shows that it is difficult to estimate how a tall building’s shape modification affects the building’s 

total energy use. The change in the building’s total energy use depends on local climate conditions, if 

the modification was done to enable natural ventilation use, or to maximise daylight access, or to 

minimise solar exposure. It also depends on the superstructure system and the building’s height. 

For very tall buildings, shape modifications can result in very high increase in materials’ use, as the 

superstructure must resist very high wind loads. Figure 4.7 illustrates how significantly superstructure 

materials’ use changes with height (for diagrid frame and brace tube).  

The analysis presented in this section is further explained in Chapter 8, when it is used during the 

design of a sample tall building on an Auckland CBD site. 

A similar type of analysis that compares operational energy savings to embodied energy increase 

may be required for additional exterior wall elements provided to reduce operational energy use, such 
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as an additional façade skin or overhangs. Such assessment can be also required for tall building 

incorporated wind turbines or solar panels.  

However, such assessment can be done during the more detailed design stage. In the case of 

appropriately applied shading devices, it could be expected that operational energy savings would 

significantly outweigh the additional embodied energy component. 

 

 

Figure 4.7 Superstructure materials use increase with height 

Redrawn from Moon (2008) 
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Figure 4.8 Shanghai Tower  

(- on the right) 

By Gensler, adapted from World Architecture News  (Shanghai Tower) 

4.6. Design Considerations for Building Embodied Energy 

To reduce the embodied energy content of a tall building, the following need to be considered when 

deciding a tall building shape: 

 shorter buildings have lower embodied energy  

 smaller width to height ratio requires less materials use for superstructure 

 maximum building width to height ratio to be less than eight for materials efficient structure 

 above the ratio of eight, additional bracing and/or a damping system is required 

 ‘exterior’ superstructures are more materials-efficient than ‘interior’ superstructure 

 a different superstructure type is the most material efficient at different building heights 

 a superstructure can be pre-selected from Table 4.5, Figure 4.2, and 4.3 show the superstructure 

diagrams 

 different system options from Table 4.5 can support the same shape, subject to height 

 for concealed structures that do not affect elevations appearance, a materials’ efficiency 

study for different systems, can be done during advanced design stages 
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Table 4.5 Exterior structural systems efficiency and height relation 

Adapted from Moon (2008) and Ali and Moon (2007) 

 

 the same superstructure type can be either concrete or steel  

 for unexposed structures, the superstructure material does not have to be specified at an 

early concept design stage 

 ‘interior’ superstructures can predetermine the service core position 

 and may not allow to position the core optimally for operational energy performance 

 ‘short’ tall buildings can be built with a light timber structure - up to eight storeys in height 

 however, ‘timber’ building floor spans are limited to 6m and full sheer walls have to be 

used 

 service core areas should be as small as possible, to reduce embodied energy per lettable area 

 atria for natural ventilation and daylight access should be used as the last resort 

 atria should be as  small as possible to reduce embodied energy content 

 atria can be used to reduce the building width to height ratio 

 however, reducing building height can result in more materials efficient structure  

 internal large gardens and large plants should be avoided 

 if internal plants are required, only small, light plants that impose low loads on structure 

and require little maintenance should be used 

 to cool elevations, small, light, low maintenance exterior planting can be used.  

Category Sub Category Material / Configuration
Efficient Height 

Limit

Moon comparison: framed tube, 

braced tube, bundled tube, tube in 

tube and diagrid

Tube Framed Tube Steel 80

Concrete 60

Braced Tube Steel
100   (With 

Interior Columns)
Most materials efficient

150   (Without 

Interior Columns)

For 100 story buildings the braced 

tube was more efficient than daigird

Concrete 100

Bundled Tube Steel 110

Concrete 110

Tube in Tube

Ext. Framed Tube (Steel 

or Concrete) + Int. Core 

Tube (Steel or Concrete)

80

Diagrid - Steel 100 Most materials efficient

Most efficient for steel structures 

from 40 to 90 s.

Concrete 60

Space Truss 

Structures
- Steel 150

Superframes - Steel 160

Concrete 100

Exo-skeleton - Steel 100
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 cooling elevations with exterior planting are more important in warmer climates 

 shape modifications can reduce wind loads and consequently superstructure materials’ use  

 chamfering or rounding of square buildings can reduce wind loads  

 the corners cut to building width ratio to be a minimum of 10% 

 shape tapering can reduce wind loads 

 provision of openings through a building, particularly at the building top, can reduce wind loads 

 shape modifications results must be confirmed through wind tests study 

 weighting of  operational energy increase and embodied energy decrease is required. 

4.7. Conclusion 

Simple, compact building shapes are optimal for a building’s operational use and the building’s 

embodied energy. The different optimum operational energy and optimum embodied energy 

requirements relate to floor plan proportions. For a tall building, with a width to height ratio less than 

eight and a floor plan modified to allow natural ventilation to maximise daylight use, it can be expected 

that the operational energy savings would outweigh the embodied energy increase due to plan 

modification. 

The embodied energy increases significantly with building height. In the case of the building’s 

superstructure, it increases drastically. For very tall buildings, it can be expected that the embodied 

energy increase, due to the shape optimisation for operational energy use, would be more significant 

than the operational energy savings. This can be exacerbated further, as, due to high winds, it might 

be not possible to rely on natural ventilation at high levels.  

In super-tall buildings, shape modifications to minimise wind loads are the focus of designers. Wind 

load reduction results in the building’s embodied energy reduction. However, even a super-tall 

building with an optimum shape always has a much higher embodied energy than a shorter building. 

Additionally, the shape might compromise the building’s natural ventilation and the optimum daylight 

access. 

Atria can be used to reduce the building width to height ratio below eight, and to allow natural 

ventilation and optimum daylight access. However, it can be expected that tall buildings with such 

atria will have higher total energy than shorter tall buildings without them would have. 

The incorporation of large trees and gardens into a building, especially internally, provides little 

energy saving. At the same time, the trees take up usable space and require additional structures. 

This can result in a significant increase in the building’s embodied energy per user. 

By contrast, small climbing plants grown on building elevations can notably reduce the building’s 

cooling load and require little additional space and construction materials. In addition, the intense use 

of such planting, at the town scale, could reduce the heat island effect. This would result in the local 

exterior temperature reduction and, consequently, a decrease in energy used for building cooling. 
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Ideally, when considering the total building energy, tall buildings, when used to increase urban density 

and to save valuable land, should be naturally ventilated, have optimum daylight access, and their 

width to height ratio should be no more than eight. Such buildings should not have internal atria.  

For ‘short’ tall buildings, the use of timber in the superstructure should be considered. Appropriately 

sourced and processed timber, at present, is the most ‘sustainable’ building material. 
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5. SHAPE EFFECTS ON ONSITE WIND AND SOLAR ENERGY GENERATION 

A tall building’s shape can affect the energy production output from building incorporated solar panels 

and wind turbines. This chapter discusses whether a tall building’s shape modifications, designed to 

increase the output from the building’s incorporated renewables, should be considered as important  

in the achievement of an optimum level of a building’s combined operational and embodied energy. 

5.1. TALL BUILDING - INTEGRATED SOLAR PANELS  

The elevations of tall buildings have a higher level of solar energy production potential than do the 

elevations of shorter buildings; this is because tall buildings, by their height advantage, are less 

obstructed by adjacent buildings (M. A. Ali & Armstrong, 2008). 

The sections of a tall building’s elevations that are not shaded by adjacent buildings can be used for 

the installation of solar panels that are integrated into the cladding of the building. As solar panels can 

act as elevation cladding, the combined energy embodied in the cladding and the solar panels is 

reduced, when compared to the separate embodied energy of cladding and panels. 

There are commercially available building integrated photovoltaic (BIPV) solar panels that can be 

incorporated into a tall building’s façades. Examples of such products are; thin film amorphous silicon 

‘See Thru’ glazing and ‘Light Thru’ glazing, which incorporate Monocrystalline, or Polycrystalline, 

silicon square cells. The panels’ manufacturer has stated that the ‘See Thru’ has a solar energy 

production efficiency of 5.0%, and the ‘Light Thru’ efficiency of 10.0% (Suntech, 2010).  

There are a few tall buildings that have solar panels incorporated into their facades. One example, the 

Cooperative Insurance Society (CIS) Building in Manchester, has elevations glazed with solar panels, 

except for the north facing façade ( - northern hemisphere location). It is claimed that the solar panels 

deliver 10% of the building’s electricity (The CIS Tower). 

Another example is the Times Square Tower in New York, which has photovoltaic panels incorporated 

into its south facade. According to Gonçlaves and Umakoshi (2010), these panels provide 

approximately 2% of the total building energy.  

Still another example is the Heron Tower in London. The building’s south façade is fully clad in 

building-integrated photovoltaic panels, as shown in Figure 5.1 

To maximise electricity generation, the Times Square Tower and the Heron Tower have their solar 

panels installed on the south façades, which are exposed to the highest amount of solar radiation. 

However, panels integrated into vertical elevations cannot achieve the same efficiency as panels 

installed at the optimum angle, facing the optimum direction.  
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Figure 5.1 Solar panels on Heron Tower south elevation 

Additionally, in the case of east and west elevations, these elevations are exposed to direct light for 

only a limited time during the day. The east elevations, for example, are exposed to direct solar 

radiation only before the afternoon, whereas solar panels installed at the optimum angle and facing 

the optimum direction are exposed to direct light for much longer period. Figure 5.2 and 5.3 show 

hourly solar radiation that falls on unshaded surfaces facing different directions, for selected days, at 

Auckland’s  37° S latitude.  

 

Figure 5.2 Solar radiation changes during daytime on average 21st March 

Calculated using EnergyPlus 
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Figure 5.3 Solar radiation changes during daytime on average 21st December 

Calculated using EnergyPlus 

A comparison of yearly solar energy production potential for unshaded vertical surfaces facing in 

different directions and a surface facing the optimum direction at a better angle is shown in Table 5.1. 

The comparison is for Auckland, Singapore and London. 

A better solution is to position solar panels on an unshaded roof. In such a location, solar panels can 

achieve their maximum efficiency. For example, the FKP Building, a 21 storey building in Brisbane, 

has solar panels positioned on its roof (Figure 5.4), providing 1,000 MWh electricity (FKP Building, 

2007).    

 

Figure 5.4 FKP building 

Solar panels on the roof top. Reprinted from  flickr® from Yahoo!  (Stobbe, 2009). 

As Table 5.1 shows, tall building elevations cannot achieve the optimum solar exposure. Additionally, 

a tall building can be shaded by other adjacent tall buildings and by its own elements. This can 

substantially reduce the energy output of solar panels. Figure 5.5 illustrates graphically the annual 

solar radiation of buildings that accounts for overshadowing, for the main street of the Auckland CBD. 
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Table 5.1 Solar energy production potential for different locations 

Calculated using EnergyPlus and IWEC weather data (EnergyPlus Weather Data) 

 
 

  

Figure 5.5 Annual solar radiation for main street of Auckland CBD and tower at 80 Queen Street  

Adapted from H. Byrd (2011) 

The electricity output from a partially shaded solar panel can decrease disproportionately high, when 

considering the shaded area of the solar panel. This disproportionately high output reduction is due to 

mismatch losses.  

It is important to understand mismatch losses when assessing the feasibility of the installation of solar 

panels on partially shaded tall building elevations. The mismatch losses are the result of how solar 

cells are built and can be explained as follows:  

According to Honsberg and Bowden’s website ‘PVCDROM’, voltage of electricity produced by each 

cell in a solar module is around 0.6 V, at the optimum lighting. Such voltage is generally too low to be 

useful. Commonly, 36 solar cells are connected in series to increase voltage to the practical minimum, 

12V. In the series connection, voltage (V) from each cell adds up, the current (I) is constant. The 36 

cells with 0.6V voltage can provide 21.6V. This is higher than the 12V minimum. However, in a solar 

panel there are voltage drops due to the solar panel’s electronic components.  

north face at 37° 156% south face at 1° 243% south face at 51° 140%

w all north 100% w all north 100% w all north 40%

w all east 76% w all east 120% w all east 69%

w all w est 77% w all w est 117% w all w est 73%

w all south 40% w all south 99% w all south 100%

energy production as percentage 

of north face - Auckland 37°S lat

energy production as percentage 

of north face - Singapore 1°N lat

energy production as percentage 

of south face - London 51°N lat
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As solar cells produce direct current (DC) electricity with low voltage, an inverter is connected to a 

solar panel to increase the voltage (electric potential) and change current from direct current (DC) to 

alternating current (AC). The inverter is required as most electrical appliances require AC current with 

voltage from 110V to 240V. 

Each solar cell and a whole panel is characterised by a IV curve. IV curve describes a cell 

performance (I – electric current in Amperes, V – electric potential in Volts).  

Each IV curve has its ‘open-circuit voltage’ (Voc), which is the maximum voltage available from a solar 

cell and ‘short-circuit current’ (ISC), which is the maximum current available from a solar cell. 

Electrical power output is the product of electrical current and potential        . An IV curve has 

the maximum power point (MPP), at which the power output is the highest. IV curve samples are 

shown on Figure 5.6 and 5.7. 

To achieve the maximum power output, the MPP is tracked by an electronic device. This electronic 

device adjusts a solar cell’s circuit voltage to the optimum for the maximum power output. MPP 

tracking can be incorporated into the solar panel converter or inverter. 

In series electrical connection, the same current must flow through each cell. As cells are connected 

in series, when one of the cells is shaded it cannot produce as much electrical current (I) as the 

unshaded cells. The total circuit current drops to match the shaded cell’s current level (Figure 5.8). 

This effect of output power decrease due to different cells ISC or Voc is called ‘mismatch losses’.  

The shading of even a small part of a solar panel can significantly decrease its power output. 

Additionally, all the extra current from unshaded cells has to be dissipated as heat through the shaded 

cell and the heat can even physically damage the cell (Honsberg & Bowden). 

 

Figure 5.6 Solar cell I-V curve 

Based on Honsberg and Bowden 
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Figure 5.7 Solar module I-V curve for n cells 

Based on Honsberg and Bowden 

 

Figure 5.8 Solar module I-V curve for n cells string connected in series with 1 shaded cell 

Based on Honsberg and Bowden 

5.1.1. Minimising Mismatch Losses 

To limit the ‘mismatch losses’ for a whole panel and protect solar cells from being damaged, bypass 

diodes are installed for solar cell groups, within a solar module. As described by Driesse and Harris 

(2009), a bypass diode, when activated by a mismatch caused by shading or a cell malfunctioning, 

takes the mismatched cell, and other cells across the same diode, out of a string. Figure 5.9 shows a 

schematic drawing for a cell string with bypass diodes.  

 

Figure 5.9 Current flow in cell series with bypass diodes 

Redrawn from Driesse and Harris (2009) 
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Mismatch losses can also occur at array level (- solar panels connected together), when one solar 

module has a lower current than the other array modules. As advised by Linares, Erickson, MacAlpine 

and Brandemuehl (2009), in order to minimise mismatch losses in modules connected in series, 

module integrated converters, with incorporated MPP tracking, can be installed. 

A module integrated converter changes an underperforming module current to match the optimum 

current required in the open circuit. Such type of converter can be also installed for each bypass 

diode string. Figure 5.10 shows an electric circuit with module integrated converters.  

The effect of the converter installation can be illustrated by the results of Linares et al’s (2009) 

simulations. These simulations estimated the power output from three solar modules, for three cases: 

without converters; a converter at each module, and a converter at each bypass diode string ( - each 

module had two strings). In these simulations, the modules strings were shaded consecutively (one 

string, two strings, etc.). Figure 5.11 shows the results of the simulations. These results were 

confirmed by the output measurements of actual panels.  

 

Figure 5.10 PV modules connected in series through module integrated converters 

Redrawn from Linares et al. (2009) 

 

Figure 5.11 Effects of use of module integrated DC converters with MPP tracking  

 © (2009) IEEE.  Reprinted from Linares et al. (2009)  



133 
 

The next method of minimising mismatch losses at solar array level, is to connect solar modules in 

parallel, as advised by Driesse and Harris (2009).  

Driesse and Harris (2009) noted that, to improve the power output further, when solar panels are 

connected in parallel, each module can be additionally connected through a module converter. Such a 

converter changes the module voltage to match the input voltage of the array inverter. (In a parallel 

connection, the voltage (V) is constant and the current (I) adds up.) 

Additionally, each module converter can have its own MPP tracking to maximise power input from 

each module. A sample schematic of such circuit is shown on Figure 5.12. 

 

Figure 5.12 PV modules connected in parallel through module integrated converters 

A sample partially shaded wall with integrated solar panels, was investigated to estimate how the 

configuration of a solar module can affect electricity output. Two configurations were investigated. In 

configuration (1), the cells are connected in one string per module Figure 5.13A. In configuration (2), 

the cells in each module are grouped into four strings and each string has an integrated converter, as 

shown in Figure 5.13B. In both configurations, solar modules are connected in parallel. 

The way in which the various configurations of the solar panels are affected by shading is shown on 

Figure 5.14. For this sample, it can be estimated that, when the wall solar radiation is reduced by 

4.9%, the power output reduction for configuration (1) is 36.6% and for configuration (2) is 19%. In 

configuration (2), the mismatch losses are smaller than for configuration (1), because smaller areas of 

solar modules are affected by partial shading, due to the use of converters and short strings. 

For this estimate, it was assumed that the output reduction for a partially shaded string, is proportional 

to the reduction of light that falls on shaded cells. Such an assumption was based on the tests and 

simulations results described by Linares et al. (2009) and shown earlier on Figure 5.11. It was 

assumed that shaded areas receive 10% of the light of unshaded modules. 

As discussed, it is possible to reduce the mismatch losses caused by shading, through the use of 

parallel modules connections combined with the use of low voltage inverters and of bypass diodes 

with converters for cell strings. However, electronic components such as bypass diodes or local DC 

converters are expensive. In commercial solar panels, the use of these components is minimised in 

order to reduce the price of the panels. 
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Figure 5.13 Module divided into four strings with integrated converters 

  

Figure 5.14 Partial shading effects on solar panels output 

5.1.2. Design Considerations for Building Incorporated Solar Panels 

Tall building shape modifications to reduce the combined operational and embodied energy should be 

prioritised over shape modifications to increase solar energy potential as: 

 tall building vertical elevations receive much less solar radiation than surfaces facing the 

optimum direction, at the optimum angle 

 solar panels may be shaded by building elements or adjacent buildings  

Shading Pattern

area

solar 

radiation

shaded area 1.7 10.0%

area in full sun 30.3 100.0%

total area 32.0 95.1%

total solar radiation drop 4.9%

Configuration 1

area

pow er 

output

affected modules area 13 10.0%

moduels in full sun 19 100.0%

total area 32 63.4%

total output drop 36.6%

Configuration 2

area

pow er 

output

affected modules area 6.8 10.0%

moduels in full sun 25.3 100.0%

total area 32.0 81.0%

total output drop 19.0%
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 separate off-site solar plants can be much more efficient than building integrated solar panels 

 other efficient off-site green energy sources should be considered. 

When solar panels are to be installed, e.g. due to the local grid low reliability, the following can 

improve the efficiency of solar panels: 

 solar panels to be installed on building facades that receive the highest solar radiation, e.g. on 

south façades in northern hemisphere locations at high altitude 

 shading from the building itself or from adjacent buildings has to be avoided. 

To be considered at a more advanced design stage in situations where partial shading cannot be 

avoided:  

 solar modules should be connected in parallel 

 modules should have short cell strings with bypass diodes and integrated converters. 

The details of the above design considerations are explained in the text. 

5.2. TALL BUILDING - INTEGRATED WIND TURBINES    

Since they are exposed to higher wind speeds at higher altitudes, tall buildings have a greater wind 

energy production potential than shorter buildings, (Gonc alves & Umakoshi, 2010). However, the 

feasibility of wind energy generation in an urban environment is questioned by some (Denoon, 

Cochran, Banks, & Wood, 2008). Nevertheless, the building of integrated wind turbines is perceived 

as one of the characteristic features of ‘green’ buildings.  

There are a few notable tall buildings that incorporate wind turbines and these have had their shapes 

modified to improve the performance of their wind turbines. The Pearl River Tower’s shape was 

modified to capture and direct the prevailing south wind (Figure 5.15). The tower has long walls that 

act as sails and that direct air into four slots in which wind turbines will be installed when the building 

is completed (Gonc alves & Umakoshi, 2010). The Pearl River Tower slots are aerodynamically 

shaped to increase the speed of air that passes through the slots and decrease turbulence (Denoon 

et al., 2008).  

As noted by Denoon, Cochran, Banks and Wood (2008), the air speed increases significantly when 

flowing through the Pearl River Tower slots due to the air pressure difference between opposite 

elevations. 

The next example is the Bahrain World Centre that has wind turbines installed in a gap between its 

two separate towers (Figure 5.16). The turbines face the site’s predominant wind direction. The 

towers developers expected that the wind turbines would cover up to 15% of the building’s power use 

(Bahrain builds first wind powered towers, 2007). 
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As noted by Danoon et al. (2008), wind speed increases when passing through the narrow gap 

between the Bahrain World Centre towers, due to venturi effect ( - air pressure increase when air 

passes through a narrow space).   

Another example is the Strata Building in London (the ‘Razor’), completed in 2008 (Figure 5.17). This 

43 storey residential tower, has at its top, three inbuilt horizontal axis wind turbines. As stated on the 

building website, the three nine-metre diameter turbines, are expected to produce in total 50MWh of 

electricity per year. Such output could provide 8% of the estimated total building energy consumption 

and will fulfill the energy needs of 30 two-bedroom apartments (Strata - Frequently Asked Questions). 

Like the Pearl River Tower and the Bahrain World Trade Centre, the Strata Tower wind turbines rely 

on only a few predominant wind directions. 

  

Figure 5.15 Pearl River Tower model 

Reprinted from Frechette and Gilchrist (2008) 

Figure 5.16 Bahrain World Trade Center 

Reprinted from flickr® from Yahoo!  

(Bumalay-Gutierrez, 2011) 

A famous project for a tall building that incorporates a large number of wind turbines is the rotating 

tower proposed by D. Fisher. An unusual feature of the rotating tower concept is that the tower’s 

floors can rotate along the central axis of the building. Each floor can rotate separately from other 

floors. Due to the floors’ rotations, the building shape changes continuously. Two rotating tower 

developments are currently proposed, one 400m tower in Dubai and a second 388m tower in Moscow 

(CTBUH, 2011).  
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As described by Fisher, the proposed Dubai tower has a 22m diameter central concrete core to which 

apartments floors are attached. These apartment floors have steel structures and are cantilevered up 

to 15m from the central core. Each floor has its own roof and floor.  

Between the different tower levels, there are open-to-air gaps, in which large diameter vertical wind 

turbines are installed. The turbine’s wings are designed to be made of carbon fibre. The plan is to 

install 70 wind turbines between floors. According to Fisher (2008), 50% of the turbines’ output could 

cover the building energy demand and the other 50% could be used elsewhere. The tower concept is 

shown on Figure 5.18. 

 

Figure 5.17 ‘Razor’ Tower 

 

Figure 5.18 Rotating tower concept schematic 
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It may be questioned whether the set-up of the rotating tower’s turbines is an efficient way to generate 

electricity, as the building does not have aerodynamically shaped surfaces that reduce wind 

turbulence and direct wind towards turbines. 

Chaudhry and Hughes (2010) estimated the possible efficiency of the rotating tower wind turbines. 

This estimate was done using computational fluid dynamic (CFD) software, whose accuracy is 

questioned by some (Cochran, 2006; Denoon et al., 2008). In this study, the effects of the tower’s 

urban surroundings on wind patterns were not considered. 

Nevertheless, the study results showed that a standard horizontal axis wind turbine, installed on a 

wind farm, would produce 80% more electricity than the same size vertical axis turbine, sandwiched 

between the rotating tower floors (Chaudhry & Hughes, 2010). It could be expected that the output of 

the rotating tower turbines would be even lower if urban surroundings were to be considered in the 

study, as adjacent buildings would further decrease wind speeds and increase wind turbulence. 

Despite the turbines’ low energy efficiency, Chaudhry and Hughes (2010) concluded that the structure 

was still feasible. As Chaudhry and Hughes explained, this is because of high land prices in Dubai 

and the large area of land that would be required in order to set up a wind farm that would meet the 

power demand of such a building.  

The rotating tower would have to be energy-intensive due to the power used for the floors’ rotations. 

As the power required to rotate a floor with nine apartments is 4kW (Fisher, 2008), a single floor’s 

continuous rotation would use 35,040kWh of electricity per year. This amount of electricity is the 

equivalent of the energy needs of three average New Zealand houses (Camilleri et al., 2010). 

The tower would also have to have a much higher embodied energy level than a standard traditional 

tower, since the tower’s floors are cantilevered steel structures and each level has its own floor and 

roof. At the same time, the installed wind turbines are inefficient. Although Fisher (2008) has stated 

that the wind turbines designed by him are much more efficient than standard turbines, the test data 

of the turbines has never been published. 

To assess the sustainability credentials of the rotating tower, the tower’s combined energy                  

(- embodied energy, operational energy, and wind energy), would have to be compared to the 

combined energy of a separate standard tower and an off-site wind farm. For locations, in which off-

site land for wind farms is available, or there are other off-site ‘green energy’ sources, based on 

currently published materials, the rotating tower seems to be a less ‘sustainable’ building option. 

The low energy efficiency of the rotating tower wind turbines, when comparing to rural wind farm 

turbines, noted by Chaudhry and Hughes (2010), is common for wind turbines that are installed in the 

urban environment. The reason is that, in an urban environment, wind speeds are lower and 

turbulence levels are high, when compared to rural areas. 

As noted by McIntosh (2010), in a turbulent urban setting with changing wind direction, vertical axis 

wind turbines (VAWT) (Figure 5.19A) performed much better than horizontal axis wind turbines 
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(HAWT) (Figure 5.19B). The Bahrain World Trade Centre has horizontal axis wind turbines installed. 

According to Denoon at el. (2008), this limits the wind power output. The more efficient vertical axis 

wind turbines will be installed in the Pearl River Tower (Frechette & Gilchrist, 2008). 

However, as observed in Chaudhry and Hughes’ (2010) study, vertical axis wind turbines still have 

poor performance when compared to wind farm turbines. The poor performance of urban wind 

turbines was confirmed by Denoon et al. (2008) who noted that an urban vertical axis turbine, 15m 

tall, can generate a maximum of 2% of the electricity generated by a large 70m diameter turbine 

positioned in the adequate rural area. 

Furthermore, considering the low efficiency of wind turbines in urban environment, Denoon et al. 

(2008) questioned whether it is at all practical to use building-integrated wind turbines. They 

suggested that it could be better to invest in renewable energy plant, off site, or to focus on other, 

more efficient, building energy saving strategies.   

A  B   

Figure 5.19 Vertical axis wind turbine (A), horizontal axis wind turbine (B) 

5.2.1. Design Considerations for Building Incorporated Wind Turbines 

Tall building shape modifications to reduce the combined operational and embodied energy should be 

prioritised over shape modifications to increase wind energy potential, as: 

 in the urban environment, due to high turbulence and reduced wind speed, the output of wind 

turbines is much lower than in open terrain 

 in the urban environment, wind turbines’ wear and tear increases, due to high turbulence   

 wind farms are far more efficient than building integrated wind turbines 
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 other off-site ‘green energy’ sources are more efficient than building integrated wind turbines. 

In instances where wind turbines are to be installed, e.g. due to the local grid low reliability, the 

following can improve wind turbines efficiency: 

 positioning of the building to catch predominant wind  

 building shape modifications to control and direct wind 

 building aerodynamic shape modifications to increase wind speeds and to boost wind turbine 

performance 

 installing of wind turbines to take advantage of prevailing wind directions 

 vertical axis wind turbines are more suitable for an urban environment with high levels of  

turbulence than horizontal axis wind turbines 

 wind turbines can be installed in the building slots, which are provided to reduce building 

oscillation. 

The details of the above design considerations are explained in the text. 

5.3. CONCLUSION 

Considering energy output and cost, it is more efficient to install solar panels offsite at purpose-built 

solar plants, than to integrate them into building elevations. This is because: there is less solar 

radiation on vertical walls than on surfaces at the optimum angle, facing the optimum direction; the 

shading of buildings (by other buildings) in urban environments; and the high cost of reducing 

mismatch losses. 

Due to high turbulence and lower wind speed in the urban environment, in comparison with rural 

areas, building-integrated wind energy production is significantly less efficient, than the energy 

production of offsite wind farms. 

In consideration of these reasons, it seems that the modification of a tall building’s overall shape in 

order to maximise its solar or wind energy production potential should not be pursued. Instead, the 

focus should be on creating the optimum building shape for the combined operational and embodied 

energy. 

However, other variables, such as the availability and cost of land for offsite solar and wind energy 

production, the availability of other ‘green’ energy sources, and the reliability of the local energy 

sector, have to also be considered. 

  



141 
 

6. OTHER ENERGY SAVING STRATEGIES  

A tall buildings’ energy use is significantly affected by the building services’ efficiency. Pedrini’s (2003) 

study, for Brisbane’s climate, showed that, in some cases, the use of efficient building services can 

result in higher energy savings than the use of natural ventilation or optimum daylight. 

  

Figure 6.1 Hearst Tower with diagrid frame Figure 6.2 The Bank of America 

At present, in most tall buildings, operational energy savings are achieved through the use of energy 

efficient mechanical systems and lighting. All of the ‘green’ tall buildings in New York: the Times 

Square Tower, the Hearst Tower (Figure 6.1), the Times Building and the Bank of America at 1 Bryant 

Park (Figure 6.2), described by Gonçalves, and Umakoshi (2010), achieved their, higher than the 

local average, energy efficiency mainly through the use of more efficient mechanical systems. All 

these buildings are fully air-conditioned, and have deep floor plates with a central service core, and an 

energy-inefficient high glazing to wall ratio. 

In the case of existing tall buildings, which constitute the majority of the building stock, the scope for 

the application of energy savings strategies, relative to the building’s shape and layout, is limited. In 

such cases, modifications to a building’s services and, where feasible, a thermal retrofit of its 

elevations, can be the most effective way of reducing the operational energy use of a tall building 

(Partridge & Loughnane, 2008; Smith, 2009). 

This chapter discusses how building services can affect a tall building’s shape. The effects of building 

services on a tall building’s shape are summarised in a design consideration set in Section 6.2. This 

design consideration set is referred to in the design process provided in Chapter 8. Other major 
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energy savings strategies that do not affect the shape of a tall building are also discussed. At the end 

of the chapter, a summary of these strategies is provided. 

6.1. Effects of HVAC Services on Tall Building Shape  

Building services affect a tall building’s shape and layout through their space requirements. The 

services affect the minimum floor height and the service core’s size. Large plant rooms increase the 

building’s size, and consequently, its embodied energy. 

The floor height is mainly affected by ventilation and air conditioning distribution ducts. The 

conditioned air can be distributed and extracted through overhead ducts or, in the case of 

displacement ventilation, the fresh air is distributed through a double floor and extracted overhead. 

Other building service distribution lines, e.g. water pipes, have small space requirements and those 

services distribution lines can be designed to have a negligible effect on floor height. 

To reduce the floor height required for building services, the full air conditioning and its ducted 

distribution system can be replaced with a separate ventilation system and a radiant heating and 

cooling system. The least space-demanding radiant heating and cooling system distributes heat and 

cooling through water pipes embedded into floors. The heat is radiated or absorbed through the 

underside of the exposed concrete slab.  

The requirements of HVAC services that affect the floor height are also discussed in Section 7.2. 

The use of water radiant heating and cooling instead of an air system also reduces the size 

requirements for the main distribution duct in the service core, as only the amount of fresh air required 

for ventilation has to be supplied through this duct. As noted by Grondzik at el. (2010), the distribution 

tree for hot and chilled water pipes and the constant-volume fresh air duct takes much less space 

than the variable-air volume system duct (VAV), where all heating and cooling is delivered through air. 

In addition to having reduced space requirements, a radiant heating and cooling system is also more 

energy efficient than all air systems such as VAV (Frechette & Gilchrist, 2008; Gonc alves & 

Umakoshi, 2010; Manitoba Hydro Place, 2010). 

The savings in floor height, due to radiant system installation, can be used to allow for higher floors 

and higher window heads. This deepens the daylight access into the floors. Additionally, higher 

ceilings allow for better natural airflow and air distribution. 

Furthermore, Gonçalves and Umakoshi (2010) noted that, as radiant systems embedded in floors 

require exposed concrete slab undersides, and are not insulated by suspended ceilings, the benefit of 

a high thermal mass can be maximised. 

Samples of tall buildings that have radiant cooling and heating embedded in their floors are the 

Manitoba Hydro Tower in Winninpeg and the Deutsche Post in Bonn (Manitoba Hydro Place ; 

Schuler, 2003).  
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Radiant cooling and heating units can also be mounted on ceilings. Such systems also require much 

less space than conditioned air distribution ducts. A radiant ceiling-mounted cooling system was used 

in the Pearl River Tower (Frechette & Gilchrist, 2008).  

Among building services, lifts have the highest space requirements. Lifts, along with staircase space 

requirement determine the usable-to-gross floor area ratio. The lift space requirements can be 

decreased through lift control arrangements to get more performance from fewer lifts (Yeang, 1996). 

Furthermore, space requirements can be reduced by using double-deck lifts, as noted by Godwin 

(2005).  

Except for air distribution and lift space requirements, the services central equipment requires large 

plant rooms. As noted by Grondzik at el. (2010), it is most common for tall buildings to have 

centralised main cooling and heating equipment and, in many tall buildings, whole floors are used to 

house this equipment.  

However, at the early concept design stage when the building shape and main floor layout is being 

created, only the effects of building services on the floor height need to be considered. Generally, the 

lifts, the main vertical service ducts and the central service floors can be investigated after the main 

building’s shape has been established. 

6.2. Design Considerations for HVAC services 

The details of the design considerations have been explained in the text section. 

When creating a tall building shape, the following space requirements for building services need to be 

considered: 

 water radiant heating and a cooling system is more energy efficient than all air system, e.g. 

variable air volume system 

 radiant heating and cooling embedded in floor is the most space efficient 

 radiant cooling and heating mounted on ceilings is more space efficient than conditioned air 

distribution ducts 

 a double floor for displacement ventilation can be required in tall buildings with mixed mode 

ventilation 

 water radiant heating and cooling use, instead of an all-air system, reduces the need for a 

main distribution duct in the service core 

 15%-20% of gross floor space can be assumed for a service core. 

 lifts, main vertical service ducts can be investigated after the shape is established.  
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6.3. HVAC Energy Saving Strategies that do not affect Building Shape 

A tall building’s energy demand can be significantly reduced when energy-efficient mechanical 

equipment is used. Except for HVAC equipment efficiency improvements, the main design strategies 

related to HVAC systems are the separation of the ventilation from the heating and cooling systems, 

the change of the source energy of the central plant, the reuse of the heat generated in the building 

and a combination of passive and mechanical air control.  

The splitting of ventilation from heating and cooling can be achieved when using radiant systems for 

cooling and heating. In such cases, if mechanical ventilation is used, the fans’ energy demand is 

reduced, as the fans have to move only the minimum of fresh air required by the occupants. The 

separation of cooling and heating and ventilation was undertaken in the Times Square Building, the 

Pearl River Tower and the Manitoba Hydro Tower, as it was in many others tall buildings.  

In relation to a central chillier or heater, energy savings can be achieved through a change of energy 

source. Gonçalves and Umakoshi (2010) noted that the energy efficiency of the Times Square Tower 

was mainly achieved due to the use of gas-run efficient absorption chillers, rather than standard 

electric chillers.  

The reuse of heat generated in the building is an important energy saving strategy. When the 

temperatures are (approximately) below 5°C or above 26°C, the use of mechanical ventilation with 

heat recovery can be more energy efficient than the use of natural ventilation. In many tall buildings 

with mixed mode systems, ventilation system heat recovery is used when the building operates in the 

mechanical mode. Such systems are used, for example, in the Manitoba Hydro Building, the 

Deutsche Post and DZL Tower in Germany. 

Another heat reuse strategy involves the conversion of building excess heat into useful energy. For 

example, the London Bridge Place multifunctional tower (the ‘Shard’) was designed to use the excess 

heat from its offices to heat hot water for residential units (Zikiri, 2005). The Pearl River Tower was 

designed to use solar heat energy from a double skin façade cavity as an energy source for humidity 

control (Frechette & Gilchrist, 2008). 

The combination of passive and mechanical air control strategies relates mainly to the combination of 

passive fresh air distribution, due to the stack effect, and mechanical fresh air intake. Such a system 

is used in the DZL Tower in Germany for example (Schuler, 2003). 

Another example of a building that combines passive and mechanical air control is the Manitoba 

Hydro Tower in Winnipeg. In this building, except for passive air distribution, artificial ‘waterfalls’ are 

used to passively control air humidity; the warmer air from offices is used to heat the underground 

carpark. This building’s system works as follows:  

In winter, when natural ventilation is not used, the fresh air is drawn through atria where 24m high 

‘waterfalls’ humidify or dehumidify the drawn air. The used air from offices naturally rises in the solar 

chimney. However, it is not discharged but drawn down to heat the basement parking. Before the air 
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is distributed in the carpark, heat exchangers recapture part of the heat from the air. This heat is used 

to preheat incoming fresh air, when required. The airflow schematic is shown on Figure 6.3 (Manitoba 

Hydro Place ). 

 

Figure 6.3 Manitoba Hydro airflow in winter operation mode diagram 

Adapted from Manitoba Hydro www.hydro.mb.ca, illustration credit: KPMB / Manitoba Hydro 

6.4. Thermal Comfort Thermostat set up 

The thermal comfort model describes the environmental conditions (the temperature, humidity and air 

movement) in which people feel comfortable. As noted by Monteiro in Gonc alves & Umakoshi (2010), 

most HVAC design standards are based on thermal comfort models established in steady-state 

laboratory conditions. However, even in fully air-conditioned buildings, the interior conditions are not 

http://www.hydro.mb.ca/
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in a steady state. In the case of naturally ventilated buildings, the fluctuations in the interior conditions 

follow those of the exterior conditions. In fluctuating conditions, people can naturally adapt and feel 

comfortable in a broader range of temperatures than in steady state conditions. 

Nicol and Humphrey recognised people’s adaptability to the climatic conditions in their adaptive 

thermal comfort model. This model takes into account; clothing, activity, posture, use of controls like 

windows, blinds or fans and whether, or not, artificial cooling and heating is used. This adaptive 

comfort model can be used when setting controls for heating and cooling instead of the standard 

steady-state models (Monteiro in Gonc alves & Umakoshi, 2010). 

The adaptability of people to the broader range of temperatures provides savings in energy 

expenditure, as cooling and heating can be used less often. For example, in the Commerzbank, the 

temperature at which cooling turns on was set at 26°C instead of the usual 24°C, with the aim of 

reducing energy use for cooling (Gonc alves & Umakoshi, 2010).  

Thermal comfort perception depends also on geographic location. Ken Yeang (1996) noted that, in 

the tropical climate of Malaysia, people feel comfortable in higher temperatures than do people in 

colder climates. Local people have lower thermal comfort requirements, thus allowing a reduction in 

heating and cooling energy use.   

6.5. A Tall Building’s Thermal Mass 

The increase in a building’s thermal mass is an important passive design strategy. High thermal mass 

minimises the impact of the exterior temperature fluctuations on the interior temperature. This results 

in building operational energy demand reduction. High thermal mass can allow for substantial energy 

savings in climates with high differences in diurnal temperatures but has little impact on energy use in 

climates with low temperature fluctuations.  

The night cooling energy saving strategy requirement is that a building must have high thermal mass. 

In this strategy, to reduce cooling load during the day, the building (thermal mass) is cooled by 

exterior air at night, using natural or mechanical ventilation. During the day, the building structure 

requires a large amount of heat to increase its temperature. It absorbs the heat from the space, 

consequently reducing the cooling load. 

A sample of a tall building that utilises night cooling is the DZL Tower. In summer, at nights, because 

of the temperature difference between the structure and the exterior air and the natural stack effect, 

the warm air in the building rises and is discharged through the tower’s central stack. To replace the 

extracted air, cold air is naturally drawn into the building through underground ducts. The incoming 

colder air cools the tower’s concrete structure. During the day the pre-cooled structure absorbs and 

stores heat from the building’s interior (Schuler, 2003).  

Another example of a building that combines night purging with high thermal mass of concrete floors 

is the 10 storey CH2 Melbourne Council Building. Additionally in this building, to take advantage of 



147 
 

combined low night temperatures and the use of materials that have high heat storage, a phase 

change material system is installed in the building’s basement. This system is used to cool the water 

required for radiant cooling. It consists of 10,000 stainless steel spheres containing salts with a 

freezing point of 15 °C. These spheres are frozen at night. When the day starts, water is pumped into 

the phase change material system. The water is cooled by ‘melting’ salts inside the stainless steel 

spheres. When cooled, the water is pumped into the building’s radiant cooling system. The 

predecessor of such a cooling system was used in the East Gate Building in Harare, Zimbabwe. In the 

case of the African building, instead of phase change salts, rock storage in the basement was used. 

In the East Gate system, during the day the heavy building mass and rock storage in the basement 

absorb the heat of the environment and human activity. At night, cool air is allowed into the bottom of 

the building and starts the convective flow that vents the hot daytime air through roof vents. This cool 

air is also stored and then distributed the next day into offices via hollow floors and baseboard vents 

(McKeag, 2009).  

A building element thermal mass is defined as its capacity to accumulate heat from outside. As 

defined by Szokolay (1980), the thermal capacity of a building element depends on the density of the 

element’s materials   
  

     and the materials’ specific heat capacity          . 

The specific heat capacity is defined as the amount of energy required to increase the temperature of 

one unit of quantity of substance by one unit of temperature          ("EnergyPlus", 2010). 

Dense materials with high specific heat have a high thermal mass. Generally, heavyweight structures 

have high thermal mass, for example, structures made of concrete or bricks. Lightweight structures 

have lower thermal mass, for example, timber or steel framing. Table 6.1 shows a sample comparison 

of the thermal mass between different floor options that meet the same span, load, and fire rating 

requirements. The comparison showed that the heaviest floor had the highest thermal mass.  

In tall buildings, the thermal mass is largely predetermined by the bu ilding’s structural requirements. 

Due to these requirements, the structure of a tall building has to be as light as possible. 

Most of a tall building’s thermal mass is its floors. As described by Grohmann and Kloft (2003), a tall 

building’s floors can be made of reinforced concrete slab, reinforced concrete slab with joists (beams) 

or composite structure where a concrete floor is laid over steel decking supported on steel beams. 

The composite floor, which was created to increase construction speed and to reduce the weight of 

the floor, has a lower thermal mass than the full concrete slab (Table 6.1). 

Other than floors, the main element that affects a tall building’s thermal mass is its service core. The 

service core, which contains staircases, lifts and service shafts, is generally constructed with 

reinforced concrete in order to meet fire design requirements for escape routes. As Lay (2008) noted, 

alternatives, such as fire-rated plasterboard wall or block work, do not provide the same level of 

protection as reinforced concrete. 

http://en.wikipedia.org/wiki/Temperature
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Table 6.1 Thermal mass comparison for alternative suspended floor structures 

References: NZS 3604:1999, Gib Fire Rated Systems Manual, ComFlor 210, Rawlinsons New Zealand 

Construction Handbook (2007), EnergyPlus database (2010) (ComFlor 210;  "EnergyPlus", 2010; GIB® Fire 

Rated Systems; Giddens, 2007;  "NZS 3604:1999", 2010) 

 

In relation to the main superstructure of a tall building (columns, beams and braces), it can be 

constructed in steel or in concrete, which has higher thermal mass.  

As a tall building’s structure has to be as light as possible, increasing a tall building’s thermal mass 

using traditional heavy materials does not seem to be a feasible option. Instead, when high thermal 

mass is desirable, use of phase change materials (PCM) can be considered. These materials are 

lightweight. However, they can absorb even more heat than heavyweight building materials. 

When considering the design process, for buildings up to around 40 - 60 storeys in height, thermal 

mass does not have to be investigated in detail when creating an energy-optimum tall building shape. 

In such buildings, the floors are the main thermal mass component. When different shape alternatives 

are investigated, each floor has the same floor area, and consequently, the same thermal mass. In 

the case of very tall buildings, the focus is on minimising the weight of the superstructure, rather than 

on its thermal mass.  

 

weight specific heat heat capacity

timber framed floor kg/m² J/kg*K

⁰

J/K

⁰

/m² 

20mm MDF 21 1300 26650

nogs for MDF flooring 3x100x50 for 5.2m floor span 2 1420 2157

joists 290x50 at 450 13 1420 18531

boundary joists 2x290x50 for 5.2m floor span 2 1420 3207

blocking or strutting 2x290x35  for 5.2m floor span 2 1420 2495

nogs for ceiling at 3x75x50 for 5.2m floor span 2 1420 1797

2x19mm gypsum board fireline ceiling 33 800 26400

Total 73 81237

concrete floor insitu

concrete 150mm 336 900 302400

steel reinforcement at 40 kg/m³ of concrete 6 500 3000

9mm gypsum plaster board 7 800 5600

total 349 311000

composite floor (ComFlor 210)

concrete (volume 0.130 m³/m²) 291 900 262080

steel profile 16kg/m² 16 500 8000

steel mesh at 0.2% 2 500 1018

9mm gypsum plaster board 7 800 5600

total 316 276698

Floor requirements: load 3kPa, 5.2m span, fire rating 90 min.  Timber framed floor structure according to NZS 3604: 1999.  

Fire rating system to timber floor according to Gib Fire Rated Systems Manual.  ComFlor design according to manufacturer 

guideline. Insitu slab reinforcment assumed following Rawlinsons New Zealand Construction Handbook.  Materials specific 

heat according to EnergyPlus database.
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6.6. Other Onsite Energy Generation   

Efficient energy generation on site and the use of natural geothermal energy available on site are 

important energy use strategies. These strategies do not relate to a tall building’s shape and its 

building services. However, their application can substantially reduce a building’s carbon emissions 

and the amount of primary fuel that a building is using. Opportunities for the application of these 

strategies should be investigated for a tall building project. 

One method for the efficient generation of energy onsite is the use of cogeneration plants. Such 

plants are thermal electricity generators in which waste heat created during electricity production is 

not released into the atmosphere but, rather,  is used as an energy source for heating and cooling 

services (Grondzik et al., 2010).  

There are tall buildings that generate their own electricity and use geothermal energy. As noted by 

Gonçalves and Umakoshi, LEED platinum certified, the Bank of America Tower achieves 50% 

operational energy savings, when compared to an average local building of the same type, mainly 

because of its cogeneration plant that provides approximately 70% of the building’s electricity, and 

also because of the use of geothermal energy to support cooling and heating (Grondzik et al., 2010). 

The next example is the Main Tower in Frankfurt, which was completed in 1999. This tower has its 

own thermal power station and geothermal system. The Main Tower website states that the energy 

use for this building is 75kWh/m
2
/yr. (Main Tower)  

Another example is the Manitoba Hydro Building in Winnipeg, which uses an extensive geothermal 

system to provide energy for its cooling and heating systems. In contrast, the Deutsche Post in Bonn 

uses groundwater wells for its cooling (Transsolar). (Manitoba Hydro Place ) 

In DZL Tower in Germany, to limit the energy required for the heating and cooling of intake air, the air 

is drawn through underground ducts. When the air flows through the ducts, due to earth’s constant 

temperature, the air is preheated in winter or precooled in summer (Schuler, 2003).  

Instead using geothermal energy from the earth, or underground water, water from lakes and rivers 

can also be used as an energy source. The Trump International Hotel & Tower in Chicago uses 

Chicago River water for its cooling (W. F. Baker et al., 2009). 

Aside from cogeneration plants, other efficient electricity generation methods are also available, e.g. 

for the Pearl River Tower the installation of 50 gas micro-turbines was planned; this would have 

electricity generation efficiency 80%, when compared to 30-35% for electricity in the town grid 

(Frechette & Gilchrist, 2008). 
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6.7. Summary of Other Energy Savings Strategies  

The energy saving strategies that do not affect the shape of a tall building and which do not have to 

be considered when creating its shape and overall layout, are as follows: 

The energy saving strategies - HVAC systems: 

 use of more efficient secondary equipment (pumps, fans, etc.) 

 use of more efficient primary equipment (central chiller, boiler, etc.) 

 use of source energy that requires the least amount of raw fuel for its generation 

heating and cooling separation from ventilation 

 use of water radiant heating and cooling system instead of an all air system 

 use of Advanced Building Management System (BMS) to control building services. 

Heat recovery strategies: 

 use of heat exchangers to recover heat from discharged air 

 use of heat from re-circulated air to preheat incoming air 

 use of excess heat as source of energy, e.g. use of heat removed from an office space to 

heat hot water 

Electric lighting - energy saving strategies:   

 energy efficient lighting 

 dimmable lighting system controlled by daylight sensors 

 dimmable programmable lighting. 

Other energy saving strategies: 

 automated control of blinds 

 less stringent thermostat settings, e.g. cooling turns on at 26°C - adaptive comfort model 

 air humidity controlled by atria 'waterfalls' (refer Manitoba Hydro building, Section 6.3). 

Passive energy saving strategies that do not affect building shape: 

 passive air distribution when in mechanical ventilation mode (use of stack effect) 

 used air directed to heat other secondary spaces, e.g. air from offices used to heat carparks 

 use of high thermal mass reduces energy use in climates with high diurnal temperatures 

differences (the temperature difference between day and night) 
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 the thermal mass of a tall building is largely predetermined by its structural and fire 

design requirements 

 thick concrete floors have higher thermal mass than composite floors (steel decking 

with concrete topping) 

 a reinforced concrete superstructure has higher thermal mass than a steel 

superstructure 

 concrete ceilings must be exposed; suspended ceilings must not be used  

 to increase thermal mass without increasing the structure’s weight, Phase Change 

Materials (PCM) for walls and ceilings linings can be considered 

 night cooling strategy can be used in tall buildings with high thermal mass. 

The onsite energy generation, other than solar and wind power, does not affect the overall shape of a 

tall building. Onsite energy generation can be considered at the project feasibility stage. 

Before deciding to generate energy onsite, offsite renewable energy options and the efficiency of the 

generation of energy supplied by local networks, should be investigated. This should be compared to 

the potential efficiency that could be provided by the use of onsite energy generation options. The 

onsite energy generation options are as follows: 

 efficient onsite electricity generation 

 use of a cogeneration plant (waste heat use for heating and cooling) 

 use of highly efficient micro turbines 

 use of geothermal energy for cooling and heating 

 use of river water for cooling 

 use of groundwater for cooling 

 drawing of fresh air through underground ducts to passively regulate air temperature. 
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7. LAND USE RULES, SITE, FUNCTION AND FIRE DESIGN REQUIREMENTS  

The reduction of a building’s energy use, although of paramount importance, is not the only, design 

aspect that affects the shape of a tall building. Other aspects, such as building function, structural and 

fire design requirements, town planning rules, and specific site conditions, also significantly affect a 

building’s shape and layout.  

Structural design requirements were discussed in Chapter 4 and the building services requirements, 

in Section 6.1. In this chapter, the function, fire safety design, and the town planning requirements 

that affect a tall building’s shape and layout are discussed.  

These design aspect requirements are discussed by focusing on the Auckland CBD town planning 

rules for a specific Auckland CBD site, in addition to the New Zealand Building Code (NZBC) 

regulations. In other locations, building codes, land rules and specific site requirements may differ. 

Nevertheless, the mechanisms of the way in which these requirements affect a tall building’s shape 

are the same.  

In case of a building’s function and the main requirements for its fire design; these are governed by an 

average human body size and the physical abilities of humans. Consequently, the requirements are 

similar around the world. 

At the end of each section, a design considerations set for the design aspect discussed in the 

particular section, is provided. The design consideration sets in this chapter are referred to in the 

design process provided in Chapter 8. 

7.1. LAND USE RULES 

Land use town planning rules regulate a town’s spatial development to achieve desired outcomes. 

These may be to maintain and improve town living conditions, to achieve balanced economic 

development or a desired urban form. To achieve these outcomes within other issues, the town ’s 

infrastructure, e.g. water, transportation; public spaces – such as parks and plazas; daylight access of 

buildings  and urban form, are controlled through town planning rules (Auckland City District Plan).  

Historically, town planning rules have significantly affected urban form and building shape. For 

example, wide nineteenth century avenues with mid-rise buildings were the result of the application of 

planning rules. These rules were set up to ensure that buildings would have adequate daylight access 

and ventilation; this was due to the fact that, in the nineteenth century, such matters began to be 

considered as important human health factors (Brandão in Gonc alves & Umakoshi, 2010). Another 

example is the characteristic stepped facades in Manhattan, New York. These building forms were the 

result of rules pertaining to the zoning law that was introduced in 1916. The zoning law, which 

required buildings to be set back at a specific distance from the street and to be built at specific 
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heights, was introduced in response to concerns that tall buildings were blocking daylight access to 

streets and to lower buildings levels (Kloft, 2003). 

In the case of a tall building, the main planning rules that affect its shape and that are used, 

worldwide, in the legislation of many towns, are: height controls, maximum site density, described as 

the building floor to site area ratio, and the minimum distance between buildings to allow for minimum 

daylight access. Generally, these rules have been set up to protect the infrastructure of an existing 

town from overloading and to protect existing buildings from unwanted impacts, e.g. existing buildings 

being shaded by new developments.  

A tall building’s shape can also be affected by rules that prescribe the maximum allowed wind speeds 

at the street level. These rules are set up to prevent wind speed increases that are likely to result in 

the decrease of pedestrian comfort. The shapes of tall buildings are affected, as tall buildings 

significantly obstruct the surrounding air movement and consequently change urban wind speeds and 

patterns (Tominaga et al.; Zhang, Gao, & Zhang, 2005). A specific building shape can prevent the 

occurrence of negative wind effects on pedestrian comfort. For example, the tapered shape of the 30 

St Mary Axe Tower (the ‘Gherkin’) has reduced downdrafts. This results in lower wind speeds at street 

level (Pilbrow, 2005a). 

Another design aspect than must be considered when designing a tall building and which may be 

controlled through specific town planning rules is wind urban ventilation. Tall buildings, subject to their 

configuration, can block or enhance wind and urban ventilation. This affects the dispersal of a town’s 

pollutants and also the natural ventilation efficiency of other buildings’ (X.-X. Li, Liu, Leung, & Lam, 

2006).  

At an early design stage in the creation of a tall building shape, it is difficult to predict how the 

proposed building may affect urban wind speeds and patterns. As noted by Gerhardt (2003), this must 

be studied using wind tunnel tests. The shape must be adjusted if the wind tests show that wind 

patterns would not be favourable either for pedestrian comfort, or for urban ventilation. The complexity 

of urban wind patterns can be illustrated by Figure 7.1, which shows a schematic for wind pattern in 

the proximity to a tall rectangular building. 

The regulations that affect solar access can significantly affect a building’s operational energy use, as 

the use of electric lighting and also the use of energy for heating and cooling are affected by shading 

from adjacent buildings.  

Brandão, citied in Gonc alves & Umakoshi (2010), undertook studies of the relation between 

obstruction angle and the operational energy use of office buildings in São Paulo, using computer 

simulations. The results showed that buildings spaced more densely could require up to 40% more 

energy for their operation, due to the increase in use of electric lighting. The angle of obstruction is 

shown in Figure 7.2. 
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Figure 7.1 Wind behaviour around a tall building with rectangular floor plan 

Redrawn from Gerhardt (2003) 

Li and Wong (2007) also studied the effect of shading on cooling loads and daylighting for buildings in 

Hong Kong, using building energy simulation software. Their studies also showed that less shading 

from adjacent buildings results in energy savings due to a decrease in the use of electric lighting, as 

the heat gains from additional daylight were lower than from electric lighting.  

When positioning a tall building on a site and deciding upon its shape, the effects of shading from 

adjacent buildings on building energy use require investigation. The design process presented in 

Chapter 8, which is supported by the assessments presented in Chapter 10, takes into account the 

shading from adjacent buildings and includes an investigation of the optimum on site building position. 

 

Figure 7.2 Building obstruction angle  

7.1.1. Auckland CBD Site 

This section discusses the town planning rules for a specific Auckland CBD site. This site was used 

as the location for the sample design of a more energy efficient tall building, as described in     

Chapter 8.  

For the purpose of this study, the site at 31 Custom Street West, in the Auckland CBD, was selected 

(Figure 7.3). There is an existing large Auckland City carpark on this site. However, it was assumed 
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that the site is empty and available for construction of a new tall building. This site is within the 

Auckland CBD area, where the highest gross floor to site area ratio is permitted (Figure 7.4) 

The site location would allow for the maximisation of the use of public transport and, consequently, a 

reduction in urban travel energy, as the site is very close to a public bus transport hub and the city’s 

main railway station. Additionally, the site is within a mixed function urban cluster. Large office 

buildings, banks, business and government organisations are within a short walking distance from the 

site. The adjacent area has a plentiful supply of shops, restaurants and recreation facilities. These 

factors could shorten the length of urban travelling distances and could further reduce urban transport 

energy use.  

The selected site is approximately 70m x 90m, as measured on a map from Google Earth. For the 

Auckland CBD, the site is relatively large and allows for the creation of the large number of building 

shape alternatives, which are required for the investigations described in Chapter 10. The existing tall 

buildings that are adjacent to the eastern site boundary, allowed for an investigation of the effects of 

shading from adjacent buildings on building energy performance, in Chapter 10.  

  

Figure 7.3 Site at 31 Custom Street West 

Aerial photo adapted from Google Maps 

Figure 7.4 Auckland CBD area with the 
highest floor to site area ratio and the case 
study location 

 Based on Auckland district plan maps - central 

area section (Auckland City District Plan) 

For the selected site, the planning rules that affect the tall building shape, are as follows: 

The maximum building height is directly controlled by a height control plane and, indirectly, through 

the maximum gross floor to site area ratio. The site height control plane is shown in Figure 7.5. The 
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‘Harbour Edge Height Control Plane’, was set up to protect the current urban town form and to 

maximise the views between the harbour and the City (Auckland City District Plan).  

For the site, the basic total gross floor area to site area ratio is 6:1. The Auckland CBD maximum 

urban density was set up in order not to overload the existing infrastructure capacity through new 

developments. Furthermore, it was set up to retain what is regarded as a desired city form, with tall 

buildings and high density in the main core of the city and a gradual urban density and height 

reduction towards the city outskirts (Auckland City District Plan). 

In the case of daylight rules, the Auckland CBD district plan does not set up specific requirements for 

daylight access, except for accommodation buildings. As the case study building in Chapter 8 was 

designed to allow residential use, the planning rules for accommodation buildings were also 

considered.  

The planning rule that controls daylight access and affects residential building shape is the ‘Outlook 

Space’ rule, which was set up ‘...to safeguard outlook, daylight, sunlight and privacy for occupants of 

accommodation buildings’. The outlook space for the principal living room is shown in Figure 7.6.  

  

Figure 7.5 Harbour edge height control plane 

Adapted from Auckland CBD District Plan 

Figure 7.6 Auckland CBD ‘outlook space’ rule 

Adapted from Auckland CBD District Plan 

For the case study, this outlook space was defined as one plane at 20m from the existing buildings 

adjacent to the northern boundary and 10m from the eastern site boundary. It was assumed that half 

of the outlook space could run over the east neighbour’s site. The outlook space to south and west is 

over town roads (Figure 7.3).  

The outlook is defined for buildings up to 50m; for taller buildings, as is the case for the shape 

alternatives studied in this thesis, the ‘provision of outlook’, requires the city’s consent (Resource 

Consent). 
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The next town planning rule that applies to the site and affects a tall building’s shape, is the control of 

urban wind to protect pedestrians from excessive winds. This rule requires a new building shape to be 

designed in such a way that, after a building is built, it will not cause any wind speed increase above 

the maximum level allowed. The assessment of whether a shape complies with this rule requires wind 

test studies. The wind tests could also allow for the investigation of the shape’s effects on urban 

ventilation. However, there are no specific rules in Auckland CBD district plan that would regulate city 

ventilation.  

These rules do not prohibit construction of a building that does not comply with them. For a non- 

complying building the Auckland Council can issue a consent if: it can be proven through a Resource 

Consent application process, that the development complies with the district plan ’s objectives. The 

spatial requirements for the site’s rules are shown on Figure 7.7. 

 

Figure 7.7 Town planning rules spatial requirements for the selected Auckland CBD site 

7.1.2. Design Considerations for Land Use Rules 

The following are the main building parameters controlled by local planning rules that affect building 

shape: 

 the maximum height 

 the maximum gross floor to site area  ratio  

 distance offset from boundaries. 

Additionally, the following design aspects must be considered and can be regulated by town planning 

rules: 

 the maximum allowed wind speeds at the street level 

 urban ventilation 
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 specific urban form requirements, related to the urban space ‘amenity’. 

7.2. BUILDING FUNCTION AND CHANGE OF USE 

To have lower impact on the environment, a tall building must be useable for a long period. This is 

particularly important for tall buildings that, in comparison with other building typologies, use 

significantly more construction material and have a higher level of embodied energy. If, in a short 

space of time, the function of a tall building became redundant, and conversion to another function 

was not a feasible option, even a building designed to be the most environmentally responsive would 

be a waste of resources.  

A tall building with a short usable life would be also energy inefficient. As the building embodied 

energy would not be utilised over a sufficient time period, the building would have high combined 

operational and embodied energy level per each year of its life.  

Different building functions are in demand during the life span of a tall building. According to Binder 

(2008), for buildings above 150m high, because of demand changes, the share of tall office buildings 

dropped from 84.7% in 1980 to 47.3% in 2008. Due to the demand for residential units, in 2008, 

residential towers accounted for 47% of tall buildings under construction.  

The demand for change was the reason that some existing office buildings were converted to 

residential use. For example, the Trump International Hotel and Tower in New York was converted in 

1997 from offices to hotel and residential units. In the Manhattan Plaza hotel, 523 rooms of the total 

805 were converted to residential units (Binder, 2008). 

For a tall building to be usable for a long period of time, it should be designed to allow for future 

changes of use. However, design requirements that affect the building’s form may differ according to 

the requirements for the type of building function desired. For example, offices and apartments have 

different fire safety and vertical transportation requirements. In New Zealand, daylight access is 

required for apartments but it is not required for offices (NZBC Compliance Documents). Different 

functions can also have differing minimum floor height requirements, different structural loads and 

different building services’ needs. 

Additionally, different functions can have different heating and cooling energy requirements, as 

buildings with different functions are used by its occupants in different ways. For example, reducing 

cooling energy could be the dominant requirement for an office, due to high heat gain from office 

equipment and the, mainly daytime, occupation of the office. In the case of apartments, reducing 

energy for heating could be the dominant requirement, as many apartments are used predominantly 

in the evenings and at night time, when outside temperatures are lower. Due to these contradictory 

requirements, a different glazing to wall area ratio, or a wall’s thermal resistance, would be the 

optimum requirement for the energy performance of each of these functions. However, HVAC 

equipment retrofits and facade modifications can address these issues. 
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Some building functions have significantly dissimilar special requirements and conversion from one 

such function to another is not feasible. For example, retail malls require large, high floors and it 

would be infeasible to convert an office floor to that of a retail mall.  

In the case of tall buildings, a function that has specific high space requirements can be placed at 

lower levels. For example, in the MegaBox Tower in Hong Kong, a shopping mall that required larger, 

taller floors took over the lower 19 storeys (Figure 7.8). Offices were placed on the, smaller, upper 16 

floors (Binder, 2008).  

Another example of a tall building, that has various floors specifically designed for dissimilar functions, 

is the London Bridge Tower. In this building, large floors at lower levels accommodate large-size office 

organisations. Floors at the top levels are smaller and accommodate residential units (Zikiri, 2005). 

 

Figure 7.8 MegaBox Tower in Hong Kong 

Adapted from Binder (2008) 

Due to the constraints noted above, it is not feasible to build a tall building that would suit all functions. 

However, as noted by Daniels (2003), between residential, hotel, and office functions, the conversion 

of a tall building can be relatively easy. To allow for such future conversions, the most important 

elements to be investigated, that affect a tall building’s shape, are floor size and the floor height. 

In the text below, the minimum floor height and the maximum floor depth, for a floor which could 

contain offices, a hotel and residential units, is investigated for New Zealand conditions. 

In New Zealand, the standard floor height, to the ceiling underside, in residential units and offices is 

2.4m. In residential units, the minimum floor height also depends on the depth of the floor. In New 

Zealand, the maximum allowed depth of an apartment, with windows on one side and naturally 

ventilated rooms, is 10m. For such an apartment, the maximum allowed room depth is 6m (G4 
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Ventilation). To meet NZBC requirement for the minimum daylight level in apartment rooms, a room 

depth should be a maximum of twice the height of the window head for rooms with windows on one 

side (G7 Natural Light). To allow for the maximum 6m room depth, the required minimum floor height 

is 3m plus the window head height.  

As for offices, larger floor plates and consequently deeper floors, are preferable; in addition, the 

function of the floor must be convertible from office to residential. The 3m window head height allows 

for the deepest, naturally ventilated, rooms in the apartment. 

Additionally, the space between the floor slab top and the ceiling slab underside has to accommodate 

a mechanical ventilation air distribution system. During adverse weather conditions, this mechanical 

ventilation can be used in a mixed mode system. 

In offices, fresh air can be also supplied through a double floor; in apartments and hotel rooms, to 

maintain the maximum floor height in order to allow for the maximum room depth, fresh air can be 

distributed through ducts, for example, above a bathroom, as is shown in Figure 7.9. The height of the 

space required for an office air distribution system for mechanical ventilation, split from cooling and 

heating, can be assumed at 0.2m. 

 

Figure 7.9 Floor height determination 

For cooling and heating, radiant systems should be used as these systems are more energy efficient 

and require less space than all air systems. Additionally, radiant systems use allows for minimising air 

supply duct sizes, as only the minimum air volume for ventilation has to be supplied. 

A radiant system can be embedded in the floor, which may result in a small increase in the floor’s 

thickness. A floor-embedded radiant system can be used in residential units and offices (Joachim, 

2006). Another solution, as noted by Daniels (2003), is installation of radiant heaters beneath 
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windows, or in the case of offices, radiant tubes suspended beneath the ceiling. The space height 

required for suspended radiant tubes can be assumed to be 0.2m. 

Another floor height component is the space required by the floor structure. In tall buildings, the 

structural height of floor slabs is the same as in other building typologies, as generally tall building 

floors have to carry the same loads as low-rise buildings. In regard to tall building floors, Grohman 

and Kloft (2003) advised that reinforced concrete slab floors are economical up to 9.5m and the 

required slab thickness is up to 0.32m. For pre-stressed concrete slabs, the minimum thickness can 

be      of the slab span, e.g. for a 10m floor span, a 0.25m slab height would be required. 

Considering these requirements, a height of 0.5m for a slab structure for floors spanning up to 10m is 

the appropriate assumption for the floor structure height, at the concept design stage. This height 

would also allow for the use of a floor with 0.5m beams, in the event that such an option is the most 

materials-efficient.   

After adding the slab structure height to the floor-to-ceiling height, the total floor-to-floor height is 

3.5m. This is close to the 3.55m floor-to-floor height proposed by Daniels (2003), for European 

requirements. Figure 7.9 illustrates the floor height assumptions discussed.  

In relation to the floor size, in New Zealand, the maximum depth for an apartment with naturally 

ventilated rooms and with windows on one side, is 10m. As discussed, the same requirements apply 

to hotel units. The assumed 3m floor to window height allows for such a depth,. 

In the case of office floor plans, the requirements differ between organisations. According to Strelitz 

(2005a), in the financial sector, the preference is to accommodate all company workers on one floor, 

with an area in a range of 2,000-3,000m
2
. For trading offices, larger floors, around 6,000-7,000m

2
 are 

preferred. To achieve such large floor areas, offices are required to be deep. For that reason, the  

recently constructed towers in Canary Wharf in London have floor depths (the distance from the 

service core to the exterior wall) of up to 13.5m (Strelitz, 2005a). In America, standard floors can be 

even deeper, up to 18.3m (Strelitz, 2005c). However, not all organisations have such high floor area 

requirements. 

Many office types can function in spaces with shallow floors. In Europe, the floor plate depth is 

typically around 7m, mainly because local building codes require daylight to be provided to all 

workplaces and to allow for views of the exterior from all workplaces. As noted by Pilbrow (2005b), 

office buildings in the City of London built in the 1960s have 6-8m floor depths. This was due to the 

size of lots available in this old city centre and the complexity of joining smaller lots together, 

combined with the absence of a specific demand for larger floor plates. 

Considering the fact that offices are permitted to have shallow floors and that the maximum depth for 

an apartment is 10m, floors of the same size can be used for apartments or hotels in addition to being 

suitable for most types of office organisation. However, in addition to the spatial requirements for 

building function, there are also other important design aspects that determine whether a building can 

be converted from one function to another. These are; the minimum requirements for fire escape 
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routes, structural floor live loads, the requirements for staircases and lifts, and the fire rating for the 

building’s structure. These requirements, in addition to floor height and floor size, have to be 

investigated before deciding which functions should be considered when creating a tall building ’s 

shape and layout.  

Considering the lift arrangement, building functions that are dissimilar require a variety of lift capacity 

requirements. This is due to the disparity in the number of occupants per floor, and to differing 

expectations in relation to trip time and waiting time (Yeang, 1996). However, a building can be 

designed in a way that will allow for the addition of lifts in the future.  

An example of a building that was designed to allow the addition of new lift shafts when the need 

arose, is the BlueCross BlueShield building in Chicago. This building was initially completed as a 32 

storey tower, but, due to favourable market conditions, it was built up a further 25 storeys. In this 

project, atria were used to provide space for the future addition of additional lifts (Binder, 2008). 

Another option is to use demountable floors. Yeang (2008) noted that such floors were proposed in 

the 26 storey EDITT tower (Figure 7.10). This building was designed to house exhibitions but could be 

easily converted to offices or apartments, due to the use of removable floors and partitions.  

 

Figure 7.10 EDITT Tower 

Copyright T. R. Hamzah & Yeang Sdn. Bhd. (2012). 

(Hamzah & Yeang) 

 

In relation to structural loads, according to the standards used in New Zealand, for an apartment floor 

the minimum live load that the floor should be designed for is 1.5kPa/m
2
. In the case of offices, the 

minimum load is 3.0kPa/m
2
. Other functions can have higher requirements, for example, the live load 
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for shops is 5.0kPa/m
2 

("AS/NZS 1170.1:2002"). Grohmann and Kloft (2003) advised that premium 

office space should be designed for 5kN/m
2
, to allow high flexibility of space use.  

The load requirements directly relate to the use of structural materials and embodied energy. To allow 

for any future change of use, a building might need to be overdesigned. For example, a tall building 

initially designed for residential units, would have to have an overdesigned structure to allow for future 

conversion to offices, which have higher live loads requirements. The overdesign would result in 

higher embodied energy and higher capital cost of the building. 

Fire design requirement differences for different functions are described in the next section. 

7.2.1. Design Considerations for Tall Building Function  

It is important to design a tall building that can be easily converted to house alternative functions. As 

different functions have different design requirements, these requirements have to be investigated in 

order for a decision to be made as to which of the functions should be considered when creating the 

shape and layout of a tall building. 

The design considerations for investigating alternative building function options are presented below.  

 the floor to floor height needs to be determined before creating the building shape  

 the floor to floor height has to include space for services and structure 

 the minimum floor to window head height for a floor that can be used for residential, 

hotel and office function is 3.0m for a 10m deep floor, in NZ conditions 

 for a standard floor structure, with a maximum 10m span, the total thickness can be 

assumed at 0.5m at concept design stage 

 space height for mechanical ventilation, in a building with mixed mode ventilation, can 

be assumed at 0.2m 

 radiant cooling and heating systems require the least space, are more energy 

efficient than other systems, and  can be embedded in a floor 

 at above 3.5m floor to floor height, conversion between residential, hotel and office functions 

is relatively straightforward 

 the floor depth should allow for conversion between functions 

 the maximum depth to allow for natural ventilation to apartment rooms and sufficient 

daylight is 10m and, for a habitable room, is 6m, for NZ conditions 

 a 7m floor depth can serve most office organisations 

 larger floor plates are required for large office organisations, e.g. 2,000-3,000m
2 

for 

the financial sector. 
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 most office organisations, apartments and hotels can use the same floor plate size 

 functions that require larger spaces and have higher loads can be placed at lower levels 

 atria and removable partitions and floors can be used to allow for the future addition of 

staircases and lifts. 

As the floors for different functions have dissimilar load requirements, an initial structural overdesign 

of the floors may be required. Before designing a tall building, it must be decided whether an 

overdesign is acceptable when considering the use of additional materials. This decision affects the 

selecting of functions that the designed tower floors should be able to accommodate.  

 minimum structural live load for apartments is 1.5kPa, for offices it is 3.0kPa (New Zealand) 

 for office space with maximum flexibility of use the live load is 5.0kPa 

 fire design requirements are described in the next section. 

7.3. FIRE DESIGN REQUIREMENTS 

When designing a tall building’s shape, fire design requirements have to be investigated before it is 

decided which building functions to consider. Based on the fire code analysis, the requirements that 

have be taken into account are: the maximum fire escape route length, the minimum number of 

escape routes from a floor, fire design requirements related to staircases and lifts, and the structure’s 

minimum fire rating (C1, C2, C3, C4 Fire Safety). 

The maximum fire escape route length and the minimum number of escape routes from a building’s 

floor affect how many staircases are required and their position within a tall building. Additionally, 

staircases are part of service cores, and service core positions affect building operational energy use. 

For the same floor plate size, different building functions require a different number of fire escape 

staircases in a different arrangement (C1, C2, C3, C4 Fire Safety). 

A tall building’s shape is also affected by the minimum fire protection distance between the building’s 

exterior walls and the building’s site boundaries. This minimum distance was created to protect 

neighbouring properties from the spread of fire and relates to walls which are not fire-rated (C1, C2, 

C3, C4 Fire Safety). 

In this section, fire safety requirements that can affect a tall building ’s shape are analysed. The 

analysed fire safety requirements are based on the New Zealand Building Code. However, as 

Klingsch (2003) noted, the main rules for fire codes are similar in all countries. 

This section analysis is used in Chapter 8 which describes the designing of a tall building on an 

Auckland CBD site. 
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7.3.1. Minimum Distance from Site Boundary 

The offsetting of exterior walls from site boundaries, due to fire regulations, enables unrestricted use 

of glazing and consequently a higher building use flexibility. Additionally, walls that do not have to be 

fire-rated may require less material for their construction and, consequently, these walls can have 

lower embodied energy. 

In the NZBC, the minimum wall offset from a boundary depends on how a building is divided into ‘fire 

cells’*, the ‘fire hazard category’ (the risk of fire) for function that a ‘fire cell’ contains and the 

proportion of wall that is not fire-rated  (C1, C2, C3, C4 Fire Safety).  

* A ‘fire cell’ is a part of building separated from the rest of building by continuous fire-rated partitions. 

In a tall building, generally, each floor is a separate fire cell and floor slabs constitute fire-rated 

separations. In case of tall buildings with atria, a fire cell contains all floors, which are connected 

through an atrium. 

Below, way in which the minimum wall offset was established is described for the design example 

presented in Chapter 8. In this example, each floor has a 3.5m high, non fire-rated, wall. The 3.5m 

height was selected to allow cross ventilation for an approximately 17m wide floor (Section 3.1.1).  

The NZBC method used for determining the minimum distance is called ‘enclosing rectangles’. An 

‘enclosing rectangle’ for an exterior wall includes all not fire-rated areas of the wall. The ‘enclosing 

rectangle’ for the considered wall is shown in Figure 7.11. 

A Table 7.2 in the NZBC’s ‘acceptable solutions’ allows for the establishing of the distance from the 

boundary, based on the width and height of ‘enclosing rectangle’ and ‘fire hazard category’ (FHC) for 

the considered ‘fire cell’ (C1, C2, C3, C4 Fire Safety). As this section, Table 7.1, shows, the highest 

‘fire hazard category’ for primary functions is 2. A tall building wall length for the initial concept design 

is assumed to be more than 20m and the ‘enclosing rectangle’ height is 3.5m (Figure 7.11).  

 

Figure 7.11 Enclosing rectangle for an exterior wall of floor, which is a separate ‘fire cell’ 
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From table 7.2 (NZBC), for FHC 2, and ‘enclosing rectangle’ height of 3.0m and width of more than 

20m, the minimum distance from the  boundary for 100% of unprotected wall is 6m. For the rectangle 

height 4.0m, the minimum distance is 9m. Through interpolation, the minimum distance for 3.5m wall 

height is 7.5m. Table 7.2 does not specify the distance for the exact 3.5m rectangle height. 

The distance can be further reduced by 30% to 5.25m, as a tall building has to have sprinklers, as is 

noted in Table 7.1 (this section).  

 

 

 

 

 

 

 

 

 

 

7.3.2. Fire Escape Route Length  

The fire escape route length from the most distant place on a floor to a ‘safe place’ (staircase or 

refuge area) depends on the floor function and fire safety systems installed in a building. The required 

fire safety systems which must be installed in a building, depend on building function, fire hazard 

category (FHC) and the maximum number of occupants on a floor.  

Through the analysis of NZBC ‘acceptable solutions’, a table which shows the fire systems required in 

tall buildings, was created (Table 7.1) (C1, C2, C3, C4 Fire Safety). This table shows the 

requirements for the office, residential, hotel, educational, retail functions and a central services plant 

floors. The requirements are for buildings that have floors 58m above the ground (above 16 storeys at 

3.5m floor height).  In such tall buildings, floors below 58m must have the same fire systems as the 

higher floors (point 4.5.13 of C1,2,3,4 ‘acceptable solution’) (C1, C2, C3, C4 Fire Safety). 

When fire safety precautions are established, escape route lengths can be determined. The estimated 

escape lengths are presented in Table 7.2. As the table shows, for example, a large office tower may 

require fewer staircases than, for example, a hotel due to the different fire escape route lengths. 
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Table 7.1 Fire Hazard Category, Fire safety precautions and F fire rating for different factions 

Based on Compliance Document Clauses C1, C2, C3, C4 Fire Safety Table 2.1 and 4.1 (C1, C2, C3, C4 Fire 

Safety) 

 

Table 7.2 Estimated fire egress routes for proposed functions 

Based on Compliance Document Clauses C1, C2, C3, C4 Fire Safety Table 3.3 (C1, C2, C3, C4 Fire Safety) 

 

Type of Function
Fire Hazard

Category
Fire safety precautions F fire rating

Difference from

office function

Office (WL) 2 7 9 13 15 16 18 19 20 F90

Hotel (SA) 1
7e 8 9 13 15 16 17 18 20

(max 40 occupants per firecell)
F60

(+)8, lower fire

rating

Apartments (SR) 1
7e 13 15 16 18 20

(max 40 occupants per firecell)
F60 

(-)9, 19, lower

fire rating

Retail, Exhibition, Trade (CM) 2 7 9 13 15 16 17 18 19 20 F90 (+)17

Education  (CS/CL) 2 7 9 13 15 16 17 18 19 20 F90 (+)17

Service rooms (ID) 3 F90 or F60

Staircases (IE) 1 F90 or F60

7e  - Automatic fire sprinkler system with modified smoke/heat detection and manual call points.

7  - Automatic fire sprinkler system with smoke detectors and manual call points.

8 -  Voice communication system. 16 - Visibility in escape routes.

9  - Smoke control in air handling system. 17 - Emergency electrical power supply.

13 -  Pressurisation of safe paths. 18 - Fire hydrant system.

15 -  Fire Service lift control. 19 - Refuge areas. 20 - Fire systems centre.

F fire rating - required to determine fire rating of building elements

(ID) - central plant rooms  with equipment using solid-fuel, gas or petroleum products.                           

For (ID) and (IE) - F fire rating of partitions to match rating of adjacent fire cells.

Type of Function

dead 

open 

path

total 

open 

path

protected 

path

heat 

detectors 

sprinklers 

(7)

smoke 

detectors 

(7)

total 

maximum  

(3.5.6)

dead 

open 

path

total 

open 

path

protected 

path

Office (WL) 24 60 60 20% 100% 100% 300.0% 72 180 180

Hotel (SA) 18 45 45 10% 50% 50% 200.0% 36 90 90

Apartments (SR) 24 60 60 10% 50% 50% 200.0% 48 120 120

Retail, Trade 

(CM) 18 45 45 20% 100% 100% 300.0% 54 135 135

Education  

(CS/CL) 18 45 45 20% 100% 100% 300.0% 54 135 135

Service rooms 

(ID) 36 90 90 20% 100% 100% 300.0% 108 270 270

open path is a part of escape route unprotected from fire and smoke, it includes dead end path

dead open path is a escape path from a part of a building, where escape is only possible by one route

protected path is protected from the effects of smoke

the total maximum extension for egress routes is limited by clause 3.5.6 of the NZBC clause C 'acceptable solution'

escape distances [m]

allowed extensions due to use of 

fire systems

adjusted escape distances 

due to use of fire safety 

systems [m]
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7.3.3. Fire Escape Staircases 

When creating a tall building layout, it is very important to determine the minimum number of 

staircases that are required. This number, apart from the maximum fire egress route length, depends 

on the minimum required number of egress routes and the egress route width. Table 7.3, which is 

based on the NZBC, shows the requirements for those elements (C1, C2, C3, C4 Fire Safety).  

Table 7.3 shows that offices and apartments each require a different number of escape routes and 

that the number of escape routes depends on the floor’s occupancy (size). The staircases and their 

configurations affect the tall building service core’s position. However, different functions can require 

different staircases arrangements. For example, for the sample Auckland CBD site used in Chapter 8, 

the maximum floor size is 3685m
2
. Such a floor, when used for an office, would require a minimum of 

three staircases but if the floor were to be used as an exhibition space, it would require a minimum of 

16 staircases (Table 7.4).  

When a tall building is in the process of being designed, it has to be decided which functions should 

be considered when designing the building shape. Then, if required, plans should be made as to 

where additional staircases could be provided for the building in the future and the building has to be 

designed in such a way that would allow the staircases straightforward addition.  

Figure 7.12 shows an example of scissor (double) staircases arrangements, for the floor area and 

functions from Table 7.4.  

 

 

Table 7.3 Required number of escape routes and their width for the analysed functions 

Based on Compliance Document Clauses C1, C2, C3, C4 Fire Safety Table 2.2, 3.1 and 3.2 (C1, C2, C3, C4 Fire 

Safety) 

 

Function Type

minimum 

staircase 

width 

minimum escape

width per person

for staircase

occupancy density

[occupants per

square meter]

up to 500

occupants

up to 1000

occupants

up to 2000

occupants

Office (WL) 2 3 4 1.0m 9mm 0.1

Hotel (SA) 2 for 100 beds +1 for every 100 above 1.0m 9mm

Apartments (SR) 2 for 100 beds +1 for every 100 above 1.0m 9mm

Retail (shops) (CM) 2 3 4 1.0m 9mm 0.3

Exhibitions (CM) 2 3 4 1.0m 9mm 0.7

Education  (CS/CL) 2 3 4 1.0m 9mm 0.5

Service rooms (ID) 2 3 4 1.0m 9mm

minimum number of escape routes

from a floor level per number of floor

occupants
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Table 7.4 Escape routes requirements for office and exhibition for the same floor area 

 

 

 

 

Figure 7.12 Staircases position for exhibition and office function for the same floor size 

7.3.4. Main Structural Elements - Fire Rating 

The minimum fire rating requirement for a tall building structure depends on the building function, its 

height, and on the glazing-to-wall area ratio. The NZBC specifies fire ratings as ‘S’ and ‘F’. The ‘F’ 

rating applies to structural elements within a ‘fire cell’ and to the walls and floors that separate the ‘fire 

cell’ from other ‘fire cells’. The ‘S’ rating applies to all structural elements in a tall building. When ‘F’ 

and ‘S’ ratings apply to the same building element, for example, a wall that carries loads from upper 

floors (‘S) separating two fire cells (‘F’), the higher rating must be applied (C1, C2, C3, C4 Fire 

Safety).   

The ‘S’ rating for a tall building is calculated according to the following equation: 

               (7.1) 

       for sprinkled fire cell 

     - time of fire exposure in minutes determined from a table in the acceptable solutions document. 

This value depends on the ratio of the exterior glazing area to the floor area in a fire cell: 

 
  

  
   where    – area of exterior openings and    - area of floor. 
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Figure 7.13 Different floor sizes for the sample site 

For the Auckland CBD site described in Subsection 7.1.1, the ‘S’ rating for three cases was calculated 

to check how the ‘S’ rating is affected by various floor plans. The cases were: an office with the 

largest possible floor size; an office with shallow 18m wide floor; and an apartment (each apartment 

unit must be a separate ‘fire cell’). The floor to floor height was assumed as 3.9m and the glazing to 

wall ratio was assumed at 50%. The cases are shown in Figure 7.13. The calculated ‘S’ fire rating is 

shown in Table 7.5. The calculations show that, regardless of floor size, the ‘F’ rating requirement 

(Table 7.1) is more stringent than the ‘S’ requirement. 

As Table 7.5 shows, the fire rating requirements for an office are higher than for an apartment. Since 

achieving the 90min fire rating requires the use of more construction materials than achieving a 60min 

fire rating, when designing a residential tower, a decision has to be made on whether the tower 

should be convertable into an office building. After making such a decision, a tall building’s shape and 

layout can be designed accordingly.  For example, floors could be made deeper to better suit possible 

future office use.  

Table 7.5 ‘S’ and ‘F’ fire rating for different floor sizes 

 

apartments, 

hotel office

service floors

w ith 

combustible fuel 

f ire cell area Av/Af FHC 1 FHC 2 FHC 3

office small 31+2*42= 115 432 0.27 30 45 S rating

office large 134*2+105*2= 478 3685 0.13 50 80

apartments, hotel 17 83 0.20 15

60 90 90 F rating

glazing area
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7.3.5. Design Considerations for Fire Design Requirements 

It is very important to design a tall building that can be converted for use in alternative functions. Fire 

design requirements affect a tall building’s shape and the floor configuration. These requirements also 

affect the selection of functions which are to be considered during the creation of a tall building’s 

shape and layout. 

When designing a tall building’s shape, the design considerations that relate to fire design 

requirements are as follows: 

Shape limitations and positioning on site: 

 the minimum offset from site boundaries, required by the local fire code, to allow 100% non- 

fire rated walls. 

The service cores’ positions and configuration are constrained by the following local fire code rules: 

 the maximum fire escape route length 

 the minimum number of staircases required 

 the minimum width of staircases. 

To establish the functions that should be considered during the creation of a tall building’s shape and 

layout, the following needs to be determined: 

 all the requirements noted above 

 the minimum fire rating for the main structural elements (superstructure, floors, service core).  

When creating a tall building’s shape and layout, the initial fire design assessment has to be 

competed at the early concept design stage. However, it is possible that the required number of 

staircases can be lower than the number required by a prescriptive local building code. For example, 

evacuation lifts can replace some staircases. To determine the final fire escape requirements, a 

detailed fire engineering analysis is required. 

7.4. CONCLUSION 

As this section analysis has shown, a tall building’s shape is constrained externally by land use rules, 

e.g. height control, and by the size of the minimum offset from the boundary that is required for fire 

protection.  

A tall building’s energy use, except for the building’s shape and layout design, is also affected by its 

position on site, due to shadowing from adjacent buildings. Additionally, a tall building can affect the 

energy use of other buildings’, through shadowing and its effects on urban ventilation. 
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To address the market demand changes during the life-span of a tall building, it is important to design 

buildings which can be converted for use for alternative functions. Such a design can be done 

relatively easily for office, residential and hotel functions. However, some functions’ requirements are 

incompatible, for example, apartments and shopping malls. It is not practical to design floors that 

could meet the requirements of both of these functions.  

As the analysis showed, when designing a tall residential building to allow for its future conversion to 

offices, its structure has to be overdesigned. The building structure design has to take into account 

higher office floor loads and the, possibly higher, fire rating requirements.    

This section shows that the service core’s position is not only affected by operational energy saving 

requirements and the building’s superstructure, but also by fire escape requirements. 

  



173 
 

8. SHAPE AND LAYOUT DESIGN PROCESS 

8.1 Design Process Steps 

This chapter describes the process for designing an energy-efficient tall building. The design process 

is additionally explained through a sample design for a tall building located on the Auckland CBD site. 

The process focuses on the building’s shape and layout. The design process combines the 

consideration sets for different aspects of the building’s design, which were described in previous 

chapters. The design process arranges the consideration sets in a specific order as consecutive 

design steps. The order of the steps is intended to maximise the focus on building energy efficiency 

and to reduce the amount of time required for design analysis, as is explained later in the process 

description. The steps for the design process are illustrated on the three pages pertaining to Table 8.1 

– 8.3. 

The process starts with the analysis of the spatial requirements for the operational energy saving 

design strategies (steps 1-5). These requirements, combined with the requirements of the initial 

function, allow for the determination of energy efficient floor plan from the outset of the design 

process. This floor plan is later ‘tested’ against other design requirements. 

The process (Table 8.1 – 8.3) starts with the investigation of whether the implementation of natural 

ventilation is constrained by local site conditions, such as: wind speed, temperature, noise and 

pollution (step 1). The investigation allows for the establishing of the maximum height above ground 

to which natural ventilation can be used. It also allows for establishing whether windows with either.  

wind shields, or, a double skin façade should be used because of high wind speed or exterior noise. 

Once it has been established as to whether, or not, natural ventilation can be used on a particular 

site, in step 2 the spatial requirements for natural ventilation and optimum daylight penetration are 

established. The design starts from these two aspects of design, because, in most climates, these two 

aspects have the highest impact on operational energy use. Additionally in the step 2, the (initial) 

building function is consider when establishing the minimum floor-to-floor height. The height that is 

required for the installation of HVAC services is considered, also. Based on the step 2 investigation, 

the necessary floor depth (width) and height in order to allow for natural ventilation and optimum 

daylight access is determined. 

The selection of the optimum floor shape and service core arrangement can further decrease 

operational energy use. In step 3, the optimum layout required for solar exposure is investigated. First 

the optimum orientation of long walls is defined. Generally, it is anticipated that, for a naturally 

ventilated building with optimum daylight access with a large floor plate, a floor layout with optimum 

proportions for solar exposure will not be achieved. The reason for this is that cross ventilation and 

optimum daylight require narrow floors, which, when combined with large floor areas results in long 

narrow buildings. For that reason, an investigation of the optimum floor proportions for solar exposure 
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may not be required. An investigation of the optimum floor proportions may require a time consuming 

parametric study using building energy simulation software.  

Once the basic layout is established and investigated, service core positions that are the optimum for 

the building’s solar exposure, can be determined; this is step 4. Based on the information gleaned in 

steps 1-4, a layout, which is the optimum floor plan for operational energy use is created in step 5.  

In the next step, step 6, the building shape is created. The shape is created to contain the maximum 

gross floor area. In step 7, this shape is tested for compliance with planning rules and for the 

boundary offset requirements for fire safety and, if necessary, modifications are made.  

In steps 8 and 9, the shape structure and embodied energy is analysed. First in step 8, an 

investigation is undertaken to establish whether the shape created in step 7 is structurally feasible. In 

step 9, for the shape created, it is assessed as to whether the, potentially higher, amount of embodied 

energy due to the materials used for the structure and the exterior elevation, can be offset by 

operational energy savings, when compared to a tall building of the same height with a shape that is 

optimal for materials use. Additionally, in step 10, aerodynamic shape modifications are investigated.  

In the next series of steps, the design requirements for the building’s various functions are 

investigated. It is assessed, which functions requirements can be considered when designing the 

building.   

First, in step 11, it is checked what is the acceptable level of live floor loads that would meet the 

requirements of the possible alternative functions for the proposed building. If it is considered that a 

function has a floor load that is too high, then this function is rejected and is not considered in the 

following steps. High floor loads would require the use of additional structural materials to strengthen 

the building with a consequent increase in the embodied energy of the building’s structure.  

In step 12, the structural fire rating requirements for any alternative building functions, apart from 

those rejected in step 11, are checked. If the fire rating requirements of a certain function are 

considered to be too complex to achieve, then the function is rejected and is not considered in the 

next step of the analysis. In general, a high fire rating for a structure requires the use of additional 

materials (e.g. concrete floors have to be thicker), which results in a higher embodied energy level for 

fire rated structural elements. 

Step 13 investigates whether the floor to floor height and floor plate arrangement for the alternative 

building functions, that have not previously been rejected in steps 11 and 12, can be accommodated 

by the floor design created in step 10. Functions that would require the substantial spatial remodelling 

of the floor design are rejected.  

In step 14, an analysis is made as to whether the arrangement for the service core allows for the 

installation of code required fire exit staircases for the functions that have not already been rejected in 

steps 11-13. Step 15 provides an initial check of the lift arrangements for the finally selected 
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alternative functions in step 14. Consequently, in step 16 the shape is modified to meet those building 

functions that do have requirements that are acceptable and feasible. 

When the shape is completed (step 16), it is further assessed using building energy simulation 

software. The first assessment (A1) investigates whether or not the potential operational energy 

savings that result from the shape adjustments that have been made in order to meet the 

requirements for passive design strategies will offset the additional embodied energy (construction 

materials' usage) resulting from the shape adjustment. The additional embodied energy is calculated 

by comparing the embodied energy of the shape that is optimal for operational energy usage to the 

embodied energy of the shape that is optimal for material usage. The compared shapes have the 

same height. This assessment includes establishing the position of the building on the site that would 

be the most advantageous for its operational energy use (Subsection 10.1). 

A second assessment (A2) investigates how operational energy could be affected by making the 

building shape more aerodynamic (step 10). Operational energy demands for the shape, with and 

without aerodynamic treatment, are simulated and compared. In the event that the operational energy 

demand following aerodynamic modification is at a higher level than prior to its modification, the 

increase is compared to the embodied energy decrease resulting from the shape’s aerodynamic 

modifications.  

Table 8.1 – 8.3 also indicate that, if required, other assessments can be performed during the creation 

of the building’s shape (‘Other Assessments’ in the Table 8.1 – 8.3). For the sample Auckland 

building, an investigation was made of how rotating the building from its optimum position for solar 

exposure to a position perceived as desirable, from an urban design perspective, would affect the 

building operational energy use (Subchapter 10.3).  

The operational energy assessments are at the end of the first part of the design process (part a – 

‘Creating shape with energy optimum floor layout’). 

As Table 8.1 – 8.3 indicate, an investigation of the energy efficiency of other shape alternatives, with 

different heights, that could achieve the same urban density should be part of the design process 

(step 17-18 and assessments A3 and A4). Part (b) of the process, which in practice, is, a 

consideration of other building typology alternatives, deviates from the initial main focus of the thesis 

on design of tall building towards the finding of an energy optimum design for an urban block that 

could achieve the same high urban density. A high level of urban density is desirable, as, in this 

research, it is considered that high urban density is the main pragmatic reason why tall buildings are 

being built.  

In step 17, following the steps in the first part of the assessment (a), but without focusing on optimum 

solar exposure (step 3), optimum service core arrangement (step 4) and aerodynamic shape 

modifications (step 10), alternative shapes are created. Next, in assessment A3, for these shapes and 

the shape created with the inclusion of step 3 (i.e. including consideration of the optimum solar 
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exposure), the combined embodied and operational energies are compared. A sample of such an 

analysis is presented in Subchapter 10.4.  

In step 18, the shapes that have the lowest combined levels of embodied and operational energy are 

selected. For each selected shape, and the shape created with consideration for the optimum solar 

exposure (i.e. including step 3), various options with differing service core arrangements are created. 

In assessment A4, the combined operational and embodied energies of these shapes are estimated, 

as in assessment A3. 

Once the energy implications of the various shapes have been determined, in part (c) of the design 

process, step 19, the preferred shape is selected. In this assessment (step 19) the total energy 

requirements for the various chosen alternatives are weighed up against other aspects of 

development, such as creating public spaces in dense city centres. 

The final part (d) of the design process deals with the analysis of the shape that was selected in part 

(c). In step 20, the shape’s aerodynamic modifications are applied with the intention of reducing 

materials’ use for the building structure (and consequently, the building’s embodied energy). This step 

is followed by assessment A5 in which the changes in the building’s operational energy use, due to 

the modifications made in step 20, are simulated and compared to the potential reduction in embodied 

energy (this assessment is similar to assessment A2).  

Step 21 involves wind tunnel tests to assess the urban wind patterns that would result from the 

construction of the building created in step 20. The wind tunnel tests also assess whether the shape’s  

aerodynamic modifications can be justified by the wind load reductions resulting from these 

modifications. In step 22, based on the results of wind studies in step 21, the shape is modified. 

Following Table 8.1 – 8.3, some further design considerations are noted; although these have been 

included in the thesis, they were not considered as being critical for the creation of the shape; for 

example, the natural ventilation assessment for the proposed building using wind tunnel studies and 

computer CFD simulations. This was done to indicate that the design process for an energy efficient 

tall building should be extended beyond the initial shape selection.  

It is anticipated that the design process can proceed faster when starting from the operational energy 

optimum layout (steps 1-5) and then adjusting the initial design to suit other design requirements. 

Otherwise, if the design process were to start from a floor layout created with a focus on requirements 

other than those of energy efficiency, some of design aspect analyses might have to be repeated. For 

example, if an energy inefficient shape were to be checked for compliance with fire design 

requirements, and then the shape was modified following the assessment of passive design strategy 

requirements,  then the fire design analysis would have to be repeated. 

Again, consideration of planning rules and fire offset analysis are undertaken in step 7, before 

structural analysis (step 9), as the analysis in step 7 is generally simple and straightforward. During 

step 7, the shape is geometrically adjusted to comply with the rules. To the contrary, structural 
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analysis requires more effort, as it can involve preliminary calculations for the size of the main 

structural elements; these are necessary in order to estimate the amount of materials required for the 

building’s construction. The estimate of material usage is required for the calculation of embodied 

energy (step 9). If the structural/embodied energy analysis of the shape (step 9) were to be 

undertaken prior to the checking of planning rules (step 7) and, if the already structurally analysed 

shape did not comply with the planning rules, then the time consuming structural analysis would have 

to be repeated.  

The structural analysis (steps 8-9) comes before the investigation of spatial requirements of 

alternative building functions. Consequently, only a structurally feasible shape and layout are 

considered when alternative functions are being investigated. If the spatial requirements of alternative 

building functions were to be investigated before the consideration of the structural feasibility of the 

shape and its embodied energy and the shape was not structurally feasible and required change, then 

the analysis of the alternative function spatial requirements would have to be repeated. 

As the requirements for fire rating (step 12) and egress routes (step 14) depend on building height 

and floor plate size, these are investigated after the height and floor size have been established in 

steps S6, S7, S8, S9. 

When the alternative building function design aspects requirements are investigated in steps 11- 15, 

first, in step 11, acceptable live loads are checked. This is a straightforward check which requires little 

time to complete. The values for live loads for different building functions are provided in the building 

standards. By starting with the simple live load check (step 11) prior to the investigation of the 

requirements for fire-rating, allows for the elimination of some of the possible building functions. In 

general, the investigation of fire rating requirements (step 12),is more complex than establishing live 

floor loads (step 11).  

When considering step 13, a detailed investigation of floor to floor height is undertaken after steps 11 

and 12, to avoid the consideration of functions that unacceptable because of the load and fire rating 

requirements. 

Following the investigation in step 14 relating to the establishment of the possible alternative functions 

for which a building shape and layout would be able to cater, it is investigated if the service core 

arrangement meets the building code requirements for fire escape routes. This step requires a more 

complex investigation than the assessments for; structural live loads (step 11), fire partitions rating 

(step 12) and the analysis of floor and layout spatial requirements for different functions (step 13). By 

going through steps 11-13, first, allows for a reduction in the time required for the analyses, as there 

are fewer functions that need to be investigated when considering fire escape routes (step 14).  

In step 15, the lift arrangements for the functions accepted in steps 11-14, are investigated. Lifts are 

generally positioned within service cores. Service core positions are determined through the 

consideration of operational energy efficiency (step 4), structural requirements (step 9), and safe 

evacuation (step 14). If this step was completed, for example, before step 14, and, in cases where the 
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arrangement of  service cores needed to be adjusted as a result of step 14 analysis, the arrangement 

of the lifts would have to be once more rethought.  

The final, most time consuming, assessment that requires running of computer building energy 

simulations, is undertaken following the completion of steps from 1 to 16.  

The number of steps used in the proposed design process is arbitrary. For example, step 2 could be 

divided into four steps: (1) daylight requirements check, (2) natural ventilation requirements check, (3) 

investigation of floor to floor height for the ‘initial’ building function, and (4), investigation of the floor 

height required to accommodate building services. 

Similarly, the step 7 investigation could be divided into two steps, one for the district plan rules check 

and the other for the fire protection offset check. Step 13, in which the alternative functions’ spatial 

requirements are assessed, could also be divided into two; one step for the floor plate area check, 

and the other for the investigation of the minimum required floor to floor height. 

In the following subsections, the process use is further explained in relation to a sample design of tall 

office building on an Auckland CBD site (Figure 7.3). The selected Auckland CBD site was described 

in Subsection 7.1.1. Assessments that include the use of building energy simulation software for the 

sample design of tall building at an Auckland CBD site are described in Chapter 10. 
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Table 8.1 Design process steps part 1 
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Table 8.2 Design process steps part 2 
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Table 8.3 Design process steps part 3 
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8.2 Step 1 Local Environment Conditions 

Following the design consideration set, outlined in Subsection 3.1.1, the relation between local wind 

speeds and temperatures was first investigated to find out at what height above ground natural 

ventilation could be used. For this investigation, the weather data for Auckland Airport (IWEC) was 

used. Although this weather data does not represent the exact weather conditions at the investigated 

CBD site (Figure 8.1), the airport weather station is the closest available long-run weather station to 

the Auckland CBD. Section 9.2 provides some information concerning the limitations of the accuracy 

of weather data files. 

 

Figure 8.1 Site location in Auckland CBD 

Map adapted from Google maps 

A weather data file contains hourly wind speeds, temperatures, humidity and solar radiation levels 

and other weather parameters (EnergyPlus Weather Data). The file can be read and analysed in 

computer spreadsheet applications. 

For this study, EnergyPlus software was used to investigate the information contained in the weather 

file. In order to enable the calculation of height-related wind and temperature changes, a geometrical 

model of a generic 200m high tower with 4m high floors was created. The model was used by the 

software to calculate the wind speed and exterior temperatures at each floor level for each hour in the 

year. The simulation model is shown in Figure 8.2. 

EnergyPlus (2010) calculates wind speeds and temperature changes with height according to 2005 

ASHRAE Handbook Fundamentals. The equation for calculating wind speed change with height is 

described in Section 11.8. 
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Figure 8.2 Model for analysis of relation between height, and temperature and wind speed  

 

Figure 8.3 Auckland wind rose for full year 

The wind rose was created with Climate Consultant 5.0, using IWEC weather data for Auckland airport and was 

modified in PhotoShop (EnergyPlus Weather Data; Liggett, Milne, Benson, & Bhattacharya, 2010) 

For this section investigation, EnergyPlus calculations were done for an urban site and for an ‘open 

terrain site. Open terrain conditions were investigated because the selected CBD site (Figure 8.1) is 

close to the Auckland harbour, although, there is a low probability that the highest wind speeds on the 

site would be as high as in open terrain. This is because most of the high wind speeds on the 
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investigated site come from highly urbanised west or southerly directions, not from the harbour 

(Figure 8.3). 

The EnergyPlus wind speed profile coefficients used were ‘city’ and ‘country’. These coefficients are 

variables used in the EnergyPlus equation for wind speed calculation (Section 11.8) ("EnergyPlus", 

2010). 

Using EnergyPlus, for each floor, the number of hours of office operation when the wind speed is 

above 8m/s or 15m/s was calculated. Additionally, the number of hours when exterior temperatures 

are below 5°C and above 26°C was also calculated (Subsection 3.1.1). 

The calculated numbers of hours were converted to percentages of office operation hours per year. 

The results of the weather file analysis are shown on Figures 8.4 - 8.6. 

 

Figure 8.4 Yearly wind speed analysis for an Auckland CBD urban site 

Based on IWEC weather data (Auckland airport weather station) (EnergyPlus Weather Data)  

 

 

Figure 8.5 Yearly wind speed analysis for Auckland open terrain 

Based on IWEC weather data (Auckland airport weather station) (EnergyPlus Weather Data)  
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Figure 8.6 Yearly Auckland temperature analysis for 5-26°C temperature band 

Based on IWEC weather data (Auckland airport weather station) (EnergyPlus Weather Data)  

The results of the wind speed and temperature analysis (Figure 8.4 - 8.6) showed that for the worst 

case scenario, at 198m, that natural ventilation could be used, without the need to protect window 

openings, for more than 43% of the time during which an office operates. This is above the 30% 

suggested in (Gonc alves & Umakoshi, 2010). Below 30%, full mechanical ventilation is considered to 

be more suitable than mixed mode ventilation (Subsection 3.1.1). Considering wind speeds, the lower 

levels of a building could be naturally ventilated all the time, without window protection. Higher levels 

could be naturally ventilated almost all of the time, when, either, the appropriate type of double skin 

facade would be used, or, the windows would have wind shields.  

In this analysis, the temperature and wind were analysed separately to account for the scenario in 

which high wind speeds and adverse exterior temperatures occur at separate times. For the Auckland 

CBD site analysed, the combined time for when natural ventilation cannot be used due to wind 

speeds or adverse temperatures, constitutes a small fraction of the office operation hours for all the 

floor levels that were analysed. Even for the worst wind speed scenario, for ‘open terrain’, if the 

exterior openings were protected by a double skin facade or wind shields, natural ventilation could be 

used most of the time for all levels (Figure 8.5).  

Following Subsection 3.1.1, design considerations, the height (1) above which wind speed is higher 

than 8m/s and the height (2) above which wind speed is higher than 15m/s, for more than 70% of the  

time when a building operates, are above the analysed 200m height. The site’s climatic conditions 

appear to allow for the implementation of a mixed mode ventilation system, even without the 

additional wind protection for openings. However, for higher levels floors, the protection of openings 

(e.g. through use of a double skin façade) could provide energy savings that could offset the 

additional embodied energy of the windows’ protection system.  

At the developed design stage, an assessment would need to be made as to whether the potential 

operational energy savings that could be made due to the extension of the time when natural 

ventilation could be used, would offset the additional embodied energy of elevations. Such 
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assessment could be done using building operational energy simulation software and the databases 

pertaining to the embodied energy of materials. 

Following Subsection 3.1.1, the next design considerations for natural ventilation would be noise and 

pollution levels. Subsection 3.1.1 refers to the town noise map for initial information about site noise 

levels. Such a map could not be found for the Auckland CBD. In the case of the sample project, as 

the noise data for the site was not available, it was assumed that air pollution and noise do not 

prevent natural ventilation, and that a double skin facade would not be required to mitigate noise 

levels. A site visit provided some confirmation that such an assumption could be correct, as many new 

residential buildings adjacent to main roads in Auckland CBD rely on natural ventilation. However, to 

confirm such an assumption for a busy part of town, the measurement of site noise levels is 

necessary. 

When designing an energy-efficient tall building, future climate change should be considered. For 

New Zealand’s climate, it is estimated that temperatures could be 0.9°C higher by 2040 and 2.1°C by 

2090 (NIWA). The temperature increases could result in the increased overheating of buildings in 

summer and the decreased underheating of buildings in winter. As a result, more energy may be 

required for the cooling of a building. Consequently, buildings in Auckland that are constructed to last 

for a long time should be designed in a way that would allow them to minimise future overheating.  

For the sample Auckland CBD site, the way in which exterior temperature increase could affect 

natural ventilation was analysed. The assessment was done for the worst-case scenario, for a 4°C 

average temperature increase. It was assumed that a 2°C increase would be due to climate change. 

An additional 2°C degree increase would be due to the urban heat effect. The 2°C degree increase 

due to the urban heat island effect was based on studies of urban heat island intensity (UHII) 

undertaken by Memon, Leung and Liu (2009). For Hong Kong, the assumption was based on UHII, 

and the data for other cities was presented in the Memon et al. (2009) article. Studies could not be 

found for the heat island effect in Auckland. 

Using the same method as previously, information contained in the weather file was investigated. To 

account for the assumed 4°C degree temperature increase, the minimum temperature when natural 

ventilation could be used was set at 1°C and the maximum temperature at 22°C. This follows the 

simplest imposed offset method for future weather data creation, described in Lisa Guan ’s (2009) 

article. 

The results (Figure 8.7) indicated that the temperature increase would not significantly affect natural 

ventilation use.  

This analysis assumed that temperatures would increase evenly throughout the year. However, an 

alternative distribution of temperature increase is possible (Guan, 2009). 
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Figure 8.7 Yearly Auckland temperature analysis for 1-22°C temperature band 

Based on IWEC weather data (Auckland airport weather station) (EnergyPlus Weather Data)  

8.3 Step 2-5 Passive Design Strategies 

In step two, the floor height and depth for the first (initial) building function were established. The floor 

height and depth has to allow for natural ventilation and optimum daylight penetration. The following 

description of the height and floor depth investigation follows design considerations outlined in 

Subsections 3.1.1 and 3.2.1. The established floor dimensions are shown on Figure 8.8. 

The initial function for the sample tall building was that of an office. Deeper and, consequently, larger 

floors are suitable for a greater number of types of office organisation than are shallow and, 

consequently, smaller floors. However, the floor depth is constrained by the conservative 6.5m          

(maximum distance of workstations from windows) that is, required to allow for the supply of fresh air 

(Menera UMNO) from - design consideration in Subsection 3.1.1).  

Spatial investigations of a variety of office arrangements showed that, for a 17m wide floor, 

workstations would be approximately no further than 6.5m away from the windows. The 17m floor 

width would allow for a floor plate size that would be suitable for most office organisations. 

As natural cross ventilation requires the floor width to be a maximum of five times that of  the window 

head height (Etheridge & Ford, 2008), a 17m wide floor requires window heads to be at minimum of 

3.4m above the floor (design considerations in Subsection 3.1.1). 

A design consideration in Subsection 3.2.1 states that, for adequate daylight to access, the floor 

depth should be a maximum of twice the window head height (G7 Natural Light). At a 3.4m window 

head height, adequate daylight can be accessed from a distance of up to 6.8m from the windows. 

However, use of daylight devices, such as blinds with variable angles, laser cut panels or light pipes 

can bring the daylight deeper inside. 
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As described above, spatial investigations show that a 17m wide floor, with window heads at 3.4m, 

could be naturally ventilated and have acceptable daylight penetration. At the same time, the floor 

height and width dimensions would be acceptable for most types of office organisation (Figure 8.8). 

 

Figure 8.8 Initial floor depth and height set up 

In step three the optimum floor layout was investigated, taking into consideration the operational 

energy use. This energy use depends on local climatic conditions and the latitude of the location.   

Auckland is at a latitude of 37° S and has a sub-tropical climate with warm humid summers and mild 

winters. In Auckland, typical summer daytime maximum air temperatures range from 22°C to 26°C, 

but rarely exceed 30°C. In winter, daytime maximum air temperatures range from 12°C to 17°C (MFE, 

2008).     

Following the Subsection 3.3.5 design considerations, in Auckland’s climate, a building with a 

rectangular floor plan that has longer walls facing north and south should achieve the optimum solar 

exposure. As Auckland’s climatic conditions are somewhere between tropical and temperate, the 

optimum proportions of the rectangle are within 1:1.6 to 1:3 (Subsection  3.3.5).  

The optimum rectangular proportions for Auckland can be determined through parametric studies, 

using building energy simulation software. However, natural ventilation, daylight access and other 

design aspect requirements can predetermine the optimum floor plan proportions. The following 

design steps will show whether the analysis to find the optimum floor plan proportions are required for 

this specific design. 

A rectangular floor plan in the optimum position is slightly rotated from the east-west direction 

(Subsection 3.3.5). To establish the optimum angle for this rotation for the Auckland climate, the 

Ecotect Weather Tool application was used. Two cases were analysed to account for the different 
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cooling and heating requirements for the various building functions. In the first case, it was assumed 

that throughout the whole year solar heat gains will add to overheating. This assumption was for 

building functions that require cooling through the whole of the year. For the second case, it was 

assumed that the overheating period would be from December to March and that the underheating 

period would be from June to September. Such assumptions were made since, in Auckland’s climate, 

office buildings have predominant cooling loads and residential buildings require heating in summer 

and cooling in winter (Bannister, Guan, & Page, 1997). 

The Ecotect analysis showed that, for the first case, the optimum floor plan orientation was 7.5 

degrees from north to east (Figure 8.9A). For the second, it was 10 degrees from north to east (Figure 

8.9B). As the initial function for which the building was designed was the provision of offices and the 

difference between optimum orientations for investigated cases was small, the 7.5 degree from north 

to east orientation was assumed as the optimum for this particular design.  

A  B  

overheating: all months overheating: December-March 

underheating: June-September 

Figure 8.9 Optimum position for building with rectangle floor plan established using Ecotect 

In step four, the optimum service core position was established. Following the design considerations 

from Subsection 3.3.5, for the Auckland climate and a latitude of (37°S), two service cores, one on the 

east side and the other on the west side, are the optimal solution when considering the building’s 

operational energy use. 

In step five, based on the previous steps, a repetitive floor, which would be optimal for operational 

energy efficiency, was created. The possible floor plans for the Auckland CBD climatic conditions are 

shown in Figure 8.10. As discussed in step three, the proportions of the rectangle were yet to be 

determined. The combined service core area was assumed to be 20% of the floor plate (Yeang, 

1996). 
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Figure 8.10 Layouts that could be optimal for operational energy use for Auckland CBD climate 

When designing an energy-efficient tall building, future climate change should be considered. As a tall 

building has to be usable for as long as possible, its design has to respond to climate change. 

When considering climate change, as described in step 1, exterior temperatures in Auckland CBD 

could increase by 4ºC. For such climatic conditions, allowing natural ventilation and daylight access 

would be as equally important as it is today. In the case of service core positions, the selected 

arrangement with service cores on east and west would protect from overheating and consequently it 

would also be the optimum arrangement after the climate change.  

Considering the proportions of the optimum rectangular floor, these would differ slightly in warmer 

climates. However, as discussed in step 3, other aspects of design can predetermine the optimum 

floor plan proportions and the following design steps show whether an analysis of optimum floor plan 

proportions would be required. 

8.4 Step 6-7 Shape Exterior Constrains 

In step six, building shapes were created using floor plan alternatives from Figure 8.10. The 

alternatives had the maximum number of floors for the allowed maximum gross floor to site area ratio 

in 6:1 (Subsection 7.1.1). The floor to floor height was assumed to be 3.9m. This allows for a floor 

structure that is 0.5m high in addition to the 3.4m floor to window head height established in step 2. 
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Figure 8.11 shows the alternative shapes and site constraints, the planning controls and the fire 

protection offset from the boundary. The planning constraints were established in Subsection 7.1.1. 

and the fire offset was established in Subsection 7.3.1. 

 

Figure 8.11 Shapes with optimum floor layouts and shape modified to comply with height controls 

In step seven, the shape was modified to comply with land use rules. The shape that had a 1:1.6 

rectangular floor did not comply with the maximum height control rule. This shape height was 

reduced. It was found that a shape that had a rectangular plan of proportions 1:2.8 could achieve the 

maximum height allowed for the site. This shape is shown in Figure 8.11. 

In steps six and seven, the aim of this design analysis was to strictly comply with the site planning 

rules. However, shapes that do not comply could be proposed if it could be proved that buildings with 

such shapes would meet the objectives of the local planning legislation. Table 8.4 shows the 

parameters of shapes investigated in steps 6-7.  

Table 8.4 Investigated shapes parameters 

 

  

site area: 6300

site area to gross 

f loor area ratio: 1:6

Rectangle 1:1.6 37800 17 27.5 466.7 81 93.3 3.90 315.9 18.6 1.6

Rectangle 1:3 37800 17 51.7 879.1 43 175.8 3.90 167.7 9.9 3.0

Rectangle 1:2.8 37800 17 48.3 821.7 46 164.3 3.90 179.4 10.6 2.8

Rectangle 1:3.4 37800 17 57.01 969.2 39 193.8 3.90 152.1 8.9 3.4

Rectangle 1:3.5 37800 17.03 60 1021.6 37 204.3 3.90 144.3 8.5 3.5

Square 37800 31.96 31.96 1021.6 37 204.3 3.90 144.3 4.5 1.0

Rounded Corners 37800 17.03 60 994.7 38 198.9 3.90 148.2 8.7
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8.5 Step 8-10 Building Structure and Embodied Energy  

In step eight, structural feasibility of shapes (rectangle 1:3 and 1:2.8) was assessed.  

Following embodied energy design considerations from Section 4.6, the maximum width to height 

ratio should be less than eight. For rectangle proportions of 1:3 and 1:2.8, the short wall to height ratio 

is significantly above eight (1:9.9 and 1:10.6 respectively). To decrease the ratio, the rectangular plan 

proportions were modified. The lowest possible ratio for a rectangular plan in the optimum site 

position (step 3) that could be achieved was 8.9. Such a ratio was for a rectangular floor plan with 

proportions of 1:3.4 (Figure 8.12).  

To further decrease the ratio, the building orientation was rotated from the optimum position (step 3) 

by 10°, towards east from north. After the rotation, the rectangular proportions were changed to 1:3.5, 

the maximum possible on the site. As a result, the shape’s height-to-width ratio decreased to 8.5 

(Figure 8.12).  

 

Figure 8.12 Width to height ratio investigation 

To check if embodied energy decrease due to the ratio reduction would justify possible increases in 

operational energy demand, building operational energy computer simulations were made for the 

shapes with rectangular proportions of 1:3.4 and 1:3.5. This assessment was made in Section 10.3. 

Table 8.4 is showing geometry parameters for investigated shapes in step eight.  

Step nine assessed whether the potential embodied energy increase due to shape modifications to 

improve building operational energy performance could be offset by the operational energy savings. 

Following design considerations in Subsection 4.6, it was expected that a diagrid structure would be 

the most material-efficient for a shape that was 37 stories high. However, for braced tube type, a 

simple estimate could be done using equations from Section 4.5. These equations were derived from 

Moon’s (2008) equations for the preliminary design. To reduce time required for calculations, in this 
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assessment, to estimate how structural materials use could increase as a result of shape 

modifications, a braced tube was considered instead of diagrid frame (Figure 8.13). The calculations 

were based on a superstructure weight calculated by Moon (2008) for Chicago conditions, for basic 

wind speed 40m/s (90mph), when basic wind speed for Auckland is 45m/s ("AS/NZS 1170.2:2002"). 

However regardless, it could be expected that the real superstructure embodied energy could be 

lower than this section estimates showed. It is because these calculations were done for a braced 

tube and a diagrid superstructure that could replace it could have lower embodied energy. Other 

superstructures than braced tube and diagrid frame could also be more materials-efficient for this 

particular shape height, proportions and service cores arrangement. 

Considering earthquake requirements, Auckland is in low risk earthquake area ("AS/NZS 

1170.5:2004"), for Chicago earthquake risk is minimum (Bungale, 1998). Based on information 

provided in  Bungale (1998), for such locations wind forces are dominant for seizing of lateral loads 

resisting structures. 

Below are calculations which were done to estimate the difference in structural materials use between 

a building with a square floor and a building that has a rectangular floor (1:3.5 sides proportions). 

Details for equations used in these calculations were described in Section 4.5. 

Materials use change for short wall 

(8.1) 

                                 
              

         
  

     
      

 
   

 
    

     
          

(8.2) 

                                          
              

        
 

     

 
           

55%*0.15 = 0.082 steel for columns    45%*1.88 = 0.85 steel for diagonals 

Total steel for short wall 0.082 +0.85 = 0.93 fraction of the wall for square shape 

Materials use change for long wall 

 (8.3) 

                                 
              

         
  

     
      

 
   

 
    

                

(8.4) 

                                        
              

        
 

     

 
         

55%*6.69 =3.68 steel for columns    45%*0.53 = 0.24 steel for diagonals 

Total long wall 3.68+0.24 = 3.92 times more than the wall for square shape 

The total materials use change 

Total steel use for tube in long rectangular shape: 3.92*2+0.93*2=9.7 
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Total steel use for tube in square shape: 4*1=4 

The rectangular floor plan could require approximately 2.4 times more steel for its exterior 

superstructure. 

 

Figure 8.13 Structural system investigations 

Table 8.5 Potential materials use increase for different floor proportions 

 

Following the analysis described in Subsection 4.5, the potential embodied energy increase due to 

shape modification was calculated and compared to the potential operational energy reduction (Table 

8.6). As Table 8.6 shows, the potential embodied energy expense could be much lower than the 

potential operational energy savings. Consequently, the shape should be modified to reduce the 

building’s operational energy demand. 

Table 8.6 Potential for embodied energy increase due to shape modifications 
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A more precise embodied energy calculation method than using the data derived from Treolar et al’s 

study (Section 4.5) would be to actually size the structure according to Moon’s formulae and calculate 

the materials’ requirements.   

Below is a comparison based on real operational energy use data for Auckland CBD office buildings 

and construction materials’ use estimates. 

The embodied energy of the exterior braced tubes that could support the assessed shape alternatives 

was estimated, based on the weight of structures calculated by Moon (2008). 

In Table 8.7, the weight of the structure for 32m x 32m square floor (Table 8.4) was derived from the 

weight for 36m x 36m floor from Moon’s (2008) article. This was done using equations from Section 

4.5. The increase of steel use for rectangular 1:3.5 was calculated using data from Table 8.6.  

The embodied energy of steel was assumed as 25.4MJ/kg, based on Hammond and Jones’s (2008) 

database for UK (Table 8.7). 

The embodied energy of elevations was derived from Treloar et al’s (2001) data for embodied energy 

of walls and windows for a 42 level tower in Melbourne. Ideally, data for the actual building façade 

should be used. However, at this early design stage, the design of the external facades has not yet 

been determined. 

The potential embodied energy increase (Table 8.8) was compared to the potential operational 

energy use decrease (Table 8.9). The operational energy use per square metre was based on the 

measured energy data for office buildings in the Auckland and Wellington CBD’s (PCNZ, 2000).  

As the calculations in Tables 8.8 and 8.9 show, the additional amount of embodied energy due to 

shape modification is substantially lower than the potential operational energy savings for the 37 

storey building, analysed.  

Table 8.7 Embodied energy for structural steel 

 
 

 

 

 

 

steel embodied energy 'from cradle to factory gate' [MJ/kg]

Hammond & Jones UK - steel   sections at 42.7% recycled steel content 25.4

Alcorn NZ - steel virgin 31.3

Alcorn NZ - recycled steel 8.6

Alcorn NZ -at 42.7% recycled content 21.6

42.7% recycled steel content  worldwide according to Hammond & Jones
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Table 8.8 Embodied energy estimate for superstructure and elevations 

 

 

Table 8.9 New Zealand office buildings operational energy use 

Based on data from Pedrini (2003) and Property Council of New Zealand (PCNZ, 2000) 

 

In these calculations, it was assumed that operational energy use could decrease by 28% due to 

natural ventilation and improved daylight penetration (Section 4.5). However, if these passive design 

strategies can provide the assumed 28% operational energy demand, the decrease could be only 

assessed through building energy simulations. Such simulations to support the design of the building 

investigated in this chapter are described in Section 10.1. 

The step nine investigation was further developed in Assessment 1 (Section 10.1). In this 

assessment, the operational energy of the building, before and after modification, was simulated. The 

savings in operational energy were compared to the embodied energy increase calculated in this 

section. 

gas 84.3 67.4 1 67

electricity 222.1 177.7 3 533

total >> 601 2162 43237 108092 216184

natural ventilation savings at 28% >> 12106 30266 60532

gas 42.1 33.7 1 34 50%  more efficient building

electricity 111.1 88.8 3 267

total >> 300 1081 21618 54046 108092

natural ventilation savings at 28% >> 6053 15133 30266

gas 42.1 33.7 1 34 50%  more efficient building

electricity 111.1 88.8 2 178 more efficient electricity generation

total >> 211 761 15221 38053 76107

natural ventilation savings at 28% >> 4262 10655 21310

office building operational energy based on data from Property Council of New Zealand

natural ventilation savings based on Pedrini study (for Brisbane) NLA - net lettable area

site to source energy conversion refer Chapter 11 GFA - gross floor area

per GFA  

NLA=80%GFA

site to 

source 

energy 

factor

source 

energy

after     

20 years

after    

50 years

after    

100 years

total 

source 

energy in 

MJ per 

year

operational 

energy kWh 

per  NLA 

per year

operational energy use [MJ]   

(building fully air conditioned)
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Figure 8.14 Shape aerodynamic modification to reduce wind loads 

In step 10, the tower corners were rounded, with the intention of reducing the building’s wind loads 

(Section 4.6). For the purposes of the provision of an explanation for Assessment 2 in Subsection 

10.2, the modification of the shape’s corners was assumed to reduce the embodied energy of the 

superstructure by 10%. The 10% percent figure was based on data from Tse, Hitchcock, Kwok, 

Thepmongkorn and Chan’s (2009) paper for a 60-floor building.  Studies including data for changes in 

structural materials’ use resulting from aerodynamic modifications, for a 40 storey building, could not 

be located at the time when the literature review was written (Section 4.4).  

The modification of the building’s corners was considered to be the most appropriate method for the 

building’s size. In the case of the tapering of the building, this would result in an increase in floor width 

at the lower levels of the building and a decrease at higher levels. This could impair the natural 

ventilation and daylight penetration at lower levels of the building. For the investigated shape, the 

benefits of natural ventilation and daylight use would far outweigh the potential embodied energy 

reduction due to the lower wind loads resulting from shape tapering. Additionally, the smaller floor 

plate sizes at higher levels would not be suitable for larger office organisations.  

In the case of the provision of openings through the building, it would reduce the size of some of the 

floors and make them functionally less usable (floor split in two parts). Openings would also make the 

shape less compact, which could result in an increase in operational energy use. However, only wind 

load assessments performed in a wind tunnel, and the use of simulations for building operational 

energy, could verify these assumptions.  

For this sample design, only the rounding of corners was investigated using the building energy 

simulations described in Assessment 2 (Section 10.2). Figure 8.14B shows the investigated shape 

after aerodynamic modification. Table 8.4 shows the parameters of shapes investigated in steps nine 

and ten.  
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8.6 Step 11-16 Building Function and Change of Use 

In step 11, following the design considerations in Subsection 7.2.1, the live load requirements for 

various alterative building functions were investigated. In New Zealand, for an office function, the 

minimum design live load is 3.0kPa; for apartments and hotels the minimum load is 2.0kPa ("AS/NZS 

1170.1:2002"). This means that, when considering structural requirements, floors designed for offices 

can be converted into a hotel or residential units. Additionally, classroom floors have the same 

structural requirements as offices. However, an office floor designed for 3.0kPa live load could not be 

converted to a gym, as that requires floors that are able to carry minimum 5.0kPa imposed load.  

For the tall building design studied, in order to reduce the use of structural materials, and 

consequently the building’s embodied energy, it was decided that the floors should be designed for 

the minimum live load required for offices. In the next design step, only the functions that have 

structural requirements equal, or below, a 3.0kPa live load were considered. These are offices, 

apartments, hotels and classrooms. 

In step 12, the fire rating requirements for different functions were assessed. As analysed in 

Subsection 7.3.4, in a New Zealand office, the main structure minimum fire rating is 90min. For hotel 

and apartments, it is 60min. For educational use, the minimum fire rating is 90min (Subsection 7.3.4).  

Consequently, a tall office building structure would have a sufficient fire rating for conversion to a 

hotel, or apartments, or educational use (classrooms). 

In step 13, it was checked whether the proposed floor plate area and height are adequate for the 

alternative functions that had acceptable structural and fire rating requirements (step 11 and 12). 

Following design considerations in Subsection 7.2.1, the proposed 3.9m floor to floor height (step 6) 

was found to be adequate for all considered functions (office, hotel, apartments, classrooms). The 

floor area was considered as suitable for most office organisations. The floor plate dimensions allow 

for its easy conversion to residential units or classrooms as it shown on Figure 8.15. 

In step 14, the considered functions’ fire design requirements were analysed to check if it would be 

sufficient to position fire escape staircases in the east and west service cores (step 4). Based on the 

analysis in Subsection 7.3.5 it was deduced that such a staircase arrangement could be adequate. 

Figure 8.15 shows an escape route lengths investigation. 

Except for staircases locations, it has to be investigated whether different functions require different 

numbers of staircases. Following the analysis described in Subsection 7.3.3, the required numbers of 

staircases and their widths were calculated (Table 8.10). Based on the results, it was decided that, at 

lower levels, the tower could have wider 1.5m staircases to allow lower floors conversion to 

educational function. 
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Figure 8.15 Floor plate change of use analysis 

Table 8.10 Number of staircases required for different functions 

Based on NZBC Fire Coded Acceptable Solution 
Apartments’ density assumed at one person per 15m

2
 

 

In step 15, initial lifts spatial arrangements should be considered, as different functions have different 

requirements. Based on the maximum number of floor occupants in Table 8.10, and the description of 

lifts requirements in Yeang’s (1996) books, the initial spatial arrangement of lifts for offices could also 

be designed to be adequate for the residential function. However, considering the occupant numbers 

per floor, the lift arrangements for offices would be inadequate for floors with classrooms. To allow for 

function type maximum dead end open path [m] maximum total open path [m]

Office (WL) 72 180

Hotel (SA) 36 90

Apartments (SR) 48 120

Education  (CS/CL) 54 135

Service rooms (ID) 108 270

based on NZBC Fire Code acceptable solution
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future conversion of the lower floors to a school and for the installation of additional lifts, small areas 

adjacent to the service core could have removable floors (Subsection 7.2.1).  

In step 16, the shape and layout modifications resulting from analyses in steps 11-15 should be 

implemented. However, for this particular tall building design, the analyses in steps 11-15 did not 

result in any modifications to the shape and floor layout. 

8.7 Conclusion 

Buildings should be designed with consideration for future climate change. In the case of the sample 

design for a tall building in Auckland on the site that is investigated in this thesis, when considering 

only temperature rise, with no changes in wind speed, humidity and solar radiation levels, the passive 

design requirements of the shape will not alter significantly due to climate change,. 

In the case of the most important energy saving strategies; natural ventilation and optimum daylight 

penetration; for natural ventilation, the spatial requirements will not be affected by climate change. 

The same could be expected for the optimum daylight penetration requirements, despite some 

possible changes in solar radiation. Considering the service cores, these are mainly used as a 

protection from solar radiation. Regardless of solar radiation changes, the investigated building will 

still require protection to the elevations which are the most exposed to the sun, in order to reduce 

cooling load.   

Concerning the building’s shape, it could be expected that the optimum rectangular floor proportions 

could be different in a changed climate. However, in many instances, floor plan proportions are 

determined by other design aspects, such as; natural ventilation, daylight penetration, and structural 

requirements. This was also the case for the building design described in this chapter.  

In the case of the sample design, if the average temperature increases by 4ºC, the  longer rectangular 

floor plan for the building would be more appropriate for the warmer Auckland climate than for the 

present climate. Consequently, the investigated shape on the Auckland site would become more 

appropriate for energy use in the event of increases in temperature due to climate change.  

The study of natural ventilation used in step 1 for changed climate, is based on the current weather 

file. It has been assumed that temperatures would increase evenly throughout the year. However, a 

different distribution of temperature increase is possible. Wind patterns, humidity, and solar radiation 

may also change. Consequently more precise weather data predictions are required to allow more 

accurate investigations of changes in future building energy use.   

The sample tall building design shows that, to achieve the energy optimum shape, some project 

decisions should be supported by building energy simulations. For example, in some locations, the 

optimum floor plan proportions cannot be determined without parametric studies, which require 

building energy simulations. Computer simulations can also be necessary when assessing shape 

modifications that result in an increase of embodied energy and a decrease in operational energy. For 
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example, simulations are required to assess the effects of aerodynamic shape modifications on 

operational energy use.  

In the sample design, the embodied energy estimates allowed us to assess the magnitude of possible 

embodied energy changes due to shape modification. However, as there were no local studies to 

which we could refer, these investigations were based on data derived from studies conducted for 

locations other than that of this particular project, In order to improve the accuracy of embodied 

energy estimates, studies of the embodied energy of local buildings need to be conducted. The 

sample design presented in this chapter also demonstrated that studies are required for the materials’ 

use for various superstructures that consider alternative rectangular floor plan proportions. The 

regular updating of the design process and design considerations to which the design process refers, 

based on an in-depth literature review, is critical to the success of the practical application of the 

design process. 
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9. BUILDING ENVIRONMENT SIMULATION SOFTWARE 

9.1 Supporting Design with Building Environment Simulation Software 

For some considerable time, computer software that estimates the operational energy demand for 

buildings has been used to support their design processes. Gonçalves and Umakoshi (2010) noted 

that the concept design for the 1998 Commerzbank Tower in Frankfurt was environmentally assessed 

through simulations of daylight penetration, natural ventilation, and cooling and heating loads. For the 

‘Gherkin’ Tower at 30 Saint Mary Axe, computer simulations were used at the project design stage to 

estimate performance of natural ventilation. Additionally, these simulations were used to predict the 

potential energy savings in the event that a building was designed to be naturally ventilated, rather 

than fully air conditioned.  

For the Aldar Central Market in Abu Dhabi, energy simulation software was used to assess what is the 

optimum rotation for the elliptical floors of the market towers, in relation to the north direction. For this 

project, building energy simulations were used to support the design of the modifications for the 

building’s elevations. The purpose of these modifications was to improve operational energy efficiency 

of one of the towers (Gonc  alves & Umakoshi, 2010). 

Building energy simulation software has also been widely used in design alternatives assessments. 

For example, using such software, Assem and Al-Mumin (2010) investigated the relationship between 

power electricity peak cooling demand and the use of tinted glazing, overhangs, and other design 

aspects. This study was for standard highly glazed buildings in Kuwait. Simulation results allowed the 

researchers to establish that tint glazing is able to reduce energy use by as much as does HVAC heat 

recovery.  

Building energy computer simulations allowed Yik and Bojic (2006) to establish that the use of 

switchable glazing to reduce cooling loads in a typical Hong Kong apartment tower could not be 

financially justified.  

In addition to the assessments of specific design alternatives, building energy simulation software was 

also used to create the building energy assessment tools that could support a designer, at the 

concept design stage. These tools are LT (Lighting and Thermal energy) and LTV (Lighting Thermal 

and Ventilation) methods. The LT method, created by Baker and Steemers (1996), allows for the 

selection of the optimum glazing-to-wall area ratio and shading devices for walls facing in different 

directions. The selection is based on the energy performance curves created through parametric 

computer studies. Each local climate has a different set of performance curves.  

Pedrini and Hyde (2001) developed the LT method further into the LTV method. This enables the 

design of optimum external elevations for predefined design variables. For example, the LTV method 
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developed by Pedrini for the Brisbane climate considered the following architectural variables: natural 

and mechanical ventilation, different HVAC system efficiencies, daylight control, internal blinds on and 

off, rooms facing in the four major directions, two different ceiling heights, two types of glazing and 

building fabric (heavy and  light), glazing ratios of 10%, 40%, 70%, 90%, horizontal shadow angles 

(HSA) (10°, 40°, 90°) for overhang, vertical shadow angle (VSA) (10°, 60°, 90°) for fins, and building 

depths of 3m, 6m and 9m.  

Using building energy simulation software, operational energy use for a single room with different 

combinations of variables was calculated. The results were combined into a database. When, for 

example, a designer needs to know the best glazing to wall area ratio for a specific room, the answer 

can be found in the database. To simplify the database search, Pedrini (2003) created a simple 

computer graphic interface through which the database could be accessed. 

Other building environment simulation software that could potentially support a tall building’s shape 

design are computational fluid dynamic (CFD) programs, e.g. Ansys CFD (2010), Phoenics (2010), or, 

OpenFOAM (2010); it is claimed that this software can simulate airflow. Potentially it could be used to 

assess wind loads for tall building shapes and their effects on urban wind patterns. This type of 

software has the added potential of being used to assess building shape modifications that aim to 

improve the energy performance of building integrated wind turbines. 

However, some experts consider that the assessment of airflows in the urban environment, using 

CFD software, cannot provide reliable results. Cochran (2006) noted that commercial CFD software is 

designed for low turbulence and cannot be used for the assessment of highly turbulent wind around a 

building. Denoon at el. (2008) confirmed that CFD cannot provide correct results in a dense urban 

environment.  

Additionally, as can be found, for example in the studies of Benjanirat (2006), Kulkarni (2009), 

Gowardhan (2008), the use of CFD software requires specialised knowledge of fluid flows and the 

preparation of the necessary simulations requires a significant amount of time. Additionally the 

computations (execution of the simulations by computers) require a large amount of computer power.  

9.2 Limitations of Building Energy Simulation Software  

When designing a new building, to estimate its future energy use, the only available approach is to 

predict the energy use using mathematical models. As stated by Beck and Arnold, cited in the 

ASHRAE handbook, a mathematical model describes the behaviour of a system. A model is made up 

of three components: input variables, system structure and properties of parameters, and output 

variables. The properties of parameters provide a physical description of the system and the output 

variables describe the reaction of the system to the input variables.  

Mathematical modelling of physical systems is used to determine one of the components when two 

other components are known. In building energy modelling, the objective is to predict energy use 

(output variable) for a specific model with a known structure and parameters, e.g. building geometry, 
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materials’ properties - in cases where they are subject to specific input variables, such as weather 

conditions or building occupancy.  

As weather conditions and building occupancy are constantly changing, computers are used to 

perform repetitive calculations, to be able to efficiently calculate yearly energy use. In practice, 

calculations are done for each hour of the year, or for even shorter time intervals (timesteps), using 

the averaged weather data for a given location. The yearly energy use is the sum of all timesteps’ 

energy use (ASHRAE, 2009).     

However, building energy simulation cannot exactly predict energy use, as the number of input 

variables has to be assumed in the mathematical models used during the simulations. The possible 

difference between simulation results and a single year’s actual building energy performance is 

illustrated by a chart from Turner and Frankel’s (2008) report. The chart shows an actual single year’s 

operational energy use for 121 LEED certified buildings compared to the computer energy simulation 

results for these buildings. The computer simulations were done at the time when the buildings were 

designed (Figure 9.1). 

 

Figure 9.1 Turner and Frankel graph of simulation results and actual energy use for LEED buildings 

Graph courtesy of New Buildings Institute from their report, ‘Energy Performance of LEED for New 

Construction Buildings’. Turner and Frankel (2008)  

Some researchers even consider that, because modelling tools are inherently imprecise, there is little 

use for them during a concept design stage. Byrd (1994) stated that by following ‘rules of thumb’, 

when designing a building can result in better energy efficiency of the constructed building than when 

relying on building energy simulation software. Almost twenty years ago, he noted that building 

energy simulation software could only be used to fine-tune solutions achieved following ‘rules of 

thumb’. Confirming Byrd’s statement, Gonçalves and Umakoshi (2010) were predicting that, in the 

future, the design of buildings would rely on the following of basic principles and not on use of 

advanced simulation tools. 
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Byrd, to support his opinion, listed energy simulation inaccuracies. The heat loss calculation was 

included in his list. This calculation depends on the air infiltration exchange rate that cannot be 

accurately assessed before a building is actually built. The other inaccuracies noted by Byrd were; 

lack of precise thermal resistance values for building materials, the omission of long wave radiation 

calculations in heat loss calculations, dependence of convective heat transfer on local air movement 

and a mathematical formula fault in ‘steady-state’ heat loss calculation. Byrd (1994) also noted that 

assumed occupancy schedules and occupants’ behaviour could be significantly different from  that of 

the behaviour of the occupants of a real building..  

Since Byrd’s article was written, building energy simulation software has been further developed. 

Some of the inaccuracies noted by Byrd have been addressed. For example, in the building energy 

simulation software EnergyPlus, long wave radiation calculations are part of the thermal modelling 

equations. In heat loss calculations, instead of the ‘steady-state’ method listed by Byrd, EnergyPlus 

uses a dynamic method with time-lagged variables. The elements of simulations: space conditions, 

system and plant, are linked and calculated simultaneously. How these elements affect each other is 

considered during calculations for each single timestep ("EnergyPlus", 2010). 

When noting the low accuracy of thermal resistance values for building materials, Byrd specifically 

mentioned glazing. However, currently, there are extensive databases of measured thermal properties 

for different types of glazing, e.g. Window 6.3 software from the Lawrence Barkley National 

Laboratories has such a database. The results of the simulations are considered to be accurate and 

are used by the National Fenestration Rating Council (NFRC) for windows certification (Window 6.3, 

2011).  

However, other inaccuracies listed by Byrd are yet to be addressed. These are; air infiltration rate 

input, local air movement affecting convective heat transfer, and occupant behaviour. These input 

variables are still based on assumptions. 

Considering the air infiltration rate, in practice it cannot be predicted before a building is built. The 

differences between air infiltration rates, for buildings of the same type, can be large. In Emmerich 

and Persily’s (2005) article, it can be found that the measured effective leakage areas for commercial 

buildings can range from 1cm
2
/m

2
 to 40cm

2
/m

2
 (of wall area), at 10Pa.  

A simulation error due to an air infiltration rate assumption can be significant, as can be found from 

Emmerich and Persily’s (1998) studies for commercial buildings. According to their research, variation 

in the effective leakage area between 3.33cm
2
/m

2
 and 15cm

2
/m

2
 (at 10 Pa), could result in up to a 

40% increase in heating energy demand and up to 11% increase in the energy used for cooling.  

Local air movement cannot be assessed by modern building simulation software. Such an 

assessment would require the use of CFD software, coupled with building energy simulation software. 

However, CFD software, as noted earlier, is not only inaccurate, when considering assessment of 

complex air movement in urban environment, but also requires a large amount of computer power.  
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Considering the inaccuracies due to assumptions related to occupants’ behaviour, it does not seem 

as though it is possible to address it. In addition to Byrd, other researchers have acknowledged this 

issue. Pedrini (2003) noted that a designer cannot control equipment use by occupants and real 

occupancy schedules. In addition, it is not possible to predict how people would respond to the 

introduction of new technologies, e.g. new ways of controlling daylighting. Isaacs, Camilleri and 

French (2006) confirmed that building operational energy simulations cannot predict the exact real 

energy use, as this depends to large extent on users’ habits and behaviour. 

Another issue that relates to differences between real buildings’ energy efficiency and their computer 

models simulations, are poor commissioning and maintenance standards for building services, as 

noted by Partridge and Loughnane (2008). 

Turner and Frankel (2008) added another reason for simulation inaccuracies: construction changes 

that are not possible to predict at the time when energy simulations are run.  

The weather design data file used in simulations also adds to the inaccuracy of results, as the 

weather conditions in a specific year can significantly differ from the conditions included in the 

weather data file. As noted on ‘Energy Plus Weather Data’ website, an IWEC weather design data file 

contains an average ‘typical’ year’s weather conditions, based on measured data for period over up to 

18 years and does not represent weather data for a particular year. (EnergyPlus Weather Data). The 

exact weather condition for each future single year cannot be predicted. 

Additionally, a weather data file does not describe the weather conditions at a particular construction 

site; it represents weather at the weather station location. As weather stations are generally located in 

open terrain, in the case of locations in an urban environment, weather data is arbitrarily adjusted by a 

simulations program to account for differences in wind speeds. However, wind directions and 

temperatures are not modified. There will always be differences in the temperature and wind direction 

between an urban location and a weather station in open terrain ("EnergyPlus", 2010). 

Consequently, as noted by Waltz, cited in ASHARE handbook, as there are so many assumptions 

involved in thermal modelling, it is not possible to achieve highly accurate results (ASHRAE, 2009). 

However, when the correct inputs are available, the mathematical models used in advanced building 

energy simulations describe building energy system behaviour with adequate accuracy and can 

correctly estimate energy.  

An example of research that confirms that the mathematical models used in advanced simulations are 

correct, is Pedrini, Westphal and Lambert’s (2002) study. In this study, building energy simulations 

were calibrated to achieve results that match the real energy use for existing buildings. The process of 

calibration included site visits to check whether the design plans matched what had actually been 

built, equipment audits, user interviews and separate energy measurements for lighting, HVAC, and 

plug-in loads.  
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Researchers noted that the discrepancies between real building occupancy and equipment use and 

those that are assumed in simulations, have the biggest impact on results. For one of the studied 

buildings, before the calibration, annual energy use simulation results were 114% higher than the 

actual use. After real operational schedules were deducted from utility bills and the computer model 

was adjusted, the difference dropped to 5.6%.   

For one case study, a retrofit was done to improve energy performance. Figure 9.2 shows the 

simulation results before and after retrofit, and the real energy use before and after the retrofit; the 

measurements were carried out two years after the simulations had been done. As noted by Pedrini 

at el. (2002), differences between simulation results and the measured real energy were due to an 

increase in occupancy since the simulations had been completed. However, as the graph shows, the 

decrease in energy use due to the retrofit is very similar for the simulations and that for real energy 

measures. 

 

Figure 9.2 Comparison of predicted and achieved energy savings for Coelba building 

Reproduced from Pedrini, Westphal and Lamberts (2002) 

9.3 EnergyPlus 

In respect of the building energy simulations that were used in the studies pertaining to this thesis, 

EnergyPlus building energy simulation software was used. The software is recognised as one of the 

best energy simulation programs and is freely available. 

EnergyPlus software was created, and is supported, by the US Department of Energy. The software 

was tested using Building Energy Simulation tests: BESTest, amongst other tests. The BESTTest 

tests compares the results of multiple simulation programs to check their accuracy. The EnergyPlus 

software was also tested to ANSI/ASHRE Standard 140 test ("EnergyPlus", 2010).  
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As noted in the EnergyPlus documentation the program is based on Blast and DOE-2 programs, 

which are the oldest and most widely-used building energy simulation applications. The Blast and 

DOE-2 programs were developed in the 1970s and early 1980s, in response to the energy crises in 

the early 1970s. They were created to allow designers size HVAC equipment appropriately, and to 

optimise the energy performance of building services. EnergyPlus, based on a user’s description of a 

physical make-up of a building, its mechanical systems, etc., calculates the heating and cooling loads 

required to maintain preset internal conditions, and the energy consumption of HVAC systems and 

plants, within other simulation details. The details of the features of EnergyPlus can be found in the 

software documentation ("EnergyPlus", 2010). 

EnergyPlus is widely used around the world by researchers and building energy engineers. Many 

scientific journal articles describe research that was done using EnergyPlus. Among other examples, 

Li and Wong (2007), used EnergyPlus to study the effects of shading on cooling loads and daylighting 

for buildings in Hong Kong. Sailor (2008) used EnergyPlus to incorporate green roof models in 

thermal modelling. Yik and Bojic (2006) used EnergyPlus to investigate the effects of switchable 

glazing on cooling loads for a Hong Kong high rise building. Jiru and Haghighat (2008) used 

EnergyPlus to model airflow and temperature in a double skin façade. Assem and Al-Mumin (2010) 

investigated the relationship between energy savings and the use of tinted glazing and an improved 

energy efficient HVAC system for tall buildings in Kuwait. The EnergyPlus software was also used for 

the modelling of cooling and heating loads for the One World Trade Centre Tower in New York (Ellis & 

Torcellini, 2005).  

Apart from EnergyPlus, there are a number of other good building energy simulation programs that 

can be used by a designer during the early stages of concept design. Among others, the more 

popular are ESP-r, DesignBuilder, TAS, Ecotect, and IES.  

ESP-r is an open source software created at University of Strathclyde in 1974 (ESP-r, 2009). The 

software advantage over EnergyPlus is that it has CFD capability, which allows for the detailed 

simulation of airflow in a space.  ESP-r is widely used by scientists. However, the user manual and 

support are less well developed than for EnergyPlus. There is also no manual for the CFD functions. 

DesignBuilder is an interface for EnergyPlus. DesignBuilder has fewer settings than EnergyPlus and 

files have to be exported to EnergyPlus to add simulation objects that are more complex. This 

software, according to the DOE (2010) review, is easy to use, does not require extensive engineering 

knowledge and has a very good support system.  

TAS software is considered as a very good tool for concept development. However, it is not intended 

for the detailed modelling of service plants. It allows for 2D CFD airflow modelling ("TAS", 2010). 

Another application’s suite, Ecotect, is considered as one of the most user-friendly thermal modelling 

programs that can be used at the early design stage (Autodesk, 2011a).  

IES is an advanced software package that has all assessment modules currently available for 

environmental modelling. The package allows for thermal modelling, precise daylighting modelling 
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and a CFD assessment of air flows inside and around a building. However, the CFD and advanced 

daylighting modelling are not integrated with the building operational energy simulation calculations 

(IES). 

A list of other building energy simulation modelling programs and their descriptions can be found on 

the US Department of Energy website (DOE, 2010). 

9.4 Conclusion 

Mathematical models used in advanced building energy simulations describe building energy 

performance with acceptable accuracy. However, the way a building is operated and some of the 

physical characteristics of a building cannot be predicted at the time when a building is being 

designed. For that reason, simulation results can be substantially different from real building energy 

use.  

Despite building energy simulations inaccuracies, when designing a new building, there is no other 

efficient alternative way to estimate future building energy use than to perform computer energy 

simulations.  

In case of existing building retrofits, energy simulations can provide accurate results when assessing 

an energy use change resulting from a retrofit. It is because of the fact that more precise input 

variables can be used in such simulations, that it is possible to ascertain how occupants use existing 

buildings. 

The use of building energy simulations is a recognised method for comparative building energy 

demand studies of different design alternatives. Except for the traditional use for building services 

design, building energy simulations were used to assess differences in operational energy needs of 

buildings with alternative shapes. Simulations were also used to find the optimum site position for a 

building and to support the design of facades that would have optimum energy performance.  

In the studies for this thesis, EnergyPlus building energy simulation software was used. The software 

was selected because it is one of the most advanced building energy simulation programs and, also, 

it is freely available. 

Other building environment simulation programs that could potentially be used when designing a tall 

building shape, are CFD applications. They could be used to investigate the wind patterns around a 

tall building. However, it does not seem practical to do CFD computations during an early concept 

design stage, as CFD software use is time and resource consuming. Additionally, the results of 

simulation can be highly inaccurate. The assessment of tall building shapes using wind tunnel tests 

seems to be a far more practical option. 

  



210 
 

10.  ASSESSMENTS USING BUILDING ENERGY SIMULATION SOFTWARE  

This chapter describes the design assessments, supported by building energy simulations, which are 

part of the design process presented in Chapter 8 (Table 8.1-8.3). Assessments presented in this 

chapter were conducted for the sample tall building created in Chapter 8. For building energy 

simulations EnergyPlus was used. 

In this chapter, first, the assessments that support the refining of the energy-optimum tall building 

shape are described. This chapter then presents an assessment to investigate whether other 

alternative shapes would be able achieve better energy performance than the optimum tall building 

shape created in Chapter 8. Finally, steps 17 and 19 of the design process (Tables 8.1-8.3) are also 

discussed. 

Below is a brief description of alternative shapes. The design details and EnergyPlus building energy 

simulations settings are described in Chapter 11. 

In the assessments presented, all the shape alternatives compared had the same total floor area; all 

the shape alternatives also had the same floor to floor height, with the exception of  the 50 level tower 

with a square floor in Assessment 3. This tower had 3.5m floor to floor height instead of the 3.9m 

used in other shapes, as the offices on its perimeter were 7.6m deep. For such a floor depth, floor to a 

floor height of 3.5m  should allow for adequate ventilation and daylight. The use of 3.5m, instead of 

3.9m, allowed for the reduction of embodied energy for this shape.  

All shapes were constructed from the same types of material; all shapes had a glazing to wall area 

ratio of 50%. The  ratio was set following the recommendations of Bannister, Guan, Isaacs and Page 

(1997) for Auckland office buildings. 

Sun controlled blinds that protect windows were simulated for all cases. As described in Subsection 

3.4.6, sun controlled blinds are considered to be the most effective shading devices. When 

considering solar glare, it was assumed that this would be controlled using semi-transparent internal 

roller shades. The use of such shades would not affect solar heat gain and would allow sufficient 

daylight penetration.  

All the shapes investigated had mixed-mode ventilation, with the exception for tower alternatives with 

a square floor. In shapes with a square floor and a central internal core, the core was constantly 

mechanically ventilated. In the square tower with two cores on its sides, the office space was 

mechanically ventilated the whole time. 

All the investigated shapes had dimmable electrical lighting controlled by photocells. In these 

assessments, when an appropriate lighting level has been achieved, the lights will turn off 

automatically. For electric cooling, the annual efficiency was assumed at COP 3.5 (in New Zealand 

AEER 3.5). Gas heating efficiency was assumed at AFE 0.8 (annual fuel efficiency). The cooling was 
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set up to activate at 25°C and the heating at 20°C (the thermostat set up during office operating 

hours).  

The mechanical system could be run with heat recovery. However, for Auckland, the climate to energy 

savings from recapturing the heat from discharged air would be small during the office hours of 

operation, when considering the used thermostat set-up. For cooling heat recovery to work, the 

external temperature would have to be above 25°C.  However, the exterior dry bulb temperatures are 

rarely above 25°, as can be deduced from Figure 8.6. In case of heat recovery for heating, following 

the design considerations in Subsection 3.1.1, heat recovery would be recommended when outside 

temperatures are below 5°C (Daniels, 2003). However, in Auckland, the exterior dry bulb 

temperatures are rarely below 5°C (Figure 8.7). Consequently, heat recovery was not considered in 

these assessment simulations.  

When comparing the results of the simulations, source energy was used. A detailed explanation of 

source and site energy is provided in Chapter 11. To account for various possible energy generation 

efficiencies in the first three assessments, differing combinations of source energy were used. These 

combinations are shown in Table 10.1.   

Table 10.1 Site to source energy conversion factor used in operational energy calculations 

Refer Section 11.6 and  Section 11.7 for details 

 

Site to Source 

Energy Conversion 

Factor plug loads lighting

mechanical 

ventilation (fans)

Cooling;  

including 

equipment 

efficiency 

Heating;  

including 

equipment 

efficiency

Energy Conversion 

Combination 1 electricity electricity electricity

electricity,   

AEER 3.5 gas, AFUE 0.8

based on

calculated in 

Chapter 11  (NZ)

calculated in 

Chapter 11  (NZ)

calculated in 

Chapter 11  (NZ)

calculated in 

Chapter 11 (NZ)

Peet and Baines  

(NZ)

2.070 2.070 2.070 0.591 1.287

Energy Conversion 

Combination 2 electricity electricity electricity

electricity,   

AEER 3.5 gas, AFUE 0.8

based on Peet and Baines Peet and Baines Peet and Baines  Peet and Baines  Peet and Baines  

1.570 1.570 1.570 0.449 1.287

Energy Conversion 

Combination 3 electricity electricity electricity

electricity,   

AEER 3.5 gas, AFUE 0.8

based on U. S. EPA (USA) U. S. EPA (USA) U. S. EPA (USA) U. S. EPA (USA) Peet and Baines  

3.340 3.340 3.340 0.954 1.287

Energy Conversion 

Combination 4 electricity electricity electricity

electricity,   

AEER 3.5

electricity,  

ACOP 3.5

based on Peet and Baines Peet and Baines Peet and Baines Peet and Baines Peet and Baines

1.570 1.570 1.570 0.449 0.449

Energy Conversion 

Combination 5 electricity electricity electricity

electricity,   

AEER 4.5

electricity,  

ACOP 4.5

Peet and Baines Peet and Baines Peet and Baines Peet and Baines Peet and Baines

1.570 1.570 1.570 0.349 0.349
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Plug loads (appliances use) were included in the simulations. However, the energy use of plug loads 

was excluded from the total operational energy in simulation results analyses. Plug loads were 

excluded as they are not dependent on building design, i.e., a computer manufacturer can make 

computers more energy efficient, but not a building designer. 

10.1 Assessment 1- Combined Embodied and Operational Energy 

Assessment 1 investigated whether the operational energy savings assumptions made in step 9 of 

the design process were correct. Step 9 compared the savings in operational energy resulting from 

the shape modifications made to allow natural ventilation and daylight access, to the increase in 

embodied energy that was caused by these same modifications (Section 8.5).  

To estimate operational energy savings, the operational energy use for the tall building described in 

Chapter 8 with a rectangular floor plan with aspect ratio 1:3.5 was compared to the operational energy 

use for a building with a square floor plan. 

First, what would be the better service core arrangement for a building with a square layout was 

investigated. For this investigation, only the central mid-floor (level 19) was simulated. As is described 

in detail in Chapter 11, investigating a central mid-floor, instead of simulating the whole building is 

appropriate for an energy use estimate when the building is not substantially affected by shading. In 

this case, an assessment of the spatial arrangements of the neighbouring buildings indicated that the 

effects of shading on operational energy use for the square shape would be minor (1.34% maximum). 

This assumption was confirmed by this sub chapter’s investigation of later simulations (Figure 10.4 

and Table 10.6 show results of these investigations). 

For this initial investigation, a square with a central core had naturally ventilated perimeter offices and 

a mechanically ventilated core. The square with cores at the sides had naturally ventilated cores. 

However, its office spaces were mechanically ventilated, as the floor was too wide to allow natural 

ventilation. 

As the simulation results for all source energy combinations, showed, the square with cores at the 

sides would require one and half times more energy for its operation than its alternative with a central 

core (Figure 10.1 and Table 10.2-10.4). Consequently, the square with a central core was used in 

further comparisons. 
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Figure 10.1 Site energy for square with alternative service core arrangements 

Results for ideal cooling and heating  

Table 10.2 Operational energy of square with two cores on sides and square with central core 

 

Table 10.3 Results for square with two cores on sides 

 

 

square 

two cores one core

square 

two cores one core

energy conver. 1 575.06 502.46 14.45% 219.35 146.75 49.47% 72.60

energy conver. 2 438.12 384.42 13.97% 168.33 114.63 46.85% 53.70

energy conver. 3 923.03 802.35 15.04% 349.09 228.40 52.84% 120.69

energy conver. 4 432.91 375.48 15.29% 163.12 105.69 54.33% 57.42

energy conver. 5 421.37 369.80 13.95% 151.59 100.01 51.57% 51.57

with plug loads 

[MJ/m²/yr]

without plug 

loads[MJ/m²/yr]
higher 

than 

central 

core

additional 

energy use in 

square with 

two cores

higher 

than 

central 

core

two cores plug loads lighting 

ventilation 

fans cooling heating

total 

[MJ/m²/yr]

total without 

plug loads

level 19 171.84 50.92 19.92 109.48 6.22

energy conversion 2.07 2.07 2.07 0.591 1.287

combination 1 355.71 105.40 41.23 64.70 8.01 575.06 219.35

energy conversion 1.57 1.57 1.57 0.45 1.287

combination 2 269.79 79.94 31.27 49.11 8.01 438.12 168.33

energy conversion 3.34 3.34 3.34 0.95 1.287

combination 3 573.95 170.07 66.53 104.48 8.01 923.03 349.09

energy conversion 1.57 1.57 1.57 0.45 0.45

combination 4 269.79 79.94 31.27 49.11 2.79 432.91 163.12

energy conversion 1.57 1.57 1.57 0.35 0.35

combination 5 269.79 79.94 31.27 38.20 2.17 421.37 151.59
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Table 10.4 Results for square with central core 

 

 

 

Figure 10.2 Floor levels simulated in the assessment and sample building energy use calculation 

Next, operational energy use for the square building with a central core was compared to the 

operational energy use for the rectangular building created in Chapter 8. This comparison included 

the existing buildings’ shading effects. 

When simulating a multi-level building with repetitive floors, it is sufficient to simulate the ground floor, 

the top floor, and a single floor at the mid-height of the building. The building energy use equals the 

mid-height floor energy use multiplied by the number of repetitive floors, plus the energy use for the 

central core     plug loads lighting

ventilation 

fans cooling heating 

total 

[MJ/m²/yr]

total without 

plug loads

level 19 171.84 43.39 7.64 46.36 10.66

energy conversion 2.07 2.07 2.07 0.591 1.287

combination 1 355.71 89.82 15.81 27.40 13.72 502.46 146.75

energy conversion 1.57 1.57 1.57 0.45 1.287

combination 2 269.79 68.12 11.99 20.80 13.72 384.42 114.63

energy conversion 3.34 3.34 3.34 0.95 1.287

combination 3 573.95 144.92 25.52 44.24 13.72 802.35 228.40

energy conversion 1.57 1.57 1.57 0.45 0.45

combination 4 269.79 68.12 11.99 20.80 4.78 375.48 105.69

energy conversion 1.57 1.57 1.57 0.35 0.35

combination 5 269.79 68.12 11.99 16.17 3.72 369.80 100.01

R.1:3.5 Site 1 plug loads lighting ventilation fans cooling heating

level 1 * 1 171.8 171.8 29.34 29.34 0 0 6.17 6.17 22.67 22.67

level 2 * 2 171.8 343.7 29.61 59.22 0 0 22.14 44.28 12.57 25.14

level 5 * 3 171.8 515.5 29.15 87.45 0 0 23.14 69.42 11.2 33.6

level 8 * 3 171.8 515.5 26.92 80.76 1.19 3.57 24.39 73.17 11.1 33.3

level 11 * 4 171.8 687.4 26.52 106.1 1.19 4.76 26.82 107.3 11.34 45.36

level 15 * 4 171.8 687.4 26.55 106.2 2.39 9.56 28.64 114.6 11.56 46.24

level 27 * 19 171.8 3265 26.81 509.4 5.97 113.4 47.78 907.8 10.72 203.7

level 37 * 1 171.8 171.8 26.9 26.9 5.97 5.97 43.43 43.43 10.64 10.64

171.8 27.17 3.71 36.92 11.37

(ideal cooling) (ideal heating)

all levels average 

site energy [MJ/m²/yr]
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ground and top floors (ground and top floors are not considered as repetitive floors) ("EnergyPlus", 

2010) 

To account for shading from adjacent buildings, in the assessment of each case, the floor levels 

shown in Figure 10.2 were simulated. Each simulated level represented a group of floors with similar 

shading conditions. When building energy is calculated, each ‘representative’ floor energy use is 

multiplied by the number of floors that it represents. The energy use calculation, based on the 

simulation of the ‘representative’ floors for rectangle 1:3.5 in site position 1, is shown in Figure 10.2. 

This method of building energy simulation is acceptable for the simulation of shaded buildings (Ellis & 

Torcellini, 2005), as is explained in Subsection 11.1.1. 

Different site positions for the square and rectangle were investigated to account for shading effects. 

The cases simulated are shown in Figure 10.3 and Figure 10.4. Based on the results of the 

simulations, the optimum site position for the square and rectangle were selected (Table 10.5 and 

10.6). Finally, cases with optimum site positions were compared (Figure 10.5).  

As the results show (Table 10.7), with the exception of source energy combination 3, the square 

required one and half more energy for its operation. In source energy combination 3, the square 

required 18% more energy. Most of the increase was the result of electric lighting and mechanical 

ventilation use in the centrally positioned service core (Table 10.8-10.9).  

The additional energy that the square shape would demand for its operation was compared to the 

additional embodied energy that the rectangular shape would require, as established in step 9 in 

Section 8.5.  

The comparison indicated that operational energy savings would surpass the embodied energy 

expense after a minimum of 13 years and a maximum of 29 years (Table 10.10). This assessment 

suggests that the shape modification to allow natural ventilation and optimum daylight penetration 

would provide sufficient energy savings to justify it, even when comparing the rectangular building to a 

square building with naturally ventilated offices on its perimeter. 
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Figure 10.3 Site energy for rectangle 1:3.5 in different site positions 

Energy use at site, ideal cooling and heating 
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Figure 10.4 Site energy for square in different site positions 

Energy use at site, ideal cooling and heating 
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Table 10.5 Site position options for rectangle 

 

 

Table 10.6 Site position options for square  

 

 

  

  

Figure 10.5 Comparison of site energy for square and rectangle 1:3.5 

Energy use at site, ideal cooling and heating 

rectangle 1:3.5 no site site 1 site 2 site 3

maximum 

difference

energy conver. 1 100.11 100.38 101.03 104.24 3.85%

energy conver. 2 79.03 79.68 80.31 83.04 4.22%

energy conver. 3 153.74 153.01 153.70 158.13 3.35%

energy conver. 4 70.72 70.15 70.40 72.33 3.12%

energy conver. 5 65.54 65.33 65.61 67.47 3.26%

square central core no site site 1 site 2 site 3 site 4

energy conver. 1 150.74 151.57 152.67 153.07 153.17

energy conver. 2 117.72 118.69 119.72 119.91 120.28

energy conver. 3 538.85 539.32 540.59 541.52 540.95

energy conver. 4 108.62 108.67 109.17 109.67 109.25

energy conver. 5 102.40 102.95 103.64 104.00 103.79

maximum 

difference

1.05%

1.34%

0.41%

0.91%

1.02%
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Table 10.7 Comparison of operational energy use 

 

 

Table 10.8 Lighting, cooling, heating and fans site energy comparison for rectangle and square 

 

Table 10.9 Lighting, cooling, heating and fans source energy for rectangle and square 

 

 

Table 10.10 Years of operation to offset initial embodied energy expense  

 

  

rectangle 

1:3.5 site 1

square 

central core 

site 1

rectangle 

1:3.5 site 1 one core

energy conver. 1 456.09 507.28 11.22% 100.38 151.57 51.00% 51.20

energy conver. 2 349.47 388.48 11.16% 79.68 118.69 48.96% 39.01

energy conver. 3 726.96 809.11 11.30% 457.17 539.32 17.97% 82.16

energy conver. 4 339.94 378.46 11.33% 70.15 108.67 54.93% 38.53

energy conver. 5 335.12 372.74 11.23% 65.33 102.95 57.58% 37.62

rectangle 1:3.5                  

to square central 

core comparison

with plug loads 

[MJ/m²/yr]

higher than 

rectangle 

1:3.5

without plug 

loads[MJ/m²/yr]

higher than 

rectangle 

1:3.5

additional 

energy use in 

square with 

central core

rectangle 1:3.5   

square central 

core

site difference 

[MJ/m²/yr]

square more than 

rectangle

lighting 27.17 45.03 17.86 65.7%

cooling (ideal) 36.92 45.46 8.54 23.1%

heating (ideal) 11.37 11.94 0.58 5.1%

vent. fans 3.71 7.79 4.08 110.0%

site 

difference 

[MJ/m²/yr]

energy 

conver. 1

source 

difference 

[MJ/m²/yr]

percentage 

of total 

increase

site 

difference 

[MJ/m²/yr]

energy 

conver. 2

source 

difference 

[MJ/m²/yr]

percentage 

of total 

increase

lighting 17.86 2.07 36.96 72.20% 17.86 1.57 28.03 71.86%

cooling 8.54 0.591 5.04 9.85% 8.54 0.449 3.83 9.81%

heating 0.58 1.287 0.74 1.45% 0.58 1.287 0.74 1.90%

vent. fans 4.08 2.07 8.45 16.50% 4.08 1.57 6.41 16.42%

51.20 100.00% 39.01 100.00%

energy conver. 1 

energy conver. 2

energy conver. 3

energy conver. 4

energy conver. 5

operational energy 

savings

51.20

39.01

82.16

38.53

37.62

years of operation to offset the intial 

additional embodied energy  from 

Section 8.5     -       1082 MJ/m²

21.1

27.7

13.2

28.1

28.8
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10.2 Assessment 2 – Aerodynamic Shape Modifications 

In Assessment 2, it was investigated as to whether embodied energy savings due to corner rounding 

(applied to reduce wind loads) could offset the operational energy increase resultant from this shape 

modification. This investigation was done to support step 10 of the design process (Section 8.5).  

A shape with, and without, rounded corners was simulated and the additional operational energy 

required by the shape with modified corners was compared to the potential embodied energy savings 

due to corner rounding.  

For this investigation only the central floor (level 19) was simulated. It was considered appropriate, 

because it had already been established in Assessment 1, that the shading effects from adjacent 

buildings would not affect the simulation results significantly (Table 10.5). 

The simulation results indicates that embodied energy savings would surpass additional operational 

energy demand for at least 106 years (Figure 10.6 and Table 10.11-10.12). To complete this 

assessment, wind tunnel tests should be done to confirm that the treatment of corner could result in 

wind load reduction and, consequently, at least a 10% embodied energy savings for the building’s 

superstructure.  

Table 10.11 Comparison of embodied energy savings to operational energy increase  

 

Table 10.12 Comparison of embodied energy savings to operational energy increase  

 

rectangle 

rounded

rectangle 

1:3.5 

rectangle 

rounded

rectangle 

1:3.5 

energy conver. 1 453.79 452.89 0.20% 98.08 97.18 0.93% 0.91

energy conver. 2 347.20 346.49 0.20% 77.41 76.70 0.92% 0.71

energy conver. 3 724.61 723.20 0.19% 150.66 149.25 0.94% 1.41

energy conver. 4 339.10 338.45 0.19% 69.31 68.66 0.95% 0.65

energy conver. 5 334.32 333.78 0.16% 64.53 63.99 0.86% 0.55

with plug loads 

[MJ/m²/yr] higher than 

rectangle 

1:3.5

without plug loads 

[MJ/m²/yr] higher than 

rectangle 

1:3.5

additional 

energy use in 

rectangle 

rounded

rectangle rounded to 

rectangle 1:3.5 

comparison

energy conver. 1 

energy conver. 2

energy conver. 3

energy conver. 4

energy conver. 5

additional energy 

use in rectangle 

with rounded 

corners  [MJ/m²/yr]

years of operation when additional energy use will 

surpass embodied energy savings

rectangle 1:3.5 superstructure embodied energy 

(Section 8.5)                    1498 MJ/m² 

rectangle with rounded corners embodied energy 

savings at 10%    (Section 4.4)         149.8 MJ/m² 

0.91 165.4

0.71 211.2

1.41 106.5

0.65 230.3

0.55 273.5
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Figure 10.6 Operational energy investigation for shape with modified corners 

Energy use at site, ideal cooling and heating 

10.3 Other Assessments – Floor Position Rotation 

This assessment investigated how the floor rotation, which was described in step 9 of the design 

process in Section 8, would affect the building’s operational energy use. The results of the simulation 

showed that the operational energy increase would be small (1%). Consequently, the reduction of the 

width to height ratio from 8.9 to 8.5 to reduce building oscillation (Section 8) would not significantly 

affect building operational energy use (Figure 10.7 and Table 10.13).  

  

Figure 10.7 Energy analysis for rotation in step 8 of the design process 
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Table 10.13 Comparison of embodied energy savings to operational energy increase  

 

10.4 Assessment 3 – Other Shape  Alternatives 

Following the design process outlined in Chapter 8, in Assessment 3 the operational energy demand 

for the alternative building shapes that could be built on the Auckland CBD site, was investigated.  

This assessment attempted to verify whether the tall building shape created following the design 

process had the lowest operational energy requirements, when compared to other building 

alternatives that could be built on the investigated site.  

This assessment also allowed for the investigation of the way in which the energy performance of 

naturally ventilated buildings is affected by a shape’s self-shadowing and the shadowing from 

neighbouring buildings on the studied Auckland CBD site. This investigation allowed for the checking 

of whether the minimum offsets from neighbouring buildings were adequate when considering 

daylight access and building operational energy use (assumed in Subsection 7.1.1). 

All shape alternatives in this assessment were created following the design process outlined in 

Chapter 8, with the exclusion of steps 3,4,9 and 10. Each alternative had the gross floor to site area 

ratio of 6:1, which is the maximum allowed for the site. All alternatives complied with local planning 

rules. With the exception of the tallest rectangular tower, due to the reasons explained in the 

maximum height tower description on the next page of this thesis, all buildings had the same width 

and floor to floor height. 

All the proposed building forms had centrally positioned service cores. The positioning of service 

cores along the east and west walls of the building could reduce energy demand. However, the 

highest energy reduction from such an arrangement could be expected for a building with the 

optimum rectangular floor plan. Considering this, to decrease the number of alternatives that had to 

be investigated, different core arrangements would be considered only for alternatives with the lowest 

combined operational and embodied energy, and the building from Chapter 8 (step 18 of the design 

process in Tables 8.1 – 8.3). The assessments A4, following step 18, were not included in this 

chapter.   

Commonly, to assess multi-level building operational energy use, a single mid-floor is simulated, as 

explained in Subsection 11.1.1. This provides acceptable results for buildings which are not shaded 

rectangle 

1:3.4 

rectangle 

1:3.5

rectangle 

1:3.4 

rectangle 

1:3.5

energy conver. 1 451.94 452.89 0.21% 96.24 97.18 0.98% 0.94

energy conver. 2 345.72 346.49 0.22% 75.94 76.70 1.00% 0.76

energy conver. 3 721.79 723.20 0.19% 147.85 149.25 0.95% 1.40

energy conver. 4 337.81 338.45 0.19% 68.02 68.66 0.94% 0.64

energy conver. 5 333.33 333.78 0.13% 63.54 63.99 0.70% 0.45

additional 

energy use in 

rectangle 1:3.5 

(rotated)

with plug loads 

[MJ/m²/yr]

without plug loads 

[MJ/m²/yr]
higher than 

rectangle 

1:3.4 

(optimum)

rectangle 1:3.4 

(optimum) to 

rectangle 1:3.5 

(rotated) comparison

higher than 

rectangle 

1:3.4 

(optimum)
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by neighbouring buildings. However, for this assessment, as most floors would be shaded by existing 

buildings in different ways, to achieve the most accurate results, each floor of each alternative 

building was modelled. Due to computer power limitations, in this assessment a separate computer 

simulation was run for each floor. 

The variations for tall building shape are unlimited. However, as discussed in Chapters 3 and 4, only 

compact shapes with simple floor plans such as those that are; square, rectangular or octagonal, can 

achieve optimum energy performance. Additionally, daylight penetration, the spatial requirements for 

natural ventilation, site constraints, and other design aspects, limit the number of possible building 

shapes. For this assessment, the following shape options were selected (Figure 10.8).  

Maximum height tower (square 3.5m) 

This form had the maximum height allowed by height control rules. For this shape, using the 17m 

wide floors that were established in Chapter 8 would result in an unacceptable building width to height 

ratio of 10.3 for the shorter side wall. This shape needed to be wider. Consequently, for this shape, a 

square floor plan was selected. Such a layout would allow natural ventilation and adequate daylight 

penetration to offices positioned on the square’s perimeter. The internal central core in this shape 

would have to be mechanically ventilated. 

For this shape, offices were 7.6m deep. For such a floor depth, the window head height of 3m should 

allow for adequate ventilation and daylight (Subsection 3.1.1 and 3.1.2). Consequently, to reduce this 

shape’s embodied energy, the floor to floor height was reduced from the 3.9m, the height used in 

other alternatives, to 3.5m.  

Block form (block)  

This shape had the lowest possible height that could be achieved for the investigated urban density. 

Consequently, such a shape would have the lowest embodied energy and would require less energy 

for vertical transportation, when compared to other investigated shapes. 

Shorter buildings with the optimum floor layout (II shape, II shape 90°) 

To reduce the embodied energy of the tall building established in Chapter 8, the building was 

replaced by two buildings that had the optimum floor layout. Shorter buildings, apart from reducing 

embodied energy, could also use natural ventilation more frequently as wind speed is less at lower 

building levels.  

L shape (L  shape left, L shape left 180°, L shape right, L shape right 180°) 

An L shape was investigated as it was expected that such a shape would have lower self-shading 

than the block shape. The intention was to investigate how different amounts of self-shading would 

affect energy use. This shape was also considered because its urban form was suitable for the 

investigated site.    
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Optimum tall building (rectangle 1:3.5 and rectangle 1:3.5 90°) 

This is the optimum tall building shape that was established in Chapter 8 following the design 

process. 

Additional shapes (rectangle 1:3.5 first 20 levels and first 12 levels, rectangle 1:3.5 two cores 37 

levels, square 32m x 32m full mech. vent.) 

Additionally, the 20 and 12 level shapes with the optimum rectangular floor (rectangle 1:3.5 for the 

first 20 levels and the first 12 levels), the shape from Chapter 8 with two service cores, and 32x32m 

square shape, which was fully mechanically ventilated, were used in this assessment study. 

Site position and site arrangements were considered for each of the shape alternatives. The results of 

the simulations are shown in Figure 10.9 -10.11 and Table 10.14-10.16.  
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Figure 10.8 Dimensions of the investigated shapes 
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Figure 10.9 Assessment 3 source energy for lighting, heating, cooling and ventilation fans part 1 
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Figure 10.10 Assessment 3 source energy for lighting, heating, cooling and ventilation fans part 2 
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Figure 10.11 Assessment 3 source energy for lighting, heating, cooling and ventilation fans part 3 

Table 10.14 Operational energy increase in buildings with deep floors 

Square 32m x 32m is fully mechanically ventilated 

Square 3.5 has mechanically ventilate internal service core 

 

 

 

 

rectangle 1:3.5 lighting fans cooling heating

site energy 25.47 3.87 63.03 9.34

source energy conversion 2.07 2.07 0.591 1.287 total

source energy 52.72 8.02 37.25 12.02 110.01

square 32m x 32m full mech.

site energy 44.14 23.89 112.40 9.37

source energy conversion 2.07 2.07 0.591 1.287 total

source energy 91.37 49.45 66.43 12.06 219.31

higher than rectangle 1:3.5 38.65 41.43 29.18 0.04 109.30

percentage of the increase 35.36% 37.91% 26.69% 0.04%

square 3.5m no site

site energy 43.20 8.50 57.87 12.83

source energy conversion 2.07 2.07 0.591 1.287 total

source energy 89.42 17.59 34.20 16.51 157.73

higher than rectangle 1:3.5 36.70 9.58 -3.05 4.49 47.72

percentage of the increase 76.91% 20.07% -6.39% 9.41%
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Table 10.15 Assessment 3 operational energy comparison 

 

 

 

 

block no site 489.88 134.19 26.48 24.58%

block with site 505.47 149.78 42.06 39.05%

square 3.5m no site 513.94 158.26 50.54 46.92%

square 3.5m with site 1 513.41 157.73 50.01 46.42%

square 3.5m with site 2 513.75 158.06 50.34 46.73%

I I shape tier 1 no site 469.31 113.63 5.91 5.48%

I I shape tier 2 no site 462.28 106.60 -1.12 -1.04%

I I shape no site 465.89 110.21 2.49 2.31%

I I shape tier 1 with site 472.54 116.85 9.14 8.48%

I I shape tier 2 with site 476.20 120.51 12.79 11.88%

I I shape with site 474.32 118.63 10.91 10.13%

I I shape tier 1 90° no site 477.63 121.94 14.22 13.20%

I I shape tier 2 90° no site 472.66 116.97 9.25 8.59%

I I shape 90° no site 475.21 119.52 11.80 10.96%

I I shape tier 1 90° with site 489.00 133.31 25.60 23.76%

I I shape tier 2 90° with site 479.16 123.47 15.75 14.63%

I I shape 90° with site 484.21 128.53 20.81 19.32%

L shape left no site 463.72 108.04 0.32 0.29%

L shape left with site 472.84 117.15 9.43 8.76%

L shape left 180° no site 462.72 107.03 -0.68 -0.63%

L shape left 180° with site 467.22 111.53 3.81 3.54%

L shape right no site 463.07 107.39 -0.33 -0.31%

L shape right with site 469.50 113.81 6.09 5.66%

L shape right 180° no site 461.03 105.34 -2.38 -2.21%

L shape right 180° with site 463.92 108.23 0.51 0.47%

rectangle 1:3.5 no site 465.70 110.01 2.29 2.13%

rectangle 1:3.5 site 1 463.41 107.72 0.00 0.00%

rectangle 1:3.5 site 2 463.92 108.23 0.51 0.48%

rectangle 1:3.5 site 3 465.91 110.22 2.50 2.32%

rectangle 1:3.5 90° no site 479.66 123.98 16.26 15.09%

rectangle 1:3.5 90° site 1 479.13 123.44 15.72 14.59%

rectangle 1:3.5 90° site 2 478.98 123.29 15.57 14.46%

rectangle 1:3.5 90° site 3 479.17 123.48 15.77 14.64%

Additional shapes investigated

square 32m x 32m full mech. vent. 575.00 219.31 111.59 103.60%

rectangle 1:3.5 two cores 456.09 100.40 -7.32 -6.80%

rectangle 1:3.5 no site first 20 levels 456.55 100.86 -6.86 -6.37%

rectangle 1:3.5 no site first 12 levels 451.38 95.69 -12.03 -11.16%

with plug 

loads

without 

plug loads

above the 

best

above the 

best  [%]
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Table 10.16 Shadowing analysis 

 

In the following analysis of the results of the simulation, plug loads have not been included in the 

building’s operational energy use. 

The studies indicate that the most important elements when designing a tall building in the Auckland 

climate is providing optimum daylight access and allowing natural ventilation. As the simulation results 

suggest, a building with a deep floor  that would demand higher electrical lighting use and would have 

to be mechanically ventilated (square 32m x 32m full mech.), could require twice as much energy for 

its operation than the optimum rectangle building (rectangle 1:3.5), which is naturally ventilated (Table 

block no site 489.88 134.19 I I shape tier 2 with site

block with site 505.47 149.78 11.62% lighting fans cooling heating total

square 3.5m no site 513.94 158.26 level 2 45.68 0 18.76 25.74

square 3.5m with site 1 513.41 157.73 -0.33% e. conver. 1 94.56 0 11.09 33.13 138.77

square 3.5m with site 2 513.75 158.06 -0.13% level 3 45.3 0 20.23 25.5

I I shape tier 1 no site 469.31 113.63 e. conver. 1 93.77 0 11.96 32.82 138.55

I I shape tier 2 no site 462.28 106.60 level 4 44.65 0 21.17 25.05

I I shape no site 465.89 110.21 e. conver. 1 92.43 0 12.51 32.24 137.18

I I shape tier 1 with site 472.54 116.85 2.84% level 5 44.36 0 22.97 24

I I shape tier 2 with site 476.20 120.51 13.05% e. conver. 1 91.83 0 13.58 30.89 136.29

I I shape with site 474.32 118.63 7.65%

I I shape tier 1 90° no site 477.63 121.94 rectangle 1:3.5 site 1

I I shape tier 2 90° no site 472.66 116.97 lighting fans cooling heating total

I I shape 90° no site 475.21 119.52 level 2 30.22 0 29.24 16.54

I I shape tier 1 90° with site 489.00 133.31 9.33% e. conver. 1 62.56 0 17.28 21.287 101.1

I I shape tier 2 90° with site 479.16 123.47 5.56% level 3 29.32 0 30.52 14.9

I I shape 90° with site 484.21 128.53 7.53% e. conver. 1 60.69 0 18.04 19.18 97.91

L shape left no site 463.72 108.04 level 4 29.03 0 31 13.25

L shape left with site 472.84 117.15 8.44% e. conver. 1 60.09 0 18.32 17.05 95.47

L shape left 180° no site 462.72 107.03 level 5 28.72 0 32.74 11.82

L shape left 180° with site 467.22 111.53 4.20% e. conver. 1 59.45 0 19.35 15.21 94.01

L shape right no site 463.07 107.39

L shape right with site 469.50 113.81 5.99% I I shape tier 2 more than rectangle 1:3.5

L shape right 180° no site 461.03 105.34 lighting fans cooling heating total [%]

L shape right 180° with site 463.92 108.23 2.75% level 2 15.46 0 -10.48 9.2

rectangle 1:3.5 no site 465.70 110.01 e. conver. 1 32.00 0 -6.19 11.84 37.65 37.23%

rectangle 1:3.5 site 1 463.41 107.72 -2.08% level 3 15.98 0 -10.29 10.6

rectangle 1:3.5 site 2 463.92 108.23 -1.61% e. conver. 1 33.08 0 -6.08 13.64 40.64 41.51%

rectangle 1:3.5 site 3 465.91 110.22 0.19% level 4 15.62 0 -9.83 11.8

rectangle 1:3.5 90° no site 479.66 123.98 e. conver. 1 32.33 0 -5.81 15.19 41.71 43.69%

rectangle 1:3.5 90° site 1 479.13 123.44 -0.43% level 5 15.64 0 -9.77 12.18

rectangle 1:3.5 90° site 2 478.98 123.29 -0.55% e. conver. 1 32.37 0 -5.77 15.68 42.28 44.97%

rectangle 1:3.5 90° site 3 479.17 123.48 -0.40%

above 

not 

shaded

with 

plug 

loads

without 

plug 

loads
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10.15). Two thirds of this higher energy demand would be due to energy increases in lighting and in 

the ventilation fans (Table 10.14). 

For a tall building, it is important to position service cores along exterior walls to allow for their natural 

ventilation and daylight access to them. As the simulations indicate, a building with naturally ventilated 

office spaces with good daylight penetration but with central internal core (square 3.5m) could require 

47% more energy than a building with a core that is naturally ventilated and has good daylight access 

(rectangle 1:3.5) (Table 10.15). This higher demand would be mainly due to the energy required to 

run the mechanical ventilation of the core and the additional use of electric lighting in the core (Table 

10.14). 

The simulations confirmed that the rectangular floor layout created in Chapter 8, with long walls facing 

north and south (rectangle 1:3.5), would have an advantage because of its solar exposure, over a 

rectangle with walls facing east and west (rectangle 1:3.5). According to the simulations, a rectangle 

in the optimum position would require 11% less operational energy than a rectangle with walls facing 

east and west (Table 10.15). 

The simulations also confirmed that the positioning of service cores at the east and west ends of the 

building (step 4 of the design process) can reduce operational energy demand in Auckland climate. 

The simulations indicated that, in the case of the sample design, described in Chapter 8, a 

rectangular building with such a core arrangement (rectangle 1:3.5 two cores), could have 7% lower 

operational energy demand than the rectangular building with one central core (rectangle 1:3.5) 

(Table 10.15). 

The simulations also confirmed that the, closer to optimum, rectangular floor layout (rectangle 1:3.5) 

would allow higher energy efficiency than other shapes. It would require 6% less operational energy 

(per square metre) than the best performing L shape right 180°, when comparing 20 storey buildings 

not shaded by adjacent buildings (rectangle 1:3.5 no site first 20 levels) (Table 10.15). 

In the case of the 12 level square block, due to self-shadowing and inadequate solar exposure, such 

a block would require 40% more operational energy (per square metre), when compared to a shape 

with a rectangular floor (rectangle 1:3.5 no site first 12 levels) (Table 10.15).  

The study showed that shading can significantly affect a building’s energy performance. In the case of 

the block shape, due to combined self-shading and shading from adjacent buildings, its operational 

energy use could be 56% higher than operational energy demand for a 12 storey building with a 

rectangular floor plan (rectangle 1:3.5 no site first 12 levels) (Table 10.15). 

The 20 storey rectangular shape (rectangle 1:3.5 no site first 20 levels) requires less energy for its 

operation than the best performing 20 storey L-shaped building. However, to achieve the same total 

floor area as the L-shape building, two, 20 storey, rectangular buildings would have to be used.  

Two such buildings, when placed on the investigated Auckland CBD site (II shape with site), would 

require 10% more energy for their operation than the best performing L shape right 180°. That would 
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be the result of shadowing from neighbouring buildings, as the parallel rectangular buildings (II shape 

with site) would have to be spaced closer to each other to achieve the urban density equal to the L 

shape. 

This assessment’s findings related to buildings’ shading are similar to Brandão’s findings for São 

Paulo, citied in Gonc alves and Umakoshi (2010) and Li and Wong (2007) for Hong Kong (Section 

7.1).  

Simulation results suggest that the minimum offset from the boundary as assumed in Subsection 

7.1.1, would not be sufficient for the north boundary when considering energy use. As Table 10.16 

shows, at lower levels as much as 40% more energy could be required for building operation, due to 

shadowing from neighbouring buildings (II shape tier 2). 

Building height is an important factor in operational energy use. High above the ground there can be 

more frequent high winds, than at lower levels; such winds prevent the opening of windows. 

Consequently, the use of mechanical ventilation is increasing. This results in more energy being 

required for the running of mechanical fans. Additionally, artificial cooling has to replace natural 

ventilation cooling more frequently.   

The energy use increase with height, due to more frequent use of mechanical ventilation in the tallest, 

37 storey rectangle 1:3.5 shape, was mitigated by the optimum floor layout and limited shadowing 

from adjacent buildings. The shadowing from adjacent buildings was limited, as the tall building could 

be positioned further from existing buildings because of its small building footprint and because of the 

tall building’s height advantage. As a result of the optimum floor layout and limited shading, the 

operational energy for the tallest building with the rectangular floor was the lowest of the investigated 

shapes for the site. However, this is without consideration of the energy required to run lifts. A 37 

storey-high building (rectangle 1:3.5) would require more energy for its lift operation than would a 20 

storey building (L shape). 

The study showed that naturally ventilated tall buildings (mixed mode) could achieve better 

operational energy performance than some shorter buildings of the same urban density. It confirmed 

Gonçalves and Umakoshi’s (2010) statement that taller buildings, subject to climatic conditions, can 

have lower operational energy use than low and mid-rise buildings. 
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10.5 Step 17 - Combined Operational and Embodied Energy 

This section refers to step 17 of the design process. In this step combined operational and embodied 

energy is investigated.  

For this section’s assessment, it was assumed that, due to the limitations of research resources and 

time, a building’s embodied energy depends only on its height, rather than on the proportions of the 

floor plan (Figure 10.12). Assumed embodied energies for the investigated buildings are shown in 

Table 10.17. The building’s embodied energy assumptions were based on information from a CTBUH 

(2009) publication. 

The combined operational energy and the initial embodied energy study showed that naturally 

ventilated tall buildings (mixed mode) would have significantly higher initial embodied energy than 

shorter buildings, although they could have better operational energy performance than some shorter 

typologies. However, as was estimated, after 100 years of building use, the total energy associated 

with the optimum building (rectangle 1:3.5) would not be significantly higher than in shorter typologies. 

The rectangular 1:3.5 building, in total could use15%-18% more combined initial embodied and 

operational energy than L shape right 180°, without taking into consideration the energy required for 

vertical transportation (Table 10.17). The additional energy required to run lifts in the 37 storey 

rectangular building could be much higher than in the 20 storey L shaped building. 

The results of the combined operational and embodied energy analysis also indicate the significance 

of embodied energy in energy efficient buildings. Due to natural ventilation and the use of daylight and 

the consequent reduction in operational energy demand, the initial embodied energy for the analysed 

cases could account for 50% to 70% of the combined initial embodied energy and operational energy 

after 50 years of building operation, or 38% to 60% after 100 years (Table 10.17).  

As previous assessments have shown, a rectangular layout is the most energy efficient of the 

investigated layouts (rectangle 1:3.5 in Table 10.15). However, the permitted maximum site density of 

6:1 could not be achieved using this layout, without avoiding other negative effects that would surpass 

the energy savings that this floor plan could offer. By building higher, in addition to the embodied 

energy increase, the energy use for mechanical ventilation and lifts would grow (rectangle 1:3.5). 

When using shorter, more densely-spaced, buildings, the shadowing between buildings would 

increase the energy demand (II shape). 

To take full advantage of the rectangular shape, a development would have to be designed for a 

lower site density. At a lower site density, shorter buildings can have an adequate offset from adjacent 

buildings to avoid the negative effects of shadowing. Shorter buildings would also use less energy to 

run lifts. Such density would bring the best results when considering building operational and 

embodied energy. However, when considering lower site density, other factors have to be taken into 

account, for example, the effects of urban density on urban transportation energy use.  
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Table 10.17 Total energy comparison 

Embodied energy based on CTBUH study 
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Figure 10.12 Relation between embodied energy and height 

Based  on  CTBUH (2009) study  

10.6 Step 19 - Other Development Aspects 

As noted in step 19 of the design process (Table 8.1 – 8.3), when selecting the final building shape 

other town design aspects have to be considered, for example, land use, urban form and the effects 

of the proposed development on adjacent buildings’ operational energy use. In this section there a 

brief description is given of what design aspects could be considered when selecting the final building 

shape.  

In this section assessment, shapes selected for comparison were, overall, the most energy efficient L 

shapes (L shape right 180°, L shape left 180°) and the tall building created in Chapter 8 in its optimum 

site position (rectangle 1:3.5 site 1) (Figure 10.13 and Table 10.17 in bold underlined font). L shapes 

were selected because, apart from being the most energy efficient, they seemed to be adequate for 

this site, when considering urban form design. 

From the two best performing L shapes, L shape left 180° appears to be a better design solution than 

L shape right 180°. The L shape left 180° would form an urban block and would create a large 

enclosed semi-private space (Figure 10.13). At the same time, this shape would have the lowest 

impact on the adjacent buildings. As simulations show, this shape would require only 3% more energy 

for its operation that the most energy-efficient L shape right 180° (Table 10.17 in bold, underlined 

font).   

The selection of L shape right 180° would not allow separation of the semi-private space from the 

main street adjacent to the site’s west boundary. L shape right 180° would also not form an urban 

street at the site’s west boundary. It would also provide its occupants with less privacy than the L 

shape left 180°, as its wing would be close to neighbouring buildings adjacent to the east boundary 

(Figure 10.13).  
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 L shape left 180° 

 L shape right 180° 

rectangle 1:3.5 

Figure 10.13 Urban form analysis  
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When comparing L shape left 180° to rectangle 1:3.5, the shorter L shape seems to be more 

appropriate than that of the tall rectangular building, as it follows the vision that Auckland CBD district 

plan supports. The district plan advocates a gradual height reduction when moving away from the 

town centre. In the case of this location, towards the west of the site are existing buildings which are 

only a few storeys high (Auckland City District Plan). However, the taller rectangular building could 

contribute to urban space diversity through its characteristic shape and height (Figure 10.13). The 

rectangle 1:3.5 could have a 13% higher combined embodied and operational energy after 100 years 

(without lifts energy) than the L shape left 180°. It would depend on the prevailing priorities and the 

availability of energy when deciding whether the tall tower could provide sufficient benefits to offset 

the higher energy demand. 

10.7 Conclusion  

The simulations indicated that the tall building shape created following the design process outlined in 

Chapter 8, for the investigated site, could achieve the lowest operational energy use for combined 

cooling, heating, lighting, and the ventilation fans. However, higher embodied energy and the energy 

associated with lifts would make it less energy efficient than other shorter alternatives that could be 

built on the site, and which would achieve the same urban density. 

In the case of high urban density, the operational and embodied energy analyses indicated that, in the 

addition to natural ventilation and the provision of a floor width that allows daylight penetration, the 

total energy of a building depends largely on how much shade the building receives, and also on the 

building’s height. Shorter building forms that are less self shaded and which receive less shading from  

other buildings have optimum total energy use. 

A lower urban density than that investigated would allow the construction of shorter buildings that 

could take full advantage of the optimum floor plan and would demand less energy for their operation 

and have lower embodied energy. However, finding the optimum urban density would also require the 

consideration of other design aspects, for example, the energy required for urban transportation.     

In some situations, the development of tall building superstructures that require a decreased amount 

of construction materials, than is currently the case, and the development of more energy efficient 

lifts, could make naturally ventilated tall buildings a preferable typology when high density is required. 

Tall buildings can be spaced less densely; as a result, they receive less shadowing and can take full 

advantage of floor plans that have more optimum solar exposure. Additionally, when using tall 

buildings in densely populated areas, large public spaces can be created, when this is desirable.  

The operational and embodied energy analyses also show that the reduction of embodied energy is 

as equally important as is the reduction of operational energy.  

As the simulations indicate, substantial energy reductions could be achieved when passive design 

energy saving strategies, such as natural ventilation and optimum daylight penetration, are 

implemented. However, passive design does not guarantee that a building will be run efficiently, as 
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there are other aspects on which the building’s energy efficiency depends. In addition to passive 

design strategies, other aspects are, building services and building user behaviour.  

The passive elements, which include shape, layout and exterior facade design, predetermine the 

amount of artificial heating, cooling, lighting, and fresh air that would have to be delivered to a space 

to make it habitable. They also determine whether certain types of equipment will be needed.   

The equipment using energy delivers the required light, heat, cooling and fresh air to spaces. The 

equipment efficiency affects how much energy is used to meet the requirements of spaces. Users 

affect energy use, as they decide on the internal conditions that are desirable for building spaces. 

They are also responsible for maintaining the efficiency of building services and for maintaining 

passive building features.  

If these three elements do not work together, the building becomes less energy efficient. For example, 

if a building could not be naturally ventilated, then use of efficient fans and good building management 

would not change the fact that much less energy would be used if the building were to be naturally 

ventilated.   

On the other hand, if a building’s passive elements allow it to take maximum advantage of natural 

ventilation, but its users choose to use mechanical ventilation delivered by an inefficient system, then 

the building would also be significantly less energy-efficient than it could, potentially, be. 
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11.  ENERGYPLUS SIMULATIONS SET UP 

When it is not possible to determine which design alternative would result in lower operational energy 

use, and when it is required to compare a building’s operational energy with its embodied energy, 

building energy simulations should be used to support design decisions. 

This chapter describes how building elements and systems were represented in EnergyPlus for this 

thesis’s simulations. This description should help designers set up simulations for their own building 

shape and layout investigations. It is also for researchers who would like to verify the simulations’ 

settings and assumptions.  

The EnergyPlus set-up presented in this chapter is specifically intended to be used at the initial 

design stage, when detailed design information is not yet available.  

In this research, building geometries were prepared using OpenStudio (NREL, 2010). OpenStudio is 

an EnergyPlus plug-in to Google SketchUp (2010). Other simulation settings were specified using 

EnergyPlus IDF Editor ("EnergyPlus", 2010). In IDF Editor, EnergyPlus objects were used to model 

building elements and services, and to describe occupant behaviour and general simulation settings 

(Figure 11.1).  

 

Figure 11.1 IDF editor screen view 
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11.1 BUILDING MODELLING 

11.1.1 Building Geometry 

Building energy simulation software requires information about building geometry and the thermal 

properties of exterior walls, roofs and floors. In building energy simulation programs, including 

EnergyPlus, building partitions are described as surfaces without thickness. For building energy 

simulations, when detailed daylighting analysis is not required, glazed areas can be joined together 

("EnergyPlus", 2010). Figure 11.2 shows what geometrical information is needed for building energy 

simulations in EnergyPlus.  

 

Figure 11.2 Building geometry input for EnergyPlus simulation 

To simulate a building’s energy demand more accurately, the building should to be divided into 

thermal zones. These are air volumes within a building that have similar thermal conditions. An open 

office floor should be divided into perimeter zones and a central zone (Figure 11.3).  

The perimeter space and the centre are defined by separate zones; this is because thermal 

conditions on the perimeter of a building are different from those in its centre. The perimeter space is 

also divided into separate zones, because different parts of the perimeter can have different thermal 

conditions. For example, one part of the perimeter could be exposed to direct solar radiation and be 

overheated. At the same time, the other part could be shaded and underheated. 

Based on sample files provided with EnergyPlus, the perimeter zones depth can be from 4.5m to 6m, 

In simulations of this thesis, the depth of the perimeter zones was 6m (Figure 11.3). 

When simulating a multi-level building with repetitive floors, Energy Plus documentation recommends 

the modelling of single repetitive floor at the building’s mid-height and using zone multipliers to 

represent all repetitive floors. Zone multipliers specify the number of floors which the mid-floor zone 

represents. To calculate a building’s energy use, the software multiplies the single floor energy use by 

the number of floors, and adds that total to the total for the energy use for the top and bottom floors 
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(Figure 11.4A). The use of zone multipliers reduces computation time. Zone multipliers can be defined 

in the EnergyPlus ‘Zone’ objects settings or, alternatively, in the ‘ZoneGroup’ object ("EnergyPlus", 

2010). 

Zone multipliers were not used in simulations done for this thesis. However, the concept of assessing 

the energy demand of repetitive floors, through simulating a single floor at the building’s mid height 

was used in Assessment 1 (Section 10.1). In Assessment 1, the operational energy demand of towers 

with a square floor plan and various service core arrangements was compared. 

It was also used when assessing energy changes due to the aerodynamic modifications of the shape 

or of the floor rotation (Section 10.2-10.3.). 

 

Figure 11.3 Open office floor thermal zones 

 

Figure 11.4 Use of multipliers in EnergyPlus 
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In EnergyPlus, calculations of heat transfer between thermal zones are based on the temperature 

differences between opposing faces of the walls which share zones. For EnergyPlus calculations, to 

ascertain the temperature conditions for an opposite wall surface, each zone wall object has to refer 

to its equivalent in an adjacent zone. This referencing is defined in the settings for wall objects. The 

same method is applied to adjoined floor and ceiling surfaces ("EnergyPlus", 2010). This concept is 

shown in Figure 11.4B. 

When using zone multipliers for the repetitive level, the floors of the zones should refer to the ceilings 

of the same zones, and vice versa. The reason for this is that it is assumed that all mid-levels have 

the same floor and ceiling temperature. Alternatively, in specific cases, floors and ceilings can refer to 

themselves ("EnergyPlus", 2010). In all simulations of this thesis, following the EnergyPlus concept, 

for the calculation of heat transfer between different levels, all mid-level zone floors refer to the 

ceilings of the same zone, and vice versa, (Figure 11.4B).   

Using zone multipliers can reduce simulation accuracy when floors are shaded differently by adjacent 

buildings. In such a situation, all floors should be modelled and included in EnergyPlus simulations 

("EnergyPlus", 2010). Alternatively, a building has to be divided into floor groups, with similar shading 

conditions. In such a model, each group is represented by one floor. Each floor that represents a 

group of floors has an assigned multiplier that multiplies the floor energy use by the number of floors 

that the specific floor represents (Ellis & Torcellini, 2005). In Assessment 1, Section 10.1, the concept 

of grouping floors with similar shading conditions was used (Figure 10.2, Section 10.1). 

In Assessment 3, Section 10.4, all floors for each investigated shape were simulated to more 

accurately account for the effects of shading from neighbouring buildings. In Assessment 3, because 

of the limitations of available computer power, each floor was simulated separately.  

 

Figure 11.5 Perimeter zone adjacent to long wall divided into smaller zones 



243 
 

 

Figure 11.6 Thermal zones division in assessment 1, 2 and floor rotation assessment 

 

Figure 11.7 Thermal zones division in assessment 3 

For the Chapter 10 simulations, to estimate the effects of shading from adjacent buildings more 

accurately, and to maximise daylight use, perimeter spaces were divided into smaller thermal zones. 

Figure 11.5 illustrates this concept. Zone divisions for the investigated shapes are shown in Figure 

11.6 and 11.7. 
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11.1.2 Constructions - Description 

Building energy simulation programs for their calculations require information relating to the properties 

of the materials proposed for the construction of the simulated building. At an early design stage, 

when a building’s shape and initial floor plan are being investigated, there is no detailed information 

about what materials will be used to construct the building. However, as discussed in Section 3.4, 

exterior wall designs do not determine which building shape and layout have the optimal solar 

exposure. Consequently, the exact selection of building materials is not critical when investigating 

building shape options. 

In the simulations for this research, to model the elevations, the ‘light exterior wall’ construction from 

the EnergyPlus database was used. The floors and roof were assumed to be constructed of 250mm 

thick heavyweight concrete; additionally, the roof had a 100mm thick insulation. For the simulation of 

the window glazing, double glazing with an air filled cavity was selected from the EnergyPlus 

database. During the developed design stages, when using energy simulations, the selected 

materials would be replaced with project-specific solutions. 

The New Zealand Building Code prescribes the minimum thermal resistance for a building’s external 

envelope (H1 Energy Efficiency). For this study, it was decided that the initially selected constructions 

should comply with the NZBC. To check whether the selected constructions comply, their R values 

were calculated using EnergyPlus.  

(As R values are part of a standard EnergyPlus results report, a simple building using the selected 

constructions was simulated to calculate their R values.) 

The exterior envelope constructions and their R values are shown in Table 11.1. These R values 

comply with the minimum NZBC requirements (scheduled method) for residential buildings and are far 

above the minimum requirements for office buildings (H1 Energy Efficiency). For the studied cases, it 

was assumed that the investigated building shapes were designed for offices. However, the building 

form could allow for conversion from offices to apartments, if that were required in the future (step 11-

16 in Section 8.6). Consequently, it was decided that the selected constructions had adequate 

thermal resistance for the building shape assessment simulations.  

When preparing files for computer simulations, constructions of building elements were specified in 

EnergyPlus ‘Construction’ objects using IDF editor (Figure 11.1). These ‘Construction’ objects refer to 

material properties described in other EnergyPlus objects such as ‘Material’, ‘Material:AirGap’, 

‘WindowsMaterial:Glazing’, and WindowsMaterial:Gas. For the simulations made in this thesis, 

standard materials (objects) from the EnergyPlus database were used. The properties of these 

standard materials are in accordance with the ‘ASHRAE Handbook Fundamentals 2005’ 

("EnergyPlus", 2010). Finally, ‘Construction’ objects were assigned to the surfaces of the investigated 

shapes’ geometries in OpenStudio (NREL, 2010). 
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For the simulations made in this thesis, the intention was also to include optimal shading devices for 

each shape arrangement. Exterior sun-controlled blinds are considered to be the most effective 

shading devices (Grondzik et al., 2010). Additionally, they do not have to be designed specifically for 

each shape, as is the case for fixed shading. For these reasons, sun-controlled blinds were selected 

in the simulations for this thesis. The blinds were set up to activate when a zone temperature rises 

above 25.0°C, and for the angle of the blind slats to automatically adjust to block direct solar radiation. 

EnergyPlus settings for the control of the movable blinds are specified in 

‘WindowProperty:ShadingControl’. These settings are as follows: Field: ‘Shading Type’: ExteriorBlind; 

field: ‘Shading Control Type’: OnHighZoneAirTemperture’; field: ‘Setpoint’: 25.0 (°C); field: ‘Type of 

Slat Angle Control’: BlockBeamSolar. 

Table 11.1 Exterior envelope constructions 

 

11.2 SHADING FROM EXISTING BUILDINGS 

A building’s operational energy use is affected by shading from neighbouring buildings. For 

EnergyPlus simulations that account for shading from adjacent buildings, building surfaces that cause 

shading have to be modelled. These surfaces were drafted in OpenStudio (NREL, 2010).  

When preparing the energy simulations for this thesis using Google SketchUp, models of the 

neighbouring buildings, site terrain, and the coordinates of both in relation to true north, were 

downloaded from Google Earth. Then, using Google SketchUp, an investigation was carried out to 

ascertain which of the neighbouring buildings’ surfaces shaded the investigated site. Only the 

EnergyPlus description

EnergyPlus 

R- value

NZBC minimum 

requirements for 

residential

NZBC minimum 

requirements for 

office 

glazing Construction: Dbl Clr 3mm/13mm Air,  R 0.37 R 0.26 -

    clear 3mm,   (including frames)

    air 13mm,               

    clear 3mm;         

Construction: Light Exterior Wall,    R 2.11 R 1.9 R 0.3

    F08 Metal surface,       

    I02 50mm insulation board,  

    F04 Wall air space resistance, 

    G01a 19mm gypsum board;  

Construction: External Core Walls,   R 1.97 - -

    F08 Metal surface,      

    I02 50mm insulation board,  

    M16 250mm heavy weight concrete; 

roof Construction: Heavy Roof/Ceiling,      R 3.65 R 2.9 R 1.9

    I03a 100mm insulation board,  

    M16 250mm heavy weight concrete; 

exterior 

wall to 

service 

core

exterior 

wall 
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surfaces of the neighbouring buildings that shaded the investigated site were modelled in EnergyPlus, 

as simulations require less computer power when fewer surfaces are modelled. 

 

Figure 11.8 Frames from neighbouring buildings shadows animation 
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To find which surfaces of the neighbouring buildings should be modelled, using Google SketchUp, 

site shading was animated for the longest summer day, the shortest winter day, and for the 

September equinox. On observation of the animations, the surfaces that would be likely to shade a 

block shape from Assessment 3 (Section 10.4), were selected. Figure 11.8 shows frames from the 

assessment animation at the time when shadows are longest. Figure 11.9 shows the existing building 

surfaces that were selected for the EnergyPlus simulations. Only the shading from buildings in the 

immediate neighbourhood was modelled. However, in the case of other building sites, existing tall 

buildings which are further away from a site, could also have been considered. 

 

Figure 11.9 Shading surfaces used in EnergyPlus simulations 

11.3 INTERNAL HEAT GAINS 

In offices, people, lighting and plug loads are responsible for the most significant internal heat gains. 

These heat gains depend on how many people are in a building and the type of activities in which 

they are involved. The number of people in a building and their activities depend on the time of day.  

When preparing simulations for the assessments outlined in Chapter 10, to describe occupancy heat 

gains, EnergyPlus objects ‘People’ were used. These objects had the following field settings. 

Field: ‘Zone floor area per person’. This field defines the maximum number of occupants in a specific 

zone. The floor area per person of 13.3m
2
/person was specified. As advised by Woods (2010), based 

on CIBSE Guide A, occupants’ heat gain in an office building should be set at 9.0W/m
2
. This value 

was converted to the floor area per person of 13.3m
2
/person  

                           

     
       . 

Field: ‘Occupancy Schedule’. This field refers to a ‘Schedule:Compact’ object that describes how 

many occupants are in a building during each hour of the year. In this schedule, the ‘occupant 

number’ is described as a fraction of the maximum number of occupants. For example, if the 

occupancy fraction is specified as 0.05, it means that 5% of occupants are in the building. The field 
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‘Zone Floor Area per Person’ describes the maximum number of occupants. The occupancy schedule 

is based on the New Zealand standard NZS 4243:Part 1:2007. This schedule is shown in Table 11.2. 

Field: ‘Fraction Radiant’. For this field, a value of 0.3 was specified, based on EnergyPlus sample 

files.  

Field: ‘Activity Level Schedule’. This field refers to a ‘Schedule:Compact’ object that describes the 

relationship between the metabolic rates resulting from human activity and the time of the day at 

which the activities occur. The metabolic rate is the amount of heat that a person is emitting to the 

surrounding environment. It depends on what type of activity the person does. For example, 

according to ASHRAE Handbook (2009), an adult male gives off 130W when doing light office work 

and 440W when doing heavy factory work. 

The ‘Activity Level Schedule’ settings are shown in Table 11.2. In this schedule, the metabolic rate for 

office activity is specified as 120 Watts per occupant, based on standard AS 1668.2-2002 ("AS 1668.2 

2002"). 

Office equipment heat gain (heat given off by computers, copiers, prints, etc.) was described in the 

EnergyPlus object ‘ElectricEquipment’. This object was set up as follows: 

Field: ‘Schedule Name’. This field refers to a ‘Schedule:Compact’ object that defines how office 

equipment is used. This schedule is set up in a similar way to the occupancy schedule. The office 

equipment schedule is based on NZS 4243:Part 1:2007 standard. This schedule is shown in Table 

11.2. 

Field: ‘Watts per zone floor area’. Following Woods’s (2010) advice, the intensity of office equipment 

energy use was set up at 20W/m
2
. 

Fields: ‘Fraction Latent’: 0; ‘Fraction Radiant’: 0.5; Fraction Lost: 0. These fields set-ups are based on 

EnergyPlus sample files. 

The occupants and equipment heat gains were modelled for office spaces. Following Woods’ (2010) 

advice, these heat gains were not modelled for service cores.  

The specified heat gains for occupancy, office equipment and electrical lighting were different from 

the heat gains recommended in the New Zealand standard NZS 4243:Part 1:2007. As advised by 

Woods (2010), values from this standard are not generally used for design, but for the assessment of 

compliance with the NZBC.  

In EnergyPlus and other energy simulation programs, schedules are used to describe how a building 

is used by occupants. They describe how many people are in a building at a specific time, how 

building services are used, and how occupants use electrical lighting and appliances. However, as 

Pedrini (2003) noted, the schedules cannot exactly describe how a building will be used, because the 

occupants’ behaviour cannot be predicted at the time when a building is designed. Schedules are 

based on probability of occurrence. 
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Table 11.2 Schedules used to describe internal heat gains 

 

 

 

lighting and plug loads office occupancy activity

  Office_Plug+Lighting_NZ,     Office_Occupancy_NZ,        Office_Activity_NZ,     

    Fraction,                   Fraction,                   Any Number,             

    Through: 12/31,             Through: 12/31,             Through: 12/31,         

    For: Weekdays,              For: Weekdays,              For: AllDays,           

    Until: 08:00,               Until: 08:00,               Until: 24:00,           

    0.05,     0.0,                        120;                    

    Until: 11:00,               Until: 11:00,            

    0.90,                       0.95,                   

    Until: 18:00,               Until: 18:00,           

    0.90,                       0.95,                   

    Until: 22:00,               Until: 22:00,           

    0.30,                       0.05,                   

    Until: 24:00,               Until: 24:00,           

    0.05,                       0.0,                    

    For: Saturday,              For: Saturday,          

    Until: 08:00,               Until: 08:00,           

    0.05,                       0.0,                    

    Until: 11:00,               Until: 11:00,           

    0.30,                       0.1,                    

    Until: 18:00,               Until: 18:00,           

    0.15,                       0.05,                   

    Until: 22:00,               Until: 22:00,           

    0.05,                       0.0,                    

    Until: 24:00,               Until: 24:00,           

    0.05,                       0.0,                    

    For: Sunday Holidays AllOtherDays,     For: Sunday Holidays AllOtherDays,

    Until: 08:00,               Until: 08:00,           

    0.05,                       0.0,                    

    Until: 11:00,               Until: 11:00,           

    0.05,                       0.05,                   

    Until: 18:00,               Until: 18:00,           

    0.05,                       0.05,                   

    Until: 22:00,               Until: 22:00,           

    0.05,                       0.0,                    

    Until: 24:00,               Until: 24:00,           

    0.05;                       0.0;                    
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11.4 LIGHTING 

Electric lighting is a major component of operational energy use. Additionally, electric lighting can 

cause significant internal heat gains in a building. In the simulations of this thesis, EnergyPlus objects 

‘Lights’ were used to specify electrical lighting energy use and its heat gains. The ‘Lights’ object fields 

were specified as follows: 

Filed: ‘Schedule Name’. This field refers to a ‘Schedule:Compact’ object. For lighting, the same 

schedule as for office equipment was used, following the NZS 4243:Part 1:2007 standard. Table 11.2 

shows the schedule that was used. 

Filed: ‘Watts per Zone Floor Area’. This field specifies lighting power use intensity. Following the 

advice from Woods (2010), for offices, it was set up at 12W/m
2
 and for service cores, at 8W/m

2
. 

12W/m
2
 is the maximum power use for overhead lighting permitted by the standard NZS4243: Part 2: 

2007.  

Field: ‘Fraction Radiant’: 0.7. This field describes a fraction of the lighting/heating load emitted by 

lamps as, long wave radiation. 

Field: ‘Fraction Visible’: 0.2. This field describes the fraction of the lighting/heating load emitted by 

lamps as, shortwave (visible) radiation.  

The values for ‘Fraction Radiant’ and ‘Fraction Visible’ are based on EnergyPlus samples for surface 

mounted operating lamps. The EnergyPlus values are similar to the values specified for such lamps in 

the Lighting Handbook (0.72, 0.18) (IES, 1993). 

Field: Fraction Replaceable: 1.0. The setting of 1.0 allows 100% of electric light to be replaced by 

daylight, when using daylight control sensors. 

Good daylight penetration can reduce the need to use electric light. In offices, to reduce energy use, a 

dimmable lighting system can be used. In the instance of dimmable lighting, the output of the lamps 

(and consequently their electricity use) is controlled by daylight sensors. Depending on the natural 

light level in a room, the sensors increase or decrease the output of electric light. 

In simulations for this thesis, a dimmable lighting system was used. Daylight sensors were modelled 

using EnergyPlus objects ‘Daylighting:Controls’. These objects were set up in the following way:  

Field: ‘Daylighting Illuminace Setpoint’. This field defines the minimum lighting level required in a 

room. For offices, the minimum lighting level was set up at 320 lx, based on standard the AS/NZS 

1680.2.2:2006. For service cores, the minimum lighting level was set up at 100 lx. This value was 

assumed to be the average for functions that a service core normally contains, such as internal stairs 
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80 lx, lobbies 160 lx and rest rooms 40 lx. Lighting levels for these functions were based on the 

standard for AS/NZS 1680.2.1:2006. 

Field: ‘Lighting Control Type’: 3. The value of 3 instructs EnergyPlus to simulate continuous dimming 

of lighting. Additionally, when the level of natural light at the photocell is higher than that of the 

‘Daylighting Illuminace Setpoint’, the electricity powered lighting turns off completely.  

Fields: ‘Minimum Input Power Fraction for Continuous Dimming Control’: 0.3; ‘Minimum Light Output 

Fraction for Continuous Dimming Control’: 0.2. These settings describe how much power electric 

lighting uses and what is the lighting output when the lighting operates at minimum levels, when 

daylight almost reaches the level set in ‘Daylighting Illuminance Setpoint’. 

Field: ‘Total Daylighting Reference Points’: 2. This setting specifies how many daylight sensors are in 

a zone. For each zone, two daylight control points (sensors) were specified. In the simulations, in 

each zone, each sensor controlled half of the zone.  

‘Daylighting:Controls’ objects can also control blinds that protect from solar glare. However, glare 

control using blinds was not modelled in this thesis’s simulations. The reason for this is that it is 

possible to control glare whilst still maintaining a sufficient level of daylight. At times when solar heat 

gains reduce heating loads and are desirable, solar glare can be also controlled without a reduction in 

solar heat gain (Subsection 3.4.2). 

For the simulations in this thesis, daylight sensors were modelled for each zone, except for zones that 

represent internal central service cores. For the, 6m wide, perimeter zones, the sensors were placed 

4.0m away from the exterior walls. For the central zones, sensors were positioned in the centre of the 

room. For the purpose of simulation, central thermal zones were separated from perimeter zones by 

very thin glazing in order to allow daylight to pass from perimeter zones to central zones with minimal 

heat loss due to glass reflectance. A sample floor with daylight points is shown on Figure 11.10. 

 

Figure 11.10 Horizontal section through floor zones with daylight sensors 
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11.5 INFILTRATION AND VENTILATION 

Infiltration is an uncontrolled air flow from the exterior to the building’s interior, e.g. due to the opening 

and closing of doors, cracks around windows and small gaps in building elements. This uncontrolled 

air exchange can add to a building’s heating and cooling requirements ("EnergyPlus", 2010). 

Infiltration is described by its air exchange rate. The air exchange rate specifies how much 

uncontrolled air flows in and out of a building during one hour.  

In this thesis’s simulations, most of the design alternatives had mixed mode ventilation. As described 

in Section 3.1, in mixed mode ventilation, a building is naturally ventilated when weather conditions 

allow. During adverse weather, when a building cannot be naturally ventilated, mechanical ventilation 

is used. When mechanical ventilation is used a building is pressurised, which results in a reduction of 

the infiltration air exchange rate (S. J. Emmerich & K.Persily, 1998).  

In this thesis’s simulations, to account for pressurisation for periods when mechanical ventilation is 

used, the infiltration air exchange rate was half of the maximum rate. For periods when natural 

ventilation is used, the infiltration air exchange rate was equal to the maximum rate. The set-up of the 

infiltration rate for the mechanical mode is based on Emmerich and Persily’s (1998) infiltration 

simulation description..  

 

Figure 11.11 Model for infiltration simulation for mixed mode 

To model infiltration in a building with mixed-mode ventilation in each zone, three 

‘ZoneInfiltration:DesignFlowRate’ objects were used. Two objects out of three were used to model 

infiltration for the hours when the office is occupied, from 6:00 a.m. until 10:00 p.m. For these hours, 

one object represented the infiltration when natural ventilation is used, at full air exchange rate. A 

second object represents infiltration when mechanical ventilation is used, at half the air exchange 
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rate. The third object was used to model infiltration when the offices are not occupied and mechanical 

ventilation is turned off (10:00 p.m.-6:00 a.m.), at full air exchange rate. This infiltration concept is 

shown in Figure 11.12. 

 

Figure 11.12 Model for infiltration simulation for mechanical ventilation 

The ‘ZoneInfiltration:DesignFlowRate’ objects had the following settings:  

Field: ‘Air Changes per Hour’ (ACH). This field describes the maximum air exchange rate due to 

infiltration for a zone (at defined design conditions). The maximum infiltration air exchange rate was 

assumed at 0.5 ACH, following advice from Woods (2010).  

For object that represented infiltration, when the office is non-operatational and the mechanical 

ventilation is turned off (10:00p.m.-6:00a.m.), 0.5 ACH was specified in the field: ‘Air Changes per 

Hour’.  

For the two objects that represent infiltration, for the times when the office operates (10:00p.m.-

6:00a.m.) and the mixed mode system is used, the 0.5 ACH was split between the two objects. The 

division between the two objects was calculated as follows. 

(11.1) 

                                                                             

  

                                        

                                               

                       
         

(11.2) 
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The value for ‘working hours per year when wind speed is too high for natural ventilation use (8 m/s)’ 

was different for each floor. These values were established earlier, when analysing the relation 

between wind speed and height in Section 8.2. Figure 8.4 shows the relationship between height 

(floor level) and the percentage of time when natural ventilation can be used, when the office is 

occupied.  

When calculating hours when a building could be naturally ventilated, it was assumed that natural  

ventilation could be used when wind speeds were below 8.0m/s. However, a double skin façade 

would allow natural ventilation when wind speeds are higher, as was discussed in Section 3.1. 

Field: ‘Schedule Name’. This field refers to ‘Schedule:Compact’ object. This object describes the air 

infiltration rate at each hour of the year. For a mixed mode system, using the ‘Schedule:Compact’ 

object, the infiltration was specified at the maximum rate (field: ‘Air Changes per Hour’) for the 

‘ZoneInfiltration:DesignFlowRate’ objects that represent infiltration when natural ventilation is used. 

For objects that represent infiltration when mechanical ventilation is used, using the 

‘Schedule:Compact’ object, the infiltration was specified at half of the maximum rate. Schedules for 

three infiltration objects that were used in the mixed mode zones are shown in Table 11.3. 

For mechanically ventilated internal service cores zones, using the ‘Schedule:Compact’ object, the 

infiltration rate was set up as half of the maximum air exchange rate, for periods when mechanical 

ventilation is turned on (6:00 a.m.-10:00 p.m.). At nights, when mechanical ventilation is turned off 

(10:00p.m.-6:00a.m.), infiltration was set up at the maximum rate. The mechanical infiltration was 

modelled using one ‘ZoneInfiltration:DesignFlowRate’ object. The mechanical infiltration set up is 

illustrated in Figure 11.12. The infiltration schedule for mechanically ventilated zones is show in Table 

11.4. 

Fields: ‘Constant Term Coefficient’, ‘Temperature Term Coefficient’, ‘Velocity Term Coefficient’ and 

‘Velocity Squared Term Coefficient’, were left with default values. These coefficients allow for 

calculation of the effects of wind speed and air temperature on the infiltration air exchange rate. When 

these coefficients are left with default values, the wind and temperature effects on infiltration are not 

considered ("EnergyPlus", 2010). 

Infiltration objects settings are shown in Table 11.4-11.5. 

 

 

 

 

 



255 
 

Table 11.3 Infiltration schedules for mixed mode zones 

 

Table 11.4 Infiltration schedules for mechanically ventilated zones 

 

 

mixed mode infiltration object 1 

natural,

mixed mode infiltration object 2 

natural,

mixed mode infiltration object 3 

mechanical, 

    Fraction,            Fraction,                 Fraction,       

    Through: 12/31,      Through: 12/31,     Through: 12/31,     

    For: Weekdays SummerDesignDay,    For: Weekdays SummerDesignDay,    For: Weekdays SummerDesignDay, 

    Until: 06:00,        Until: 06:00,        Until: 06:00,      

    1.0,            0,        0,          

    Until: 22:00,      Until: 22:00,       Until: 22:00,  

    0,       1,           .5,

    Until: 24:00,        Until: 24:00,       Until: 24:00,  

    1.0,         0,        0,   

    For: Saturday WinterDesignDay,     For: Saturday WinterDesignDay,     For: Saturday WinterDesignDay, 

    Until: 06:00,         Until: 06:00,      Until: 06:00,  

    1.0,         0,        0,    

    Until: 18:00,         Until: 18:00,        Until: 18:00,    

    0,             1,            .5,    

    Until: 24:00,          Until: 24:00,        Until: 24:00,  

    1.0,         0,          0,    

    For: Sunday Holidays AllOtherDays,     For: Sunday Holidays AllOtherDays,      For: Sunday Holidays AllOtherDays, 

    Until: 24:00,        Until: 24:00,       Until: 24:00,   

    1.0;         0;        0;     

mechanical mode infiltration object 1, 

   Fraction,

    Through: 12/31,       

    For: Weekdays , 

    Until: 06:00, 

    1.0, 

    Until: 22:00,  

    .5,          

    Until: 24:00,     

    1.0,    

    For: Saturday ,

    Until: 06:00,     

    1.0,        

    Until: 18:00,     

    .5,             

    Until: 24:00,   

    1.0,       

    For: Sunday Holidays AllOtherDays, 

    Until: 24:00,   

    1.0;          

ZoneInfiltration:DesignFlowRate,

    mechanical mode infiltration object 1 

    mechanical mode infiltration object 1,  !- Schedule Name

    AirChanges/Hour,      !- Design Flow Rate Calculation Method

    0.5,                     !- Air Changes per Hour
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Table 11.5 Infiltration objects setting for mixed mode zones  

 

In relation to ventilation modelling, ventilation was assumed to be used only during office operating 

hours (10:00p.m.- 6:00a.m.). For building spaces with mixed mode ventilation to simulate natural 

ventilation cooling, for periods when desirable, natural ventilation with higher air intake was modelled. 

The assumption was that more air would be introduced through windows at times when it could 

support building cooling.  

For periods when natural ventilation cooling would not be desirable, natural ventilation was modelled 

with the minimum fresh air intake. It was assumed that, during these periods, windows would be 

partially shut to limit the air intake. 

For mixed mode ventilated zones, it was assumed that natural ventilation would not be used when 

wind speeds were above 8m/s (Section 3.1). For periods of high wind speed, mechanical ventilation 

was modelled using minimum air intake.    

To model mixed mode ventilation three EnergyPlus ‘ZoneVentilation:DesignFlowRate’ objects were 

used. Two objects represented natural ventilation at the minimum rate. One of the two objects 

represented the occasions when natural ventilation would be used: these would occur when wind 

speeds were below 8m/s. A second object represented the time when mechanical ventilation was 

used for occasions when wind speeds were above 8m/s. In the model, the minimum air intake rate 

was divided between the two objects, as is described later in this section. Such a model allows for the 

accounting of the energy used to run fans at times when ventilation is operated in mechanical mode.  

The third object represented higher natural air intake for cooling. This object was controlled by exterior 

temperatures and wind speeds. The schematic for the three EnergyPlus objects mixed mode system 

is shown in Figure 11.13. 

ZoneInfiltration:DesignFlowRate,

mixed mode infiltration object 1 natural,  !- Name

mixed mode infiltration object 1 natural,  !- Schedule Name

AirChanges/Hour,      !- Design Flow Rate Calculation Method

0.5,                     !- Air Changes per Hour

ZoneInfiltration:DesignFlowRate,

mixed mode infiltration object 2 natural, 

mixed mode infiltration object 2 natural,  !- Schedule Name

AirChanges/Hour,         !- Design Flow Rate Calculation Method

0.5,                     !- Air Changes per Hour

ZoneInfiltration:DesignFlowRate,

mixed mode infiltration object 3 mechanical,

mixed mode infiltration object 3 mechanical,  !- Schedule Name

AirChanges/Hour,         !- Design Flow Rate Calculation Method

0.5,                     !- Air Changes per Hour
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Figure 11.13 Model for mixed mode ventilation simulation in EnergyPlus 

 

Figure 11.14 Model for mechanical ventilation simulation in EnergyPlus 

 

For building spaces that are only mechanically ventilated, mechanical ventilation with the minimum 

fresh air intake was modelled for office operating hours (10:00p.m.-6:00a.m.). To model mechanical 

ventilation one EnergyPlus ‘ZoneVentilation:DesignFlowRate’ object was used. A mechanical 

ventilation model is shown on Figure 11.14. 

The objects of the ‘ZoneVentilation:DesignFlowRate’ had the following settings. 
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Field: ‘Fan Pressure Rise’. This field was used for mechanical ventilation description. The fan air 

pressure describes the air pressure that a fan has to overcome in order to move air. Amongst other 

factors, the pressure is the result of; friction between flowing air and the walls of the ductwork, air 

leakage from the system, and the use of silencers and filters which impede air movement.  

The static fan pressure was set up at 600Pa. This value was based on a sample EnergyPlus file for a 

tall building with a similar rectangular floor of area as the simulated buildings. This EnergyPlus sample 

file was created using the EnergyPlus Example File Generator web service (EnergyPlus Example File 

Generator, 2009). 

Field: ‘Fan Total Efficiency’. This field was used to describe the total efficiency of fans in a mechanical 

ventilation system. This efficiency was set up at 0.65. The assumed value was based on a review of 

EnergyPlus sample files that contained constant volume fans with similar static pressure 

("EnergyPlus", 2010).  

Fields: ‘Air Changes per Hour’ or ‘Flow Rate per Person’. For the object that represented natural 

ventilation cooling, ‘Air Changes per Hour’, this was assumed as being 3ACH. According to Gratia, 

Bruyère  and De Herde’s (2004) study, a natural ventilation air exchange rate of 4.0-4.3ACH can be 

achieved through air buoyancy alone in a five storey office building and 3.7-4.8 ACH in such a 

building protected from wind (with a specific window arrangement). The assumed 3ACH, together with 

the air intake of the objects that represent the minimum air intake, would add up to 3.7ACH (Figure 

11.13). Based on Gratia et al.’s (2004) study, the rate of 3.7ACH was assumed to be adequate for this 

thesis’s simulations. 

The ‘Flow Rate per Person’ was used for all ventilation objects, other than the natural ventilation 

cooling object. 

For this study, the minimum office ventilation rate was assumed as 10l/s per person, based on the 

requirements of the New Zealand standard NZS 4303:1990 ("NZS 4303:1990 "). For mixed mode 

ventilation, this minimum rate was divided between the two ventilation objects that representing it 

(Figure 11.13). Similar to the case for infiltration, the ventilation air rate was divided between the 

objects following Figure 8.4 that shows the relationship between height and the percentage of time 

when natural ventilation can be used during the hours of office operation (6:00a.m.-10:00p.m.). For 

each floor, the division between the two objects was calculated using the following formulae: 

 (11.3) 

                                                       

  

                                        

                                               

                       
                  

                                                          (11.4) 
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Field: ‘Schedule Name’. This field refers to a ‘Schedule:Compact’ object that can control the air 

ventilation rate at a specific time of day. This object was used to describe the hours when ventilation 

operates. The schedules used in this object are shown in Table 11.6. These schedules describe the 

air rate for each object when ventilation operated at the maximum value specified in the fields:‘Air 

Changes per Hour’ or ‘Flow Rate per Person’. 

Table 11.6 Ventilation schedules 

 

 

Field: ‘Minimum Outdoor Temperature’ describes what is the exterior temperature below which a 

‘ZoneVentilation:DesignFlowRate’ object is turned off, e.g. windows are closed. For objects that 

represent natural ventilation cooling, the field was set up at 17°C. This temperature was lower than 

that of the internal temperature when heating turned on at (20°C). However, the temperature inside a 

building is generally higher than outside. Trial simulations showed that, for simulated buildings, the 

lowest cooling and heating loads were when natural ventilation cooling started at 17°C. 

For all other ‘ZoneVentilation:DesignFlowRate’ objects, a default value of : -100°C was left, which 

implies that objects always operate when the schedules referred to in field ‘Schedule Name’, allow. 

Field: ‘Maximum Outdoor Temperature’ describes the exterior temperature above which a 

‘ZoneVentilation:DesignFlowRate’ object is turned off, e.g. windows are closed. This field for objects 

that represent natural ventilation cooling was set up at 25°C. For all other 

Ventilation Mixed Mode Ventilation Mechanical

mixed mode ventilation object 1, 2 and 3, mechanical mode ventilation object 1,

On/Off,              On/Off,

Through: 12/31,   Through: 12/31,  

For: Weekdays SummerDesignDay, For: Weekdays SummerDesignDay,

Until: 06:00,     Until: 06:00,   

0.0,          0.0,     

Until: 22:00,        Until: 22:00,   

1.0,      1.0, 

Until: 24:00,   Until: 24:00,    

0.0,        0.0,    

For: Saturday WinterDesignDay,  For: Saturday WinterDesignDay,  

Until: 06:00,        Until: 06:00,      

0.0,             0.0,        

Until: 18:00,      Until: 18:00,       

1.0,           1.0,           

Until: 24:00,    Until: 24:00,         

0.0,        0.0,            

For: Sunday Holidays AllOtherDays,  For: Sunday Holidays AllOtherDays, 

Until: 24:00,  Until: 24:00,         

0.0;         0.0;      
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‘ZoneVentlilation:DesignFlowRate’ objects, a default value of 100°C was left, which means that an 

object always operates when schedules allow. 

Field: ‘Maximum Wind Speed’. For this field a value of 8m/s was set up for objects that modelled 

natural ventilation cooling. This setting stopped natural ventilation cooling when the wind speed was 

above 8m/s. 

Fields: ‘Constant Term Coefficient’, ‘Temperature Term Coefficient’, ‘Velocity Term Coefficient’ and 

‘Velocity Squared Term Coefficient’, were all left with default values. In instances where coefficients 

are left with default values, effects of wind and temperature on ventilation are not considered in 

simulations. The settings for ventilation objects are shown in Table 11.7. 

The EnergyPlus set up proposed in this thesis for the modelling of a mixed mode system could be 

simplified and have greater accuracy on the condition that the ‘ZoneVentilation:DesignFlowRate’ 

object has a setting that would allow for the activation of mechanical ventilation when wind speeds are 

above 8m/s (as was the case for the simulations in this thesis). This could be achieved by adding a 

‘Minimum Wind Speed’ field to the ‘ZoneVentilation:DesignFlowRate’ object: the modelling of 

infiltration would also be far more accurate if the infiltration objects could be controlled by temperature 

and wind speed. 
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Table 11.7 Ventilation objects settings  

 

 

 

Ventilation Mixed Mode

ZoneVentilation:DesignFlowRate,

    mixed mode ventilation object 1 

    mixed mode ventilation object 1 and 2 and 3,  !- Schedule Name

    Flow/Person,             !- Design Flow Rate Calculation Method  (for offices)

    0.01 * % wind speed below 8m/s      !- Flow Rate per Person {m3/s-person} (for offices)

   Flow/Area,             !- Design Flow Rate Calculation Method (for service cores)

0.00075               !- Flow Rate per Zone Floor Area {m3/s-m2} (for service cores)

    Natural,                 !- Ventilation Type

    mixed mode ventilation object 2,  !- Name

    mixed mode ventilation object 1 and 2 and 3,  !- Schedule Name

    Flow/Person,             !- Design Flow Rate Calculation Method  (for offices)

    0.01 * % wind speed above 8m/s,       !- Flow Rate per Person {m3/s-person}  (for offices)

   Flow/Area,             !- Design Flow Rate Calculation Method (for service cores)

0.00075 * % wind speed above 8m/s       !- Flow Rate per Zone Floor Area {m3/s-m2} (for service cores)

    Balanced,                !- Ventilation Type

    600,                     !- Fan Pressure Rise {Pa}

    0.65,                    !- Fan Total Efficiency

    mixed mode ventilation object 3,  

    mixed mode ventilation object 1 and 2 and 3,  !- Schedule Name

    AirChanges/Hour,         !- Design Flow Rate Calculation Method

    3,                       !- Air Changes per Hour

    Natural,                 !- Ventilation Type

    17,                      !- Minimum Outdoor Temperature {C}

    25,                      !- Maximum Outdoor Temperature {C}

    8;                       !- Maximum Wind Speed {m/s}

Ventilation Mechanical

    mechanical mode ventilation object 1, 

    mechanical mode ventilation object 1,  !- Schedule Name

    Flow/Person,             !- Design Flow Rate Calculation Method  (for offices)

    0.01,                    !- Flow Rate per Person {m3/s-person}  (for offices)

   Flow/Area,             !- Design Flow Rate Calculation Method (for service cores)

0.00075                   !- Flow Rate per Zone Floor Area {m3/s-m2} (for service cores)

    Balanced,                !- Ventilation Type

    600,                     !- Fan Pressure Rise {Pa}

    0.65,                    !- Fan Total Efficiency
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11.6 HEATING AND COOLING 

To estimate the amount of energy required for a building’s heating, the amount of heat that has to be 

delivered to building spaces to keep them habitable has to be calculated. The amount of heat that  

requires delivery is called, the heating load.  

To estimate the amount of energy required for building cooling, the amount of heat that has to be 

removed from a building to keep interiors habitable has to be calculated. The amount of heat that has 

to be removed is called, the cooling load.  

In the simulations for this research, heating and cooling loads were calculated using the EnergyPlus 

ideal cooling and heating system. To keep adequate space conditions, this system adds or removes 

heat and moisture with 100% efficiency ("EnergyPlus", 2010). To model the ideal load system, the 

EnergyPlus objects: ‘HVACTemplate:Zone:IdealLoadsAirSystem’ and ‘HVACTemplate:Thermostat’ 

should to used.  

When an EnergyPlus simulation starts, the object ‘HVACTemplate:Zone:IdealLoadsAirSystem’ 

automatically creates an ideal variable air volume system. In a variable air volume system (VAV) all 

heating and cooling is delivered through air ducts (Grondzik et al., 2010). The ideal EnergyPlus 

system does not consider any losses due to duct leaks and the transformation of energy, or the 

energy required to run secondary system elements, e.g. fans. 

The object ‘HVACTemplate:Thermostat’ describes at what internal temperatures building heating and 

cooling should be activated. These temperatures can be specified using ‘Schedule:Compact’ objects, 

as the ‘HVACTemplate:Thermostat’ can refer to these objects. This research’s schedules for the set up 

for heating and cooling temperatures are shown in Table 11.8. 

For the purposes of this research, during office operating hours, heating was activated when the 

internal temperature dropped below 20°C. Cooling was activated when the internal temperature rose 

above 25°C. When the building was unoccupied, e.g. at night, the temperature for heating was set up 

at 5°C and, for cooling, at 35°C. The selected temperature set up, for hours when the building was 

occupied, was based on standard the NZS 4243:Part1:2007 and the ASHRAE Standard 55 – 2004. To 

obtain simulation results for ideal heating and cooling, the ‘Annual Building Utility Performance 

Summary’ report has to be requested using object ‘Output: Table: SummaryReports’. In this report, 

ideal heating and cooling loads are described as ‘District Heating’ and ‘District Cooling’ site energy. In 

this research, ‘District Heating’ and ‘District Cooling’ site energy were used to calculate the amount of 

energy used for heating and cooling systems. ("ASHRAE Standard 55 – 2004") ("NZS 

4243:Part1:2007 ") 
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Table 11.8 Thermostat schedule 

 

 

At an early design stage, building services are not precisely specified. For that reason, the assumed 

heating and cooling systems annual energy efficiencies have to be used in order to estimate the 

energy required to meet building cooling and heating loads. The complete energy efficiency of cooling 

or heating systems is described through the coefficient of performance (COP) or energy efficiency 

ratio (EER).  

Different building standards define COP and EER differently ("AS/NZS 3823") ("ASHRAE Standard 

90.1 – 2004"). The ASHRAE 90.1 (2004) standard describes the COP for cooling as: the ratio of 

number of units of heat removed from a space to the number of units of energy used at specific indoor 

and outdoor temperatures. The COP for heating is the ratio of units of heat delivered to the number of 

units of energy used. 

The New Zealand standards’ AS/NZS 3823 series defines EER as the cooling efficiency ratio and, the 

COP, as heating efficiency ratio. Both COP and EER are used to calculate annual energy efficiency. 

The COP and EER take into account standby power losses. Annual cooling energy efficiency is 

described as AEER, and yearly heating efficiency as ACOP (EECA, 2010). 

Once a system’s annual efficiencies and building loads are known, annual energy use can be 

estimated by dividing the ideal cooling or heating load by a system’s annual energy efficiency (ACOP, 

    Thermostat_Heating_Office,     Thermostat_Cooling_Office, 

    Temperature,                Temperature,            

    Through: 12/31,             Through: 12/31,         

    For: Weekdays,              For: Weekdays, 

    Until: 07:00,               Until: 07:00,           

    5,     35,

    Until: 19:00,               Until: 19:00,           

    20,     25,

    Until: 24:00,               Until: 24:00,           

    5,     35,

    For: Saturday,              For: Saturday,          

    Until: 07:00,               Until: 07:00,           

    5,     35,

    Until: 17:00,               Until: 18:00,           

    20,     25,

    Until: 24:00,               Until: 24:00,           

    5,     35,

    For: Sunday Holidays AllOtherDays,     For: Sunday Holidays AllOtherDays, 

    Until: 24:00,               Until: 24:00,           

    5,     35,
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AEER). For example, an electric cooling system with an ACOP of 3.75 would use 1kW of electricity to 

meet 3.75kW of cooling load. The calculation is shown below: 

                          
                      

                     
         (11.5) 

For this thesis’ study, it was assumed that cooling was provided through a system with an annual 

AEER of 3.5. For heating, a system with a central gas boiler was used. It was assumed that this 

system had an annual fuel utilization efficiency of 80% (AFUE). These assumptions were based on 

standards and the literature review ("ASHRAE Standard 90.1 – 2004") ("AS/NZS 3823") (EECA, 

2010).  

In consideration of cooling efficiency, Assem and Al-Mumin (2010), in their research relating to energy 

use in Kuwait’s tall buildings, modelled a water-cooled system with an (ASHARE) COP of 4.7. Pedrini 

(2003), in his study for Brisbane, modelled an efficient electric air cooling system with an (ASHRAE) 

COP of 3.3. 

In relation to heating efficiency, the internationally used ASHRAE 90.1 standard specifies the 

minimum efficiency for boilers as 80% AFUE (for boilers less than 300,000Btu per hour).   

In this thesis, cooling and heating loads, system efficiencies and source-to-site conversion factors 

were used for calculations of heating and cooling source energy, using Excel spreadsheets. The 

formulae for these calculations are described in next section. 

11.7 SITE AND SOURCE ENERGY 

Building cooling and heating systems and electric lighting can use different energy sources. For that 

reason, it is not possible to directly compare their energy use. To compare the energy used for 

cooling, heating and lighting, the individual source energy for each of these services has to be used. 

Source energy has to be also used when calculating the total building energy that combines 

embodied energy and operational energy. 

Source energy is the total amount of raw fuel (primary energy) required for the generation of the 

energy used by a building system. The source energy includes distribution and energy conversion 

losses (USEPA, 2010). During the energy conversion process, one form of energy is converted to 

another form of energy.  

Source energy is calculated using source-to-site conversion factors. A source to site conversion factor 

describes how many raw fuel energy units have to be used to produce one unit of the energy used by 

an on-site building system. Each energy type has a different source-to-site conversion factor.  

(11.6) 
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Source-to-site conversion factors differ for different locations. For example, for New Zealand, 

according to Bains and Peet cited in Alcorn (2003), the source-to-site electricity ratio was 1.53 in the 

1990s. This ratio is significantly lower when compared to the USA ratio of 3.34 that was established 

by the U.S. Environmental Protection Agency (USEPA) (2010). The difference is the result of the way 

in which electricity is generated in New Zealand and in the USA. In New Zealand, electricity is 

generated using predominantly renewable resources, mainly hydro, whereas, in the USA, electricity is 

mainly generated from coal and natural gas. 

Additionally, source-to-site conversion factors can differ with time. Bains and Peet’s source-to-site 

electricity ratio of 1.53 was calculated in the 1990s. Barber (2008) calculated that, in 2006, New 

Zealand’s electricity ratio was 2.23. One of reasons for this difference is that electricity output from 

hydro plants varies from year to year. 

Table 11.9 New Zealand electricity source-to-site conversion 

Source: Calculation based on ‘New Zealand Energy Data File’ (MED, 2010b) 

A hydro, geothermal, biogas wood and wind conversion factor of 1 was assumed because the energy used is 

renewable, following the ‘ENERGY STAR Performance Ratings Methodology for the ‘Incorporating Source 

Energy Use’ document published by the U. S. Environmental Protection Agency USEPA (2010). 

 

Considering the difference between Bains and Peet’s and Barber’s electricity factors for New Zealand, 

in this study, in order to investigate what the source-to-site electricity ratio for recent years would be 

the most probable, the average site-to-source electricity ratio for the 2005-2009 period was 

calculated. These calculations were based on data from a report in the ‘New Zealand Energy Data 

File’ (MED, 2010b). This report provides information about the efficiency of electricity generation from 

various fuels, electricity generation fuel mix, grid distribution losses and the net fuel (fuel used for 

Hydro
Geo-

therma

l

Biogas Wood Wind Oil Coal Gas
Waste 

Heat

23,179 3,604 202 307 929 32 4,241 9,483 63 42,041 net production

23,984 3,729 209 318 961 33 4,388 9,812 65 43,500
gross production, includes 

parasitic load
A

1 1 1 1 1 3.3 3.33 3.33 1
conversion factor 

(generation efficiency)
B

23,984 3,729 209 318 961 110 14,613 32,675 65
fuel used for electricity 

generation C=A*B
C

1.01 1.06 1.07 1.07 1.01 1.1 1.07 1.07 1.07 fuel net to gross factor D

24,224 3,953 224 340 971 118 15,636 34,962 70 80,497
gross fuel (primary energy) 

E=C*D
E

38,860
total consumption 

observed

Note: calculation in Excel, numbers rounded up 2.07
source to site energy 

conversion

Total 5 year averaged (2005-2009) 

(GWh)
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electricity generation) to gross fuel factor. The calculation for the site-to-source electricity ratio for the 

2005-2009 period is shown in Table 11.9. 

Source energy should be used when assessing a building’s energy performance (USEPA, 2010). In 

this thesis, for heating source energy calculations, a gas source-to-site conversion factor of 1.03 was 

used (Alcorn, 2003).  

For electricity-run equipment and lighting, to investigate how different source-to-site electricity ratios 

could affect source energy use, in the first three assessments in Section 10, different electricity factors 

were investigated (1.53 – Bains and Peet, 2.23 - Barber, 2.07 – this section assessment and 3.34 –

U.S. EPA) (Table 10.1). 

These electricity factor investigations showed that the use of different electricity factors for New 

Zealand (1.53, 2.23, 2.07) were not creating significant differences (described as percentages) 

between shape alternatives source energy use (Table 10.2 and Table 10.7 in Chapter 10). 

Consequently, for Assessment 3 in Section 10, only an electricity factor of 2.07 was used. 

In this thesis, using source-to-site energy factors, the site energies for the different building systems 

and annual systems efficiencies (previous section), source energies were calculated as follows:  

for heating 

                
                     

                        
               (11.7) 

 

for cooling 

                
                     

                        
                      (11.8) 

for lighting and plug loads 

                                                                               (11.9) 

The results for the site energies of the different systems required for source energy calculations were 

obtained from the ‘Annual Building Utility Performance Summary’ report. This report can be requested 

from EnergyPlus using object ‘Output: Table: SummaryReports’.  

To save time, these calculations were done using Excel spreadsheets, despite the fact that Energy 

Plus can calculate source energy. However, such a calculation requires the running of an energy 

simulation. To investigate the various electricity source-to-site conversion factors, simulations for the 

same building case would need to be repeated.  

The  energy efficiencies and source-to-site conversion factors for heating and cooling systems can be 

specified in EnergyPlus, using a combination of ‘FuelFactor’ and ‘EnvironmentalImpactFactor’ objects. 
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11.8 SITE CONDITIONS 

EnergyPlus heat exchange and lighting calculations account for solar radiation reflection from the 

ground. For the Auckland CBD site, a ground reflectance of 0.2 was assumed. This assumption was 

based on Muneer, Gueymard and Kambezidis’ (2004) research of the average ground reflectance for 

temperate and humid tropical climates. Although snow can significantly alter ground reflectance, it 

rarely snows in Auckland. In EnergyPlus, ground reflectance is described by an 

‘Site:GroundReflectance’ object. 

In order to calculate energy use, information in regard to the building site’s weather conditions is 

required. For energy simulations, such information is contained in weather data design files. For this 

thesis’ simulations, the IWEC weather file for Auckland was used. This weather file was downloaded 

from the EnergyPlus weather data website (EnergyPlus Weather Data). 

The weather data for Auckland is based on weather condition measurements from a weather station 

at Auckland Airport. Slightly different climate conditions prevail at the Auckland CBD site for which this 

research’s simulations were undertaken. Ideally, weather data from a weather station in the CBD 

ought to be used; however, there are no weather stations in Auckland City.  

With altitude, air speed increases and temperature decreases. Outside temperature and wind speed 

affects the rate of heat transfer through a building’s exterior envelope. Additionally, wind speed affects 

building infiltration and natural ventilation rate.  

Apart from altitude, wind speed depends on building site surroundings, for example, generally 

speaking, in urban areas, wind speeds are lower. The effects of a building site’s surroundings on wind 

speed are described in the EnergyPlus by ’Terrain’ field in ‘Building’ object. ’Terrain’ field tells 

EnergyPlus which boundary layer thickness ‘δ’ and terrain exponent ‘a’ should be used in EnergyPlus 

calculations. 

Boundary layer thickness (‘δ’) is the height above the ground of the layer of air that separates laminar 

airflow from uniform air flow. Laminar airflow is below the boundary layer, close to the surface of the 

ground. Laminar air flow is characterised by turbulence, gusts, eddies and increase of wind speed 

with altitude. Above the boundary layer, the airflow is uniform. Uniform air flow is the constant flow of 

air without turbulence (Yeang, 1996). 

The laminar airflow is the result of friction between the ground surface and the air, and obstructions in 

the path of flowing air, e.g. trees. This friction and the ground obstructions are described by ground 

roughness. Flowing air is slowed down by surface roughness. Higher up, the effects of ground 

roughness on airflow decrease. The uniform airflow at higher levels is not affected by ground 

roughness. In EnergyPlus, ground roughness is described through the exponent ‘a’. 
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Table 11.10 shows boundary layer thickness ‘δ’ and terrain exponent ‘a’ values for different ‘Terrain’ 

field set ups. In this research’s simulations, the investigated building site was in a densely built-up 

area of the Auckland CBD. To describe it, setting ‘City’ was selected in ’Terrain’ field of ‘Building’ 

object. 

Table 11.10 Building site wind parameters:  ‘a’ terrain exponent and  ‘δ’ boundary layer thickness 

Based on EnergyPlus documentation. Terrain names were modified to match IDF Editor naming conventions. 

 

EnergyPlus calculations of the effects of site surroundings on wind speeds are very approximate; this 

is because the software does not model wind turbulence (Section 9.1 and 9.2). EnergyPlus calculates 

wind speed increase with altitude according to the ASHRAE Handbook Fundamentals (2005). An 

equation for this calculation is presented below. This equation can be used to calculate wind speeds, 

when assessing natural ventilation use in step 1 of the design process (Section 8.2). 

        
    

    
 
     

 
 

 
 
 
            (11.10) 

  – site boundary layer thickness  

  – site terrain dependent coefficient, depends on ground roughness 

  – height for which wind speed is calculated 

     - weather station wind profile atmospheric boundary layer thickness 

      - wind speed, from a weather station data 

      - weather station terrain dependent coefficient, depends on ground roughness 

     - weather station wind speed sensor height above ground level 

When using ‘Terrain’ field in simulations, the wind speed is assumed to be measured at 10m above 

ground level. This is the standard height for wind measurement in World Meteorological Organisation 

(WMO) weather stations. The Auckland Airport weather station is a WMO weather station. 

11.9 SETTINGS  FOR SIMULATION CALCULATIONS 

EnergyPlus can calculate heat exchange and daylight at different levels of accuracy. Higher accuracy 

generally requires higher computer power and longer simulation time. The accuracy level is controlled 

site surroundings (terrain)  'a'   terrain exponent  'δ' (m)   boundary layer thickness    

country 0.14 270

suburbs 0.22 370

city 0.33 460

ocean 0.1 210

urban 0.22 370
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by calculation settings. Hong (2009) made a study of optimal calculation settings for running 

EnergyPlus simulations. In this thesis’ simulations, EnergyPlus calculation settings were based on 

Hong’s research. The settings used in simulations and optimal settings proposed by Hong are shown 

in Table 11.11. 

The investigations for the simulations for this thesis confirmed that the timestep setting can 

significantly affect computing time of simulations. Timestep setting instructs EnergyPlus as to how 

many times per hour heat exchange calculations should be done. For example, a timestep of four 

instructs the application to calculate heat balance every 15 minutes. Generally, a shorter timestep 

results in higher accuracy; however, when a shorter timestep is used it takes longer to run 

simulations. 

This accuracy of the simulations performed in this thesis could have been higher if a different ‘Solar 

Distribution’ algorithm had been selected. The selected algorithm for solar distribution 

‘FullInteriorAndExterior’ accounts for reflections from the ground but does not account for reflections 

from the facades of adjacent buildings and of the building itself. Another algorithm, 

‘FullInteriorAndExteriorWithReflections’, accounts for these reflections. However, because the use of 

reflections places a very high demand on computing power, the ‘FullInteriorAndExterior’ algorithm was 

used in the simulations for the thesis.  

Table 11.11 General EnergyPlus settings 

 

 

Parameter  Hong - Final Runs Settings used EnergyPlus Object

Run Period  Annual Annual RunPeriod

Loads Time Step 

(time intervals 

per hour)

 6 (10 minutes)  6 (10 minutes) Timestep

Solar 

Distribution 
FullInteriorAndExterior FullInteriorAndExterior Building; Field: Solar Distribution

Heat Balance 

Solution 

Algorithm

ConductionTransferFunction   

or CondFD or EMPD CTF
ConductionTransferFunction HeatBalanceAlgorithm

Loads 

Convergence 
 0.02 (2%)  0.02 (2%)

Building; Field: Loads Convergence 

Tolerance

Temperature 

Convergence 
 0.1°C  0.1°C

Building; Field: Temperature 

Convergence Tolerance Value

Number of 

Warmup Days
21 25

Building; Field: Maximum Number of 

Warmup Days

Inside 

Convection 

Algorithm

 Detailed                          

(older EnergyPlus version 

setting)

TARP SurfaceConvectionAlgorithm:Inside

Outside 

Convection 

Algorithm

 Detailed                         (older 

EnergyPlus version setting)
DOE-2 SurfaceConvectionAlgorithm:Outside

Results Reports

All Predefined Summary 

Reports and other reports 

as needed

AllSummary Output:Table:SummaryReports
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12.  CONCLUSION  

Major aspects that affect a tall building’s energy use are building shape and layout, because they 

allow passive design strategies such as natural ventilation, daylight access and optimum solar 

exposure. These passive design strategies have specific spatial requirements. The shape and layout 

modifications used to allow the application of these passive design strategies affect a building’s 

embodied energy. Furthermore, a shape is also constrained by; the spatial requirements of the 

designs for the building structure and fire safety, building services, building function, planning rules, 

and site constraints. 

Within the framework of the limited analysis for this study, a design process was produced in order to 

answer to the research question, ‘What is the best way of designing the most energy-efficient tall 

building shape and layout?’ This design process focuses on achieving the maximum building energy 

efficiency using energy saving strategies that have specific spatial requirements. It includes use of 

building energy simulations. The design process described in this thesis can guide designers in the 

designing of a tall building with the shape and layout that is optimum for the energy use, within the 

limits of the codes and design regulations such as those relating to fire safety, structure, etc. The 

process extends and adds to design methods previously developed by other authors. 

This original process is the result of the analysis of the interrelations between major tall building 

design aspects and their effects on combined operational and embodied energy. The analysis shows 

that, in most climates, a compact tall building with a rectangular plan that has shallow floors, allowing 

natural ventilation and daylight access, has the optimum combined operational and embodied energy.  

One of the long walls of such a building should face in a northerly direction and the second long wall 

should face in a southerly direction; this advice is subject to small variations depending on project 

location. To allow the building to have a long life, its spatial, structural and fire proofing characteristics 

have to allow for an easy conversion between the office, residential, and hotel functions.  

The results of the limited literature review performed in support of this study indicate that, in most 

climates, a rectangular layout is optimal for operational energy performance. The optimum side ratio 

of a rectangular floor can be slightly different in each climate. However, natural ventilation and 

daylight penetration requirements should be prioritised, as these passive design strategies are more 

important than the optimum side ratio for solar exposure. Consequently, when designing a tall 

building, it may not be possible to use the optimum floor layout, due to requirements for a narrow floor 

plate to allow natural ventilation and optimum daylight. 

Simple compact shapes are preferable for both building operational and embodied energies. 

However, narrow floors that are required for natural ventilation and daylight penetration, and the 

optimum floor proportions for solar exposure can result in an increase in construction materials and, 

consequently, in an increase in the building’s embodied energy. Additionally, the narrow floor required 

for natural ventilation restricts building height, since the maximum building width to height ratio should 
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be no more than, eight, to prevent excessive building oscillation. To allow the construction of taller 

naturally ventilated buildings, internal atria have to be used to increase building width. For tall narrow 

buildings than can be naturally ventilated, shape modifications to allow natural ventilation and 

optimum daylight penetration can offset the additional embodied energy associated with these 

modifications. 

The results of the literature review indicate that designing self-shading complex shapes is not a good 

strategy for operational energy use. Self-shading shapes cannot achieve the same level of 

compactness as simple shapes. Building shapes that are the most compact have the best operational 

energy performance for both cool and hot climates. Furthermore, self-shaded shapes with complex 

plans, recessed walls or cantilevered floors require more materials for their construction and 

consequently have higher embodied energy. More controlled shading than that due to building shape, 

in addition to higher operational energy savings, can be achieved when using shading devices such 

as overhangs and fins. Even better results can be achieved when covering windows with exterior 

blinds that have automatically adjustable angles to allow for optimum temperatures and lighting inside 

a building. The angles of the blinds are controlled by temperature or by solar radiation sensors. 

The literature review and analysis also indicates that the large scale modification of overall tall 

building shape, in order to improve solar and wind energy production at the expense of operational 

energy performance, is not the appropriate solution. The analysis shows that solar panels 

incorporated into vertical walls cannot achieve maximum energy output, as they are not positioned at 

the optimum angle. Furthermore, their performance can be significantly reduced due to building self-

shading and shading from adjacent buildings. In the case of wind turbines, the literature review 

showed that, generally, far higher energy outputs can be achieved from the turbines on wind farms 

than from building integrated wind turbines. Using integrated wind turbines can only be justified by 

reasons other than optimum energy efficiency, for example, low security of power supply.  

Service cores’ arrangement can be used to improve building energy performance. The most important 

is positioning of service cores along exterior walls to allow their natural ventilation and daylight 

penetration. However, the location of service cores should not obstruct natural ventilation and daylight 

penetration of the main function, e.g. offices or apartments. In most climates, up to 40° latitude from 

the equator, service cores positioned along east and west walls can protect from direct solar radiation 

in summer. This results in cooling load reduction in office buildings. Such positioning of service cores 

does not obstruct natural ventilation and optimum daylight penetration of the main function in narrow 

rectangular buildings. The investigations show that a service core arrangement is also constrained by 

fire escape routes and structural requirements. 

It is important to design a tall building that can be converted to alternative functions as market 

demand can change frequently during the life of a tall building.  A redundant tall building would result 

in a waste of materials and embodied energy. The investigation shows that, in New Zealand, as in 

other locations, a tall building conversion between the functions of office, apartments and hotel is 

relatively easy. In the case of a tall residential building design, to allow for its future conversion to 
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offices, its structure has to be overdesigned. The building structure design has to take into account 

greater office floor loads and possibly higher fire rating requirements. However, it does not seem 

practical to design shapes for functions that have no compatible requirements, for example 

apartments and shopping malls. 

When considering energy use, a tall building of a height that allows the frequent use of natural 

ventilation, is preferable. A tall building in which, at high levels above ground, natural ventilation can 

rarely be used, due to high wind speeds, has high operational energy requirements. A very tall 

building, more than 300m high, has very high embodied energy due to its superstructure’s material 

requirements. Its structure predetermines its shape. A very tall building must have deep floors to 

reduce the width to height ratio. Because of the floor depth, to allow natural ventilation at lower levels, 

atria have to be used. Atria also have to be used at all building levels to allow sufficient daylight 

penetration. Otherwise, as a result of deep floors, more energy for electric lighting would have to be 

used in addition to increased amounts of energy for mechanical ventilation. Atria use reduces the 

usable area and, consequently, the building’s embodied energy increases further. 

The thesis proposes a process for the shape and layout design of energy efficient tall buildings, 

articulated in consecutive steps. At each step, various design aspects are considered and compared. 

The order of the steps was designed with the aim of reducing the time required for design analysis. 

This process prioritises energy efficiency over other design aspects. 

The process is explained and tested through the design of a tall building shape for an Auckland CBD 

site. The building energy simulations, which were done for the investigated building as part of the 

proposed procedure, indicate that the design process is effective. The tall building shape created 

following the design process achieved the lowest operational energy use for combined cooling, 

heating, lighting and ventilation, when compared to other alternative shapes.   

The results of the simulations show that, for the Auckland climate, and in case of high urban density, 

the operational energy demand for naturally ventilated buildings mainly depends on how much shade 

a building receives. As taller buildings can be spaced less densely, they can take full advantage of the 

optimum solar exposure.  

The sample design process confirms that, sometimes descriptive design rules cannot provide 

answers allowing selection of the most appropriate design solutions. In such situation, use of building 

energy computer simulations can support design decisions. In the case of the sample design, 

assessments for tall building aerodynamic modifications and floor rotation to reduce building width-to-

height ratio were supported by building energy simulations. 

The design investigation for the tall building in the Auckland CBD confirmed that higher embodied 

energy and the energy associated with vertical transportation can make tall buildings less energy-

efficient when compared to some shorter alternatives that can achieve the same urban density. 

However, the design assessments, supported by building energy simulations, indicate that, in places 

with high urban density, the additional amount of the total energy required by the tallest naturally 



273 
 

ventilated building alternative could be small. Consequently, for a particular site, a tall naturally 

ventilated building with energy-efficient lift services could be the most appropriate design solution to 

allow the creation of large public spaces in places with high urban density.  

Besides the mentioned major findings, other significant results were identified. Chapter 1 confirms that 

energy use reduction is important, not only as a means to contain climate change and because cheap 

fossil fuel resources are limited, but also because of the continued rise in energy prices. The need to 

use energy more efficiently is the reason why buildings should be designed to take advantage of all 

available energy savings strategies.  

In Chapter 2, the Green Star New Zealand building rating tool analysis clarified that green certification 

does not automatically qualify a building as energy efficient. Despite the contribution of Green 

Councils to the creation of a more sustainable building environment – by raising awareness of 

building impact on the environment among developers, designers and building users -, the green 

rating cannot be relied on as a building’s energy efficiency indicator. A certified ‘green’ building can 

have an average or even below average energy performance and have higher than average 

embodied energy. Most of the Green Star NZ certified buildings achieved certification with a limited 

focus on the building’s operational energy use reduction and little attention to passive design 

strategies that depend on the building’s shape.  

In Chapter 6, investigations showed that tall building thermal mass is largely predetermined by 

structural requirements. If a high thermal mass is required, it could be increased using lightweight 

Phase Change Materials (PCM), for example modified plasterboard wall lining.  

Chapter 9’s investigation confirmed the reasons why energy simulations sometimes cannot predict 

accurately operational energy requirements. This chapter added weather data file to simulation 

variables that cannot be predicted, such as users’ behaviour, building air infiltration and local air 

movement. Weather data file information is always different from real weather conditions in each year. 

However, computer simulations, despite their inaccuracies, allow for the observation of the way in 

which energy use could be affected by specific design decisions.  

Further findings and the findings’ details are described in the conclusion for each chapter and the sets 

of design considerations. Sample design assessment results are discussed in Chapter 10. 

12.1 Future Research 

This research indicates that the main aspect that can render naturally ventilated tall buildings to be 

less energy-efficient than shorter buildings is the construction materials used in building 

superstructure. When considering energy efficiency, it seems that the most important tall building 

research challenges are the development of more material-efficient superstructures, the definition of 

design solutions to maximise natural ventilation use and improvements in lift efficiency. For ‘shorter’ 

tall buildings, of particular importance, seems to be the development of timber structural systems. 
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The thesis analysis and the design process for energy-efficient tall building shape and layout were 

built upon information and data from currently available research. To remain relevant, the design 

process and design considerations have to be continuously updated based on in-depth literature 

reviews. Further studies of tall building design aspects discussed in this thesis will improve the 

proposed process. 

The quantitative embodied and operational energy comparison presented in Chapters 4, 8 and 10, 

was based on data from published research. However, few tall building embodied energy studies, and 

for few locations, have been done so far. Improving this research’s assessment accuracy depends on 

further developments in tall building embodied energy studies. 

Particularly useful for the design process proposed in this thesis would be a comparative study of 

materials used in different superstructure types. Such a study should consider different rectangular 

floor plan proportions and different building heights. Furthermore, such a study should compare the 

embodied energy of exterior superstructures made of steel with those made of concrete. 

To be able to compare a tall building’s embodied energy to that of shorter buildings, more accurately, 

further study of the construction materials used in short and tall buildings is required. Additionally, to 

support the embodied energy investigations for tall buildings, further developments of life cycle 

assessment (LCA) inventories for the principal materials used in tall building superstructures and 

elevations, are required.   

Embodied and operational energy comparisons depend also on the accuracy of building energy 

simulations. The EnergyPlus set up proposed in this thesis has to be further developed. In particular 

the mixed mode system model has to be improved to allow more accurately simulated natural 

ventilation effects on building energy performance. 
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