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Abstract 

Conventional commercial buildings are among the highest unwise consumers of 

enormous amounts of energy and hence produce significant amounts of carbon dioxide 

(CO2). These have been built for years without considering their contribution to global 

warming. However, green buildings (GB) simulation for energy efficiency commenced 

in 1973 and many countries—in particular the United States—has responded positively 

to minimise energy consumption. Therefore, software companies have developed 

unique building energy efficiency simulation software, interoperable with Building 

Information Modelling. Hence, the past decade has witnessed a rapid increase in the 

number of studies on GB energy efficiency systems. However, similar studies also 

indicate that the results of current GB simulations are not yet satisfactory to meet GB 

objectives. In addition, most such studies did not run simulation to determine 

comprehensive building energy efficiency. This study aims to meet GB objectives 

through design, modelling and simulation of comprehensive ‘multilevel hexagonal-

curve shape’ commercial office building, energy efficient system. In this study, every 

particular part of the building construction element was simulated for ensuring energy 

efficiency. Additionally, a control method is introduced that almost satisfies GB 

objectives by using appropriate modern cost-effective technologies, such as ‘Actuator 

Sensor Interface’. This method reduces the initial, running, and maintenance costs of 

electrical/electronic devices and limits wiring installations, leading to significant energy 

consumption reduction of about 50%. Further, renewable energy or green power, 

currently the key solution to tackle the energy crisis, plays a significant role in removing 

CO2 (negative emissions). In this research, its use is significantly maximised, hence 

decreasing the impact of global greenhouse gas emissions. This study not only considers 

energy sufficient buildings, but also building occupant comfort and building stability 

through simulations. In conclusion, energy saving of 63.5% is achieved overall, 

approaching NetZero energy saving/building energy self-sufficiency.   
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Chapter 1: Thesis Overview 

1.1 Introduction 

Green building (GB) is also known as energy efficient construction. After the oil crisis 

that commenced in 1973–1974 [1], government institutions and private companies 

started searching for alternative methods for using their existing energy resources 

wisely and minimising unnecessary use. This opportunity led to the development of a 

wide range of energy research practices and simulations to reduce energy consumption 

in buildings. Current GB research shows that traditional/conventional buildings waste a 

huge amount of energy and produce the highest level of carbon dioxide (CO2) emissions 

among the building industries. In addition, these studies have also identified the three 

highest contributors to greenhouse gas emissions: manufacturing industries, 

transportation and buildings [2]. In this regard, traditional/conventional buildings 

contribute up to 43% of the total global greenhouse gas emissions. The solutions to 

address this significant negative impact from the building sector is to implement GB 

globally as fast as possible as well as define GB and its objectives [3]. 

1.2 Building Energy Rating Scheme 

Implementations of GB are classified according to the building energy rating values. 

GB is commissioned to comply with the energy rating credit point system designed by 

the accreditation authorities of countries. For example in Australia, Australia Green 

Building Council (AGBC), in the United States, Leadership in Energy and 

Environmental Design (LEED), in Hong Kong, Hong Kong Green Building Council, in 

China, GB Evolution Standard, in Finland, Green Building Council Finland, in 

Germany, German Sustainable Building Council, in India, Green Rating for Integrated 

Habitant Assessment and Indian Green Building Council, in the United Kingdom, 

Building Research Establishment Environmental Assessment Method (BREEAM); and 

in Qatar, Qatar Sustainability Assessment System. In addition, GB rating codes also 

differ from each country’s credential authority codes; for example, AGBC uses Design 

as Built, star rating system and LEED uses LEED Accredited Professional (AP). 
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1.3 Building Element Energy Simulation 

This research project focuses on investigating the extent of energy reduction possible on 

using comprehensive energy-saving methods on commercial office buildings. To this 

end, every particular building element and material used for construction of the building 

was simulated to identify energy wastage. For example, the orientation of windows and 

doors and types of building materials used have significant effect on energy 

consumption. In addition, massive concrete walls are used mainly for commercial 

buildings, because of their ability to provide significant building envelopes as a primary 

function. Moreover, such walls also play a major role in heating/cooling zones, owing 

to their natural thermal mass property, which enables building materials to absorb, store 

and later release heat [4]. These materials have a natural behaviour of absorbing energy 

slowly and retaining it for longer periods of time. This delayed response reduces heat 

transfer through thermal mass and shifts energy demand to off-peak time. Hence, energy 

is saved when reversal in heat flow occurs within walls. Since mass and heat flow play 

major roles to balance temperature fluctuations, significant energy is also saved during 

this period. Further, the window-to-wall ratio (WWR) also plays a major role in 

ensuring energy saving. Higher WWR in winter can let additional light into the building 

and also facilitate significant heat loss during summer [5]. In addition, windows and 

doors contribute a large part of the exterior building envelopes and have a major impact 

on human activities inside the building and also on energy use. Sustainable window 

design maximises the benefits of daylight while minimising energy use. Sustainable GB 

design and its objective goals are expected to provide 80% [6] of interior lighting 

through natural light as well as provide adequate natural ventilation by 

minimise/maximise windows size. 

1.4 Building Integration with Modern Technology 

Intelligent building (IB) is also known as sustainable intelligent green building (IGB) 

[7]. It usually involves constructing a new building or upgrading a conventional 

building. IGB implements sophisticated automated building control system programs 

using two or more of the following devices: personal computer (PC), programmable 

logic controller (PLC), distributed control system (DCS), object linked & embedding 

(OLE), object process control (OPC), human machine interface (HMI) or supervisor 
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control and data acquisition (SCADA) [8-10]. A highly sophisticated building 

automation program can save a significant amount of energy. 

1.5 History of Intelligent/Smart Building 

Historically, the term IB was adopted in the early 1980s from among the many 

competing names proposed and the term IBG is widely used instead. In Europe, 

the European IB Group coined a new definition stating it is an IB. In Asia, the 

definitions focused on the role of technology for building automation and control 

of building functions. In the late 1990s and early 2000s, with the introduction of 

the BREEAM codes and LEED programs, the IB spotlight tilted towards energy 

efficiency and sustainability. More recent definitions have commenced to consider 

elements such as the emerging Building Internet of Things (BIOT) technologies. An 

internet protocol (IP) network computer software application program connects all the 

building services to control, monitor and analyse any defects without human 

intervention. At present, major shifts are also occurring in the way that buildings are 

designed, operated and used. An energy efficient building leverages a state-of-the-

art connectivity platform to address key corporate of building facilities and information 

technology. Its challenges are mainly to improve energy efficiency, space utilisation and 

occupant satisfaction. 

1.6 Building Energy Simulation Progress 

In addition to the above, the term IB commenced attracting increasing attention a few 

decades previously [11], when an energy crisis, in particular, the rising cost of fossil 

fuels, created economic instabilities globally and especially in the United States. Then, 

government institutions, industries, companies and nongovernment companies started to 

realise that in certain areas, energy was being wasted. This crisis was an opportunity for 

energy researchers, energy consultants, construction contractors and owners of 

companies to focus on three main energy consumers, Industries, Transportation and 

conventional buildings, as aforementioned. Since then, building energy-saving 

technology has grown rapidly from introducing simple automatic light control ON/OFF 

application to fully automated building control systems, such as the building automation 

system (BAS), building management system (BMS), building energy management 

system (BEMS) and building automation control system (BACS) [8]. These systems are 

just a few examples, and in reality, more advanced systems have been developed. 

http://www.usgbc.org/leed
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Further, building technology has gone beyond the scope of building automation with the 

help of BIOT and smart grid supply and currently focuses on an occupant density-

centred approach to build smart cities [12], as well as a smart way of living. 

1.7 Intelligent Building Acceptance 

Following popular acceptance of IGB, the term IB emerged from conventional building 

in the early 1980s [13, 14] and the term GB dominates at present. In addition, GB 

appears in relation to saving energy and reducing greenhouse gas emissions [3, 7]. 

Moreover, GB is enhanced by green economy. 

1.8 Modelling and Designing of Sustainable Green Buildings 

Designing and modelling of sustainable GB, which satisfies the entire requirement or 

the scope and the objective of GB, is a very complex process that requires many 

collective bodies’ efforts and economic achievements. However, an opportunity exists 

to design and model GB using cost-effective, modern, reliable, industry-proven 

technologies, such as the ‘Actuator Sensor- (AS) Interface network protocol’, which is 

now used by many industries to reduce the number of used parts, saving space as well 

as installation cost. Utilising this type of technology in building sector will improve the 

impact of energy consumption by the building and satisfies the scope and the objective 

of GB through reduced costs. In this research, the main aim is to model and design a 

smart commercial office building, using the most advanced technology, which would 

result in GB that is truly an energy efficient building (EEB). 

1.9 Greenhouse Gas Emissions 

Fossil oils produce CO2, methane, nitrous oxide and fluorinated gases, and these 

chemicals have been found to be extremely dangerous, causing global climate change 

[15-17]. Although the benefit of fossil fuels is significant and crucial, it is necessary to 

cease using these gradually and replace these with renewable energy sources, which do 

not cause any adverse environmental effects. 
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1.10 Renewable Energy Efficiency 

Energy efficiency in particular is the main issue related to the use of renewable energy 

since these have very low efficiency, except for hydropower [18-20]. Thus, even though 

significant effort has been made in the past and is still ongoing to improve the 

efficiency/performance of renewable energy sources, the results are not satisfactory 

especially as regards photovoltaic (PV) cell efficiency. For example, several studies 

have proposed different techniques to increase the efficiency of PV cells. The most used 

method is selecting highly efficient and suitable PV cell material, such as organic-metal 

halide perovskite, with improved sizing parameters that provide an efficiency up to 

27.5% [21]. Another method is using PV cell material with a higher absorption 

coefficient to absorb more photons, because such materials absorb excess photons and 

excite more electrons to the conduction band. In this method, the absorption coefficient 

determines how far light of a particular wavelength can penetrate into a material before 

being absorbed [22]. In addition to these methods, the study of carrier multiplication 

absorbers based on semiconductor quantum dot increased PV cell efficiency up to 

47.7% [23]. Another expensive method is using a concentrated incident light several 

times higher than the standard to increase the PV cell open voltage [24]. In addition, the 

maximum power point tracking (MPPT), model free predictive (MFP) and the model-

based calibration approaching systems methods [25, 26] are three proven techniques 

that significantly improve PV cell efficiency. The MPPT method evolved and 

implements the concept of Perturb & Observe and is widely adapted by cutting-edge 

solar energy output efficiency researchers owing to its proven capability of optimising 

output power [25-28]. The MFP method uses the concept of a predefined solar system 

based on a Sun ephemeris orientation system using a stored algorithm. This type of 

technique predicts and implements astronomers’ knowledge to track the Sun’s position 

in the sky relative to the Earth’s orbital position using pure software [26]. Conversely, 

the model-based calibrated approach is pure practical information collected from highly 

accurate intelligent fine sensors that calibrate to provide almost zero-tolerance 

measurements of the Sun’s orientation position in the sky. The actual measured 

information is compared with the MFP-stored information obtained on basis of the 

concept of the Sun ephemeris system. In this method, the error or the feedback 

information is noticed as environmental affects [26]. Prediction of maximum output of 

the PV cell is also widely implemented using the I-V characteristic optimisation method 
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to obtain the desired result either by analytical invertible function or numerical 

technique approaches [29]. However, all these methods use complex mechanisms and 

techniques and implementing their actual process is time-consuming and very costly. 

This research thesis project develops an alternative method to ease the process of 

increasing the PV cell efficiency and also to reduce costs. In this method, the PV cells 

are designed and modelled using simulation software applications (Autodesk Revit and 

Dynamo) and the results are analysed to satisfy the target of PV efficiency. 

1.11  Comprehensive Building Energy Simulation 

This research is modelled and designed for minimum energy use in commercial 

building by applying comprehensive energy simulation possibilities, using computer 

software applications energy analysis, Autodesk Revit and Dynamo (script 

programming language) interfacing each other on the project design parameters. Hence, 

this research project uses the following steps to succeed its goals: (1) multilevel 

hexagonal-curve shape building design is drawn. (2) Energy analyses setting 

specifications, such as space/room, type of building and geographical location, are 

configured. (3) Weather files from the nearest weather station are loaded. (4) Base run 

(primary run) energy analysis is conducted. (5) Further, the Building Information 

Modelling (BIM), green building Extensible Mark-Up Language (gbXML) engineering 

information data are exported to Green Building Studio (GBS) for multiple alternative 

designs and for further energy simulation analysis. This approach was adopted to 

achieve the most comprehensive/optimum energy consumption reduction. 

1.12 Thesis Structure 

The contents of this thesis are presented in eight chapters and the thesis is structured 

according to the chapter’s contribution to the research study. 

Chapter 2 

This chapter presents and emphasises a literature review of conventional/traditional 

buildings versus GB as the main topic. The history of GB, especially how the name GB 

was adopted, is briefly addressed. In addition, methods of building solar energy 

simulations with different simulation software applications are also briefly discussed. 

Further, BACS using different methods and configurations are also briefly discussed. 

Hence, the topics covered in this chapter are used to construct this thesis project. 
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Chapter 3 

This chapter discusses the GB design process. The process is supported by procedures, 

and the procedures include flow charts, steps, tables and figures. These procedures are 

implemented in this chapter to explain how the design of GB is based on cost-effective 

economically achievable design methods. 

Chapter 4 

This chapter covers the pre-base run energy simulation, which focuses only on 

heating/cooling primary calculation results of building spaces. In this simulation, 

preliminary heating/cooling simulation results per segregated space of the building are 

obtained. Hence, this chapter considers a prerequisite simulation to the base run 

simulation. 

Chapter 5 

This chapter covers the first/primary (base run) building solar energy simulation, which 

is the basic simulation part in this research and introductory simulation to the alternative 

design energy simulation. Hence, the simulation results obtained from this chapter do 

not reflect significant energy reduction. These results help to compare with the 

alternative design simulation result, and also act as a reference point. In addition, it also 

covers the use and contribution of renewable energy in GB design, in relation to the 

building being energy efficient. In this chapter, PV cell and wind turbine efficiency and 

performance are maximised using cost-effective techniques and methods. 

Chapter 6 

This chapter covers the main part of this research project. It is the alternative design part 

of the building solar energy simulation and concludes this research simulation process 

by achieving significant results. In this chapter, the construction elements of the whole 

building are simulated for their energy efficient capabilities by automatically changing 

the construction elements for different options of design called ‘alternative design 

methods’. Hence, the results presented in this chapter are compared with these of the 

previous simulations to choose the best energy reduction simulation results. Among 254 

alternative design runs, energy package lists conducted, one energy package list was 

found the best, with substantial reduced energy results. 
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Chapter 7 

This chapter covers three main topics 

GB structural stability simulation: This section covers building structural stability in 

terms of the building being physically stable during internal and external environmental 

incidents. Hence, the aim of this simulation is to detect defects in any structural 

elements prior to commencing practical work. 

Building occupant comfortableness: This section explains briefly the GB capability of 

responding to occupants according to their desired interests by providing not only 

thermal comfort but also intelligently acting and responding to their activities. In this 

section, indoor/outdoor air quality is briefly discussed. 

Building automation control system: This section covers the BACS and explains the 

introduction of a modern cost-effective control method, ‘AS-Interface network 

protocol’, aiming to replace the current BACS, which is categorised in this research 

thesis project as non-cost-effective methods. In this section, the benefit of the ‘AS-

Interface network protocol’ is discussed in depth. 

Chapter 8 

This chapter presents the main conclusion of this research thesis project and discusses 

the contribution and the achievements of this thesis in terms of buildings’ energy 

efficiency briefly. It also provides directions and recommendations for further studies. 

1.13 Conclusion 

This chapter covers the main introductory information in relation to this research thesis 

project topic. It describes the formation or evolution of GB in brief as well as the main 

contents of this thesis, such as the type of methods used, building solar energy 

simulation process, implementation of renewable energy sources and the method to 

optimise their efficiency/ performance. 

In addition, building stability simulation, occupant comfort and the building automation 

control method used are also discussed.  



9 

Chapter 2: Literature Review 

2.1 Introduction 

Green building (GB) is also known as green construction or sustainable building, which 

refers to building structures in which intelligent electrical, electronic and 

electromechanical devices are in use. These smart devices sense and control the 

occupants’ activities and excess energy use as well as monitor the building in terms of 

security [30]. Moreover, GB practice expands and complements the classical building 

design by addressing issues related to economy, utility, durability and comfort. New 

technologies are constantly being developed to complement current practices in creating 

greener structures. The common objective is to ensure that the GB is designed to reduce 

the overall impact of the building environment on human health and the natural 

environment by efficiently using all types of available energy resources, thus protecting 

occupant health, increasing occupant comfort, improving productivity, reducing waste 

or pollution as well as preventing environmental degradation. 

2.2 Building Contribution to Greenhouse Gas Emissions 

Buildings have been designed and modelled traditionally for years, without 

consideration or notice of their negative impact with respect to global CO2 emissions as 

well as their lack of energy efficiency contribution. Conventional buildings, regardless 

of their attractive structural or masonry designs, waste significant amounts of energy. 

Hence, conventional buildings are among the highest energy consumers and also among 

the highest contributors to greenhouse gas emissions, accounting for approximately 

40% and 33% of CO2 emissions produced by developed countries and the rest of the 

world respectively. This situation persists despite the US Government spending 

approximately US$1 trillion per year on construction, renovation and operation of 

buildings [31]. In addition, US buildings are the largest energy consumers of energy 

worldwide and consume 71% of the electricity and 54% of the natural gas the country 

produces annually. Hence, the US Army spends more than US$1 billion dollars on 

building energy bills to reduce energy consumption in buildings. As a consequence, the 

US Army aims to achieve buildings energy efficiency of between 25 to 30% by 2023 
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and net zero building energy efficiency by 2058 [32]. This is the best initiative taken by 

the US Army in this regard. 

2.3 Building Energy Simulation History 

Building energy simulation with a specific focus on GB simulation was started by US 

Department of Energy (DOE) in consultation with industries and universities after the 

oil crisis commenced during 1973–1974. The oil crisis led to energy shortfall in the 

country and resulted in significant negative effects on the US economy; however, the 

simulation conducted at that time was merely to control nothing more than a room 

temperature. After 1990, PC-based simulation software applications rapidly developed 

to the point that a graphical user interface could significantly help in simulations and 

was quicker than other methods [31]. Energy sustainability can also be defined as 

meeting the needs of the present generation without comprising the ability of future 

generations to meet their needs. Some green construction building programs do not 

address the issue of retrofitting of existing buildings, unlike others. Green construction 

principles can easily be applied to retrofit work as well as new construction. Thus, the 

advantage of GB over conventional building is also significant; an experimental report 

released by the US general services administration in 2009 found 12 sustainably 

designed buildings cost less to operate and had excellent energy performance. In 

addition, occupants were more satisfied with the overall building than those in 

conventional commercial buildings. Thus, conventional buildings waste a huge quantity 

of energy and generate significant quantity of CO2, which in turn accounts for a large 

volume of carbon emissions [33] and decrease occupants’ quality of life, and increase 

costs. 

2.4 Sustainable Building Design 

For GB, a close integration of building systems, with special focus on energy saving, is 

one of the required criteria. Thus, using design process modelling, visualisation of tools, 

material analysis and effective team work make a significant contribution to the design 

of sustainable GB. Hence, high-performance green buildings can be achieved, which 

will reduce energy consumption and improve peoples’ health, their lifestyles and their 

comfort [34] in general. To achieve this, the most useful tool currently used by many 

companies is BIM [35]. Hence, as BIM has become popular, there is an urgent need in 
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the market for green construction simulation and modelling using BIM. However, the 

current GB construction software simulation application has limited services and 

requires an updated or new construction software simulation program that will solve the 

time management difficulties in interoperability with BIM [36]. Facility engineers, 

managers and building designers are increasingly concerned that modelling and 

simulation analysis of the EEB process is time and labour-consuming. Hence, efforts on 

how to improve the energy efficiency modelling process are also increasing to develop 

cost-effective useful software program tools [34, 37]. Although building simulation and 

modelling prior to making a decision to build are necessary to achieve the desired high 

energy efficiency, the current simulation software available is not sufficiently intelligent 

[38] to make significant changes. 

2.5 Building Energy Usage Reduction 

Building accounts for 27–40% of electrical usage. On designing GB exterior walls using 

steel studs by applying energy efficient methods per the global building standard as well 

as by applying similar methods when installing electrical devices and appliances, 27% 

energy efficiency can be achieved. Similarly, energy reduction can be obtained when a 

thermal wall insulation system calculates the R-values, in which the larger the value is, 

the less is the heat flow. Conversely, a smaller R-value implies better thermal 

continuous insulation  [39]. Thus, the use of steel exterior studs has produced highly 

significant improvements in temperature and also improves energy consumption in 

buildings by minimising thermal bridging through the steel studs. This improves the 

performance of insulation, moderating wall cavity temperature, lessening condensation 

within the wall cavity and decreasing heating/cooling use [39]. Moreover, GB will be 

more efficient if the predesign model formation satisfies the eco-charrette goal [40]. An 

eco-charrette, also known as the kick-off meeting, is an interactive brainstorming and 

team-building exercise that generates and targets sustainability goals for a GB. It brings 

together members of the design team, the owner, architect, civil engineer, mechanical 

engineer and landscape designer with the general contractor, maintenance staff, tenants, 

neighbours and concerned officials. The aim is to collaboratively contribute ideas to the 

building’s design and functions [40]. Eco-charrettes are becoming a common element in 

the design of high-performance buildings and have been used successfully on some of 
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the most progressive US buildings [40]. Hence, GB predesign is the smart way of 

achieving the goal of an EEB. Thus, one of the predesign works is simulation. 

2.6 Building Energy Simulation and Analysis 

GB energy analysis simulation software uses BIM as the source of engineering data 

information, to achieve high performance of GB predesign objectives [41]. Since 1990, 

many software companies have developed their own unique software simulation 

packages; however, each package has its advantages and disadvantages. Some packages 

have good functionality but poor interfaces, while others have brilliant interfaces and 

limited functionality. Effective use depends on the aim of using the software and 

whether users have the skills and the knowledge to implement the software. eQUEST is 

a part of the energy design resources supported and funded by California utility 

customers and administrated by three utility companies; it is the quickest and most 

comprehensive building graphical analysis energy simulation tool and consists of 

enhanced DOE-2 + Wizard + Graphics. Modelling and simulation of GB using 

eQUEST is simple, easy and straightforward and does not require drawing the model 

manually—the model is automatically drawn as the user enters the required parameter 

inputs. This is the reason eQUEST is widely used in the United States; however, to use 

it outside the United States and Canada, the user has to provide weather data manually 

from the building location [36, 40]. Bentley AECOsim Building Designer, Bentley 

Building Mechanical/Electrical System and Bentley Speedikon Architectural are 

building modelling and energy analysis simulation application software. Thus, these 

three similar simulation software packages are fast, powerful modern advanced 

technology, integrated BIM applications for micro station and computer-aided design 

(CAD) applications. Similar software is the Nemetschek-Vectorworks Architecture, 

which is used for various types of world-class building modelling design and energy 

efficiency analyses. This software has the robust and flexible capability of BIM with 

ease of design, intelligence tools, greater documentation and direct support for 

exporting gbXML format BIM data to a wide variety of energy efficient analysis 

simulation application software. Similarly, GBS is known worldwide as a single web-

based energy efficient analysis service software application. It can be integrated with 

existing 3D CAD/BIM software tools [36]. Design Builder is known as the state–of-the-

art software application mostly used for checking building energy, CO2, lighting and 
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comfort performance. This software has been designed to ease the process of building 

modelling and simulation; in addition, Design Builder allows users fast comparability 

function tools to deliver results on time and on budget [36, 42]. Solar computer, also 

known as green building information system (GBIS), is a CAD application with the 

functionality of bidirectional gbXML and is mostly used for energy analysis of heating, 

ventilation and air conditioning (HVAC) load. GBIS enhances the gbXML file CAD 

data; this enables GBIS to be a very detailed building model, which sets it apart from 

similar software [36]. Autodesk Ecotect Analysis is the most sustainable modelling 

design energy analysis application compared with similar software. Ecotect analysis 

offer a wide range functionality of simulation tools that enables the user to improve 

performance of existing building and new building designs [36]. However, Ecotect 

software has not been updated for many years and is being overtaken by other similar 

powerful modern software. 

2.7 Green Building Growth 

During the past decade, commercial GB has rapidly increased. However, this rapid 

growth is not supported by all types of buildings; there has been non-uniform growth in 

all or most of types of buildings. Although the debate on what GB should include and 

exclude is inconclusive [43], an important measure of energy efficiency GB is the 

overall thermal transfer value, which plays significant role in reducing energy usage. 

This has been widely adapted by many countries for enhancing energy efficient GB 

designs. Hence, it is showing remarkably increased use since the past decade; however, 

because building evaluation is performed based on the bare of tradition building, GB 

designers are currently facing difficulties [44]. Hence, GB designers and researchers in 

this field are currently seeking ways to minimise these difficulties. 

2.8 Sustainable Building Structural Stability Simulation 

Building stability simulation is out of the scope of this research. However, the aim of 

this thesis is to achieve ultimate energy saving (to reach almost NetZero energy 

reductions in commercial building), and hence, when a commercial building 

theoretically becomes stable as regards energy consumption, it must also be physically 

and structurally stable. Such stability is required to ensure occupants of the building not 

only feel safe and secure in terms of energy consumption as well security, but also in 
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terms of the building’s physical firmness and safety, leading to building occupants’ 

comfort satisfaction achievement. Owing to these reasons, building structural stability 

simulation was carried out prior to energy simulation. The generated report indicates the 

defects of the building elements and where these defective elements should be subject to 

adjustments prior to commencing practical work. 

2.9 Building Sustainable Design Covers 

Energy efficiency and sustainable GB designs are features for new/existing buildings 

and have become the top priorities for GB developers and researchers since the 1970s 

[1]. Analysis of correlation of BIM data using data mining technology management 

system is necessary to simplify the GB designer’s process, and hence to develop 

optimum energy efficiency and sustainable buildings [45]. Sustainable building design 

concepts are likely to create capabilities to enhance building performance, increase 

energy efficiency, reduce operating costs and hence also encourage green economy 

investors [46]. Any type of building sustainability is a worldwide challenging issue, 

especially, for example, for GB designers of smart/intelligent buildings and city/urban 

planners, including policymakers [35]. Sustainable building is not only sustainable in 

term of its building erection and being strong against environmental forces. In addition, 

it is also sustainable in terms of minimised energy use within the buildings. This is 

considered an effort to reduce and/or to eliminate unnecessary energy usages in 

buildings globally. 

In the United States alone, conventional buildings use one-third of the total amount of 

energy generated and are responsible for 50% of greenhouse gas emissions [1, 47]. 

Thus, the consequences of unnecessary energy usage are an energy impact, a crisis and 

a shortage of energy supply in some sectors. Hence, a global trend to save energy exists 

and it has become the main priority for public and private sectors since the oil crisis. At 

present, intelligent GB is progressing towards NetZero energy [48], especially those 

buildings integrated with the improved efficiency of renewable energy sources. In 

intelligent GB, PV cells and wind turbines are mainly used owing to their energy 

efficiency and PV cells are, in particular the most commonly used in GB. This is 

because of their tendency to increase their efficiencies using different types of 

techniques. For example, one proven type of technique is which the PV cell is mainly 

fitted with an automatic 180 degrees (azimuth angle) sunlight incident irradiation ray 
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tracking mechanism to helps to increase its efficiency from a basic 5 to 15%, to an 

average of 39% to 42%. This is practically proven technology, in countries that mostly 

have a cold climate, and 8% increase has been reported in the hottest climate regions 

[49-51] of the world. 

2.10 Renewable Energy Contribution 

Renewable energies are sustainable sources of energy efficiency in buildings. However, 

the most important concern globally is the increase in CO2, by 25–30% over the past 

century. Climate experts are extremely worried about the amount and the rate of change 

of CO2 in the atmospheric levels and hence the amount of carbon in biomass [52]. The 

literature on green energy that considers post occupancy on energy consumption is yet 

to arrive at a conclusion on green energy efficiency; debates concerning the research 

results on dry and cool simulations are ongoing. There is also ongoing disagreement on 

accepting a geographic atmospheric concentration for hot and dry climates. The results 

of LEED-based GB simulation conducted in Arizona are not satisfactory [53]. Hence, in 

designing for the ultimate EEB, strong computer-aided simulation is required. This is to 

simulate the whole building for energy efficiency. This can be performed by 

considering the solar thermal mass for cost-effective daylight savings, using all types of 

renewable energy sources and applying natural ventilation methods. In addition, 

commercial GB should be implemented with maximum types of renewable energy 

regardless of their minor negative effects, such as the commercial wind turbine that 

could be located on the roof or in the building compound. The wind turbine technology 

developed since the late 1970s by pioneers in Denmark was widely used from the 1980s 

to 1990s and was the base of wind energy expansion in countries such as Spain, 

Denmark and Germany during the 1990s [54]. The first fixed speed wind turbines were 

designed and constructed under the concept of reusing many electrical and mechanical 

components. The main concepts related to this technology are as follows: The fixed 

speed is related to the fact that an asynchronous machine coupled to a fixed frequency 

electrical network rotates at a qualified mechanical speed independent of the wind 

speed. Wind turbine is not considered low or high efficiency; its maximum efficiency is 

governed by the Betz Limit, an equation that proves solid efficiency of 59.26% [55] and 

its performance in maximising the output power is categorised by three main methods, 

namely, using the (1) power coefficient [55], (2) tip speed ratio (TSR) [56] and (3) 
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optimum torque control (OTC) technique [57]. There are many other emerging 

renewable energies but their discussion is excluded in this thesis because the simulation 

software used to simulate the energy analysis for this thesis project did not include these 

in the simulation result report. 

2.11  Sustainable Building Automation Control System 

As regards GB designs, the early stages of GB were implemented with basic BACS or 

BMS to control the activities of the electrical/electronic components and pneumatic and 

hydraulic machinery equipment to energise/de-energise at the demand time only. A 

control system such as this proven to ensure significant energy reduction   and 

substantial energy saving in kilowatt-hours (kWh), and when off-peak usages are 

implemented in the computer program saving can be increased up to 30-35%. Currently, 

many building energy reduction application tools are in use. For example, in an 

automatic control system for building, using predicted mean vote reduced the energy 

usage by around 30% [58]. 

2.12 Intelligent Building 

Further, in the history of GB, the term IB appeared a few decades ago [11], when an 

energy crisis, namely the high cost of fossil fuels, created economic instabilities 

globally and in the United States in particular. Then, government institutions, industries, 

companies and nongovernment companies started to realise that energy was being 

wasted in certain areas. Thus, opportunities were created for energy researchers, energy 

consultants, construction contractors and owners of companies to focus on mainly the 

three highest energy consumers. They found that the highest energy consumers are 

Industries, Transportation and traditional buildings. This led to the emergence of 

building energy-saving technologies, starting from simple automatic lighting control 

ON/OFF application. After a transition period in the early design stage of GB, these 

technologies rapidly developed from smart homes and buildings to fully automated 

building control systems, such as the intelligent BAS, BMS, BEMS and BACS [8]. At 

present, building using modern technology has gone beyond the scope of BAS, with the 

help of the internet of things (IOT) and ancillary services offered by the power supply 

of grid currently focusing on an occupant density-centred approach to develop smart 

cities [12]. Thus, owing to the popular acceptance of IB and rapid growth, although not 
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as anticipated, the term smart or intelligent building emerged from the conventional 

building in the early 1980s [13, 14]. Further, GB appears in relation to saving energy 

and reducing greenhouse gas emissions, which is also known as sustainable GB [3, 7]. 

Designing and modelling of sustainable GB that satisfies the entire requirement or the 

scope and the objective of GB is a complex process that requires the efforts of many 

collective bodies and economic achievements. However, an opportunity exists to design 

and model GB using economically cost-effective, modern, reliable, industry-proven 

technologies, such as the ‘AS-Interface network protocol’, which is now used by many 

industries to reduce their electrical device costs as well as installation costs. Migrating 

this type of technology to the building sector will improve the impact of energy 

consumption by the building and satisfy the scope and the objective of GB by reducing 

costs. 

2.13 Sustainable Building Efficiency Achievements Demonstration 

This research project demonstrates that comprehensive saving of GB is obtained from 

mainly four different sources: 

1. fuel and electricity energy usage reductions, mainly from the building fuel 

energy simulation, related to HVAC annual consumption 

2. optimised implementation of renewable energies, especially PV cell 

3. building water usages: the highest savings occurred when GB is associated with 

efficient facilities that reduce the amount of water required for cooling and 

heating and minimise the energy needed to perform these tasks, which in turn 

reduces costs; several studies show that up to 15% of a commercial building’s 

energy consumption is owing to heating water [59] 

4. control method used for building facilities, electrical/electronic devices and 

plugin appliances. This type of energy saving is achieved by controlling and 

monitoring the activities of these devices to function in the demand periods only. 

2.14 Occupant Health Issues in Sustainable Buildings 

In addition to the above, this thesis research project uses an ultimate energy-saving 

method in commercial building to approach almost NetZero energy saving in a five-

storey commercial office building. Results obtained from this energy simulation 
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demonstrate significant achievements, which contribute to the energy reduction in 

building and minimised CO2 contribution to the global greenhouse gas emissions. In 

addition to the CO2 emission reduction obtained by GB, a significant issue is that the 

GB should be comfortable and free of worries for occupants. GB designed and 

implemented with extreme wireless communication decreases occupants’ comfort, since 

the use of short-wave/higher energy radio frequency (RF) can cause health issues [60-

62]. Thus, a significant contribution of this research thesis is avoiding the use of an 

extended/excessive wireless control system in the building, and instead, using a single-

cable two-wire ‘AS-Interface network protocol’ control system that is free from any RF 

radiation influence in the field. In this method, occupants being affected by power 

density influence of excessive RF wireless devices is minimised, and hence, occupants 

would be derive with maximum comfort and satisfaction. 

The results of the simulations conducted in this study would be useful for reference or 

for predesigning when using GB designing and modelling methods. 

2.15 Conclusion 

This chapter presents a literature review on conventional/traditional buildings in the first 

few sections in which the brief history of conventional building, GB and solar energy 

simulation in relation to energy usage reduction is discussed. In addition, other sections 

describe the derivation of GB from conventional building. Further, the capability of 

commercial building to be energy efficient and structurally stable, in terms of physical 

stability and occupants’ comfort, including health safety, is briefly discussed. 
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Chapter 3: Modelling and Designing of Green Building 

3.1 Introduction 

Green building (GB) is defined, a building structure, which incorporates design, 

construction and operational practices that substantially reduces/eliminates its negative 

impact on the environment space and is modernised suitable for occupants. Hence, GB 

offers an opportunity to use resources efficiently while creating healthier environments. 

In addition to the energy and CO2 reductions, the building provides comfortable indoor 

weather for its occupants uniformly throughout the year, regardless of seasonal weather 

variations. Owing to the thermal comfort of GB, common perceptions are that GB only 

involves providing air-conditioned services and that significant costs must be incurred 

to construct it. This was partially correct in the early development of GB a few decades 

ago when GB was an emerging technology. However, GB users have proven these 

perceptions to be incorrect. Hence, the recent literature review shows that there are 

many options to build GB at a cost similar or lower than that incurred on a conventional 

building. This is true when the right BACS is implemented in the GB, such as the ‘AS-

Interface network protocol’ that reduces the building wiring cost by at least by 50%, as 

aforementioned. 

Moreover, GB provides thermal comfort, and now, the benefit of GB is unlimited, 

ranging from energy saving to the extent of providing an objected-oriented automatic 

activity control system to the point that the term has changed to smart/intelligent 

building, offering new benefits. This smart building reacts/responds to occupants’ 

activities, space occupation and entry and exit from the building without their activating 

any switches physically. Thus, this implies that the building becomes a multifunctional 

service provider. Hence, the purpose of this research is to ensure ultimate energy 

reduction and increase energy efficiency, for which all construction materials are 

simulated or considered in relation to maximum energy reduction. The whole building 

elements, as shown in in Figure 3.1, are simulated to maximise energy reductions. In 

parallel, PV cell and wind turbines are also simulated to extract maximum power 

generation and their performance is also maximised. Base run energy simulation is 

conducted, after the space-zone heating/cooling is calculated. Based on these estimated 

simulation results, the alternative automatic design simulation is conducted. 
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Figure 3.1: Architectural building structure of a five-storey commercial office 

building 

3.2 What Makes a Green Building 

The term GB originates from the fact that the construction of the building is 

environmentally friendly throughout its life-cycle, which reduces energy usage of fossil 

oils and increases implementation of renewable energy. Thus, it implies fossil oil 

energy use in the buildings is restricted or, in other words, green energy is used, which 

minimises CO2 emissions and does not pollute the atmosphere or unbalance the global 

weather. The control method and energy rating scheme used to achieve these energy 

reductions have resulted in these buildings being called GB. For example, some of these 

control systems currently used in the building sector are the BAS, BEMS and BACS. 

Furthermore, the energy rating scheme accredited organisation such as Green Building 

Council (AGBC) and others similar organisation emphasises the name of GB publicly.  
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3.3 Green Building Versus Intelligent Building 

GB highly emphasises energy saving, while intelligent GB places more emphasis on 

building smartness/being sufficiently intelligent in terms of sense and response of 

building control systems. 

3.4 Green Building Minimum Criteria Objectives 

For GB, the minimum criteria are that the building has been complying with and is built 

according to the GBCA, LEED and other similar accreditations [63] of different 

countries: 

1. Buildings should be developed that use the natural resources to the minimum at 

the time of construction as well as during continuous operations. Hence, the 

resource usage efficiency of the three Rs, reduce, reuse and recycle [3, 64], 

known as ‘RRR’, should be emphasised. 

2. GB should maximise the use of efficient construction materials and practices; 

boost the use of natural sources and sinks in the building’s surroundings; 

minimise the energy usage to run itself; use highly proficient equipment for the 

indoor area; and use highly proficient methods for water and waste management. 

Hence, minimum negative impact on the environment by the construction and 

operation of a building should be ensured. The external environment at the 

building location, the internal area for the occupants of the building and the 

areas not close to the building [65] should also be preserved. 

3. Ensure energy saving through the GB concept through two methods. First is 

reducing the amount of energy that is consumed by building. Second is 

increasing the usage of energy sources that do not produce any greenhouse gases 

and are renewable in nature. Thus, GB emphasises more on natural lighting, 

concepts of temperature control and efficient design to further reduce the carbon 

footprint as well as reduce the cost of operation [66] of the building. 

4. GB uses various methods to reduce water usage, treat and reuse waste water and 

filter water sourced from precipitation. The target is to achieve zero impact on 

water table and contribute to increasing it. Hence, waste is to be reduced. The 

GB concept emphasises improving the design of the product, reusing and 
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recycling materials. It results in significant waste reduction and also helps to 

reduce the environmental impact of the building [67]. 

5. Improving health and productivity by ensuring hygiene in the building helps in 

boosting human productivity. Thus, the GB concept provides cleanliness and 

neat living conditions for the building occupants [68] and others as well. 

To satisfy the objectives of GB, it is necessary to use minimum resources of building 

materials and use EEB materials and implement an IB control system, as shown in 

Figures 3.2 and 3.3. The disadvantage of constructing GB is that the current 

conventional building construction and control system costs are much lesser than that of 

the GB. This means the GB construction costs are higher than the conventional building 

cost [10]. This is because any GB constructed with the current building control system 

consumes a huge amount of wiring cables and several large cabinets. If the GB is 

constructed with the ‘AS-Interface protocol’, the number of electrical or electronic 

devices used in the building will be reduced. Consequently, the installation and 

tradesman (skilled labour) cost will also be significantly reduced. 

In the AS-Interface protocol, there are three main wiring requirements only, the main 

grid supply, the AC power supply and the 30VDC power supply. The AS-Interface 

power supply uses the same wire for transmitting/receiving signals as well as to power 

the gateway/scanner master and slave nodes and it also has a capability of handling up 

to maximum of 8 amps per network with minimum 3 V voltage drop allowed. There is 

no change in the grid main supply wiring. The changes are only in the AC power supply 

wiring system and in the control wiring system. The AS-Interface protocol wiring 

method is distinguished from the other wiring methods because the AS-Interface uses 

one continuous AC power supply cable running to every device from the main circuit 

breaker (C/B) without entering ON/OFF switches or having control of switches. A 

separate ‘AS-Interface bus cable’ runs to each device’s slave nodes, as shown in 

Chapter 7, Figures, 7.19 and 7.20. This type of wiring method saves a number of C/B, 

switches, cables, relays, contactors and uses a minimum-size control cabinet. In 

addition, the flow chart components shown in Figure 3.2 demonstrate the minimum 

criteria to satisfy the requirements to design a GB with minimum sources. Utilising 

these materials and concept leads the building to energy sustainability. Hence, the 

acceptance criteria to apply for building energy efficient credit rating points can be met. 
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Further, Figure 3.2 shows six items and each of them play an important role in terms of 

reducing energy consumption and cost. However, it is too difficult to achieve the first 

three items (‘apply sustainable materials’, ‘use minimum materials’ and ‘use energy 

efficient materials’) in practice, since sustainable and energy efficient materials have 

never been cheap. This is the reason this research is important. This research thesis 

reduces the cost gap between the GB and conventional building. Using this method, the 

GB costs can match those of the latter. 

 

Figure 3.2: Green building minimum objectives criteria 

3.5  Sustainable Building Energy Efficient System 

Designing and modelling of GB is not an easy task; actually, it is a complex process in 

which a collection of engineering expertise, green energy researchers, construction 

contractors and an echo chart organisation contribute. Construction of sustainable GB is 

less significantly non-economical than the construction of conventional buildings [69], 

and this is one of the reasons that GB is not growing as fast as anticipated. In addition, 

in the design and the modelling of GB, appropriate modern technology must be 

carefully selected to satisfy the objectives of GB without adding extra construction costs 

over the conventional buildings. An overall design of this research project is outlined as 

shown in the flow chart in Figure 3.3. The design is mainly focused on the BIM energy 

simulation to obtain maximised reductions. Design and modelling of the GB is chosen 
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to be central hexagonal shape, five-storey commercial office building. The central 

hexagonal shape is chosen for the following reasons: 

1. to have significant side shading effect by the top curved side edge shape of the 

roof when reflected light from the opposite curtain wall approaches the area 

below the curved roof 

2. to ensure the office rooms inside remain cold/warm for longer periods during all 

seasons. This is owing to the fact that the curved outer body of the building will 

be heated/cooled first before the cold/heat approaches the inner-side rooms. 

The building is designed using the Autodesk Revit architectural drawing template. 

Modelling of the building was first constructed using randomly selected construction 

materials. Since every location/region in the world has specific atmospheric weather, 

the location of the project has to be selected to load the correct weather files into the 

buildings software. For this thesis research project, Sydney, Australia, was chosen as 

the location. Then, from the weather station nearest to Sydney, weather files were 

loaded into the buildings software. A base run energy simulation was carried out using 

Autodesk Revit energy simulation analysis. For further analysis and multiple alternative 

designs runs, the BIM engineering data green building Extensible Mark-up Language 

(gbXML) files were exported automatically to cloud-based GBS. In this method, the 

base run acts as the reference point and construction materials and building elements, 

such as energy efficiency walls (massive super-high insulation), double glazing 

windows, low-e glazing, wall-to-window ratio (WWR), window shading ratio and 

roofs, are automatically replaced by the system for better energy rating. In addition, the 

building orientation was also rotated to different angles, such as 

to +45°,−45°, +90,°  and −90,° for the solar energy to be absorbed into the building 

envelope at optimum level. GBS runs a number of alternative design options by 

automatically selecting different energy packages. In those energy packages, American 

Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) packages 

were found to be the best energy-saving methods. Choosing the final best energy 

simulation result was not easy because most of the alternative designs have similar best 

reduction of annual total electrical energy. Since the aim of this research project study is 

to save energy and increase energy efficiency in commercial office buildings, ‘The 

HVACTYPES_ ASHRAE_ Package Terminal Heat Pump’ was chosen because of the 



25 

fuel energy reduction result is significantly higher amount, almost by 50% than the base 

run result. 

The overall design also includes a simulation process for renewable energy potential, 

which is proposed for this building by the base run simulation. The proposed renewable 

energy sources are three types of roof-mounted PV cells, with low, medium and high 

efficiency, and one type of 15-inch wind turbine. Energy potentials from these 

renewables are estimated at 24,147 kWh, 48,295 kWh, 72,442 kWh and 2,208 kWh 

respectively. 

 

Figure 3.3: Green building design energy simulation process flow chart 
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3.6 Conclusion 

This chapter attempts to resolve the complex issues of GB by developing a method to 

simplify these issues. However, the developed method is purely theoretical method, 

which uses only pure software simulation application. Using this research method, 

simulation results are shown to achieve significant minimised energy annual usages. 

However, further practical research work is required to prove the achieved simulation 

results obtained from chapters 4, 5, 6 and 7. 
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Chapter 4: Building Energy Simulation Heating and Cooling 

Requirement  

4.1 Introduction 

Autodesk Revit energy analysis for heating/cooling uses ‘building area space 

segregation’, ‘volume computations’ and ‘placing space’. Space segregation is created 

under certain criteria during the project space heating/cooling analysis process; 

meanwhile the created spaces are required to calculate the volumes of the areas that 

demand heating/cooling. This computation volume is for the specific created space 

based on its room-bounding components and is calculated as the area of its base 

multiplied by the height of the space. Hence, an accurate heating/cooling load analysis 

can only be accomplished when spaces are placed in all areas to account for the entire 

volume of the building model. However, accounting for the volume of cavities, shafts 

and chases is critical as well as to the heating and cooling load analysis; this is to 

account for the entire building volume. To minimise the critical volumes of cavities, 

shafts and chases, the interior and exterior room-bounding components must be 

correctly identified for an accurate analysis of heating and cooling loads. 

In this research project, the heating/cooling energy simulation was conducted prior to 

the Base run energy simulation and it is simply a path of preparation for the base run 

and alternative design simulations. This early simulation mainly involves space/room 

division to segregate each space zone of the building area in a different boundary to 

calculate the basic monthly heating/ cooling consumption in a summarised method. This 

method uses space specification rather than rooms and segregates the building into 38 

spaces; each of the spaces draws its own heating/cooling loads depend upon its area, 

volume and air flow routes. 

4.2 Building Space Utilisation 

Building space utilisation in a commercial office has a significant effect on reducing 

energy use when the work area is designed to obtain maximum natural energy from 

daylight. By arranging office furniture around the curtain walls and windows, applying 

efficient lighting design, fitting lights with motion-based sensors and applying daylight 
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responsive light dimming, lighting bill costs can be reduced by 35–40% [70]. Figures 

4.1 and 4.1 show space utilisation for the commercial office building, with the outer 

envelope of the building fitted with curtain wall, which will allow adequate light into 

the inner spaces during winter and reflect greater portion of the light during summer. 

This is so that the inner side of the building has relatively constant temperature, so that 

the HVAC loads can be kept at minimum in the inner space. 

 

Figure 4.1: Segregated space heating/cooling 

 

Legend: 

     Office Table 

     Office Chair 

    Office Table  
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4.3  Space Heating and Cooling Load Calculation 

Knowing the fundamental rules of heat and cold transfer and how these opposite 

energies translate into energy flows in a building is critical, especially when designing 

high-performance buildings. Studying the different forms of heat transfer, material 

properties such as U-factor and R-value, heating, cooling loads, energy use intensity 

(EUI) and the difference between site and building source of energy is useful in 

predesign. 

Constructing and operating buildings requires energy but high-performance buildings 

use the right blend of passive and active design strategies to minimise the energy use 

while ensuring occupant comfort [71]. Autodesk Revit energy simulation uses building 

space/room classification and conducts pre-simulation heating/cooling calculations as 

shown in Figure 4.2, space model analytical segregation; in Tables 4.1 to 4.36, the 

analytical model space, heating/cooling calculations of specific components brief 

summary results are presented. 

In these basic heating/cooling calculations, the summarised simulation results include 

the entire analytical model’s segregated spaces and basic elements used in constructing 

the real building. Thus, the space under the building, the area and the volume of the 

building are properly addressed. These results are summarised and displayed in these 

tables. Thus, the first four Tables, Tables 4.1 to 4.4, present the project summary, 

building’s element summary, project zone/space summary and project default summary 

respectively. Tables 4.5 to 4.36 present information on the total default spaces and 

building heating/cooling details of the summaries. 
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Figure 4.2: Building space heating/cooling load calculation image 

Table 4.1: Building project summary 

Location and Weather 

Project Project Name 

Address Sydney, Australia 

Calculation Time Saturday, 6 January 2018, 2:02 PM 

Report Type Standard 

Latitude −33.87° 

Longitude 151.21° 

Summer Dry Bulb 34 °C 
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Summer Wet Bulb 23 °C 

Winter Dry Bulb 9 °C 

Mean Daily Range 7 °C 

Table 4.2: Building parameter summary 

Inputs 

Building Type Office 

Area (m²) 1,158 

Volume (m³) 2,824.30 

Calculated Results  

Peak Cooling Total Load (W) 101,971 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 99,713 

Peak Cooling Latent Load (W) 2,257 

Maximum Cooling Capacity (W) 101,971 

Peak Cooling Airflow (L/s) 7,537.5 

Peak Heating Load (W) 46,246 

Peak Heating Airflow (L/s) 3,231.0 

Checksums  

Cooling Load Density (W/m²) 88.04 

Cooling Flow Density (L/(s·m²)) 6.51 

Cooling Flow/Load (L/(kW)) 73.92 

Cooling Area/Load (m²/kW) 11.36 

Heating Load Density (W/m²) 39.93 

Heating Flow Density (L/(s·m²)) 2.79 

Table 4.3: Building zone summary—default 

Inputs 

Area (m²) 1,158 

Volume (m³) 2,824.30 

Cooling Set point 23 °C 

Heating Set point 21 °C 

Supply Air Temperature 12 °C 

Number of People 41 

Infiltration (L/s) 0.0 
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Air Volume Calculation Type VAV–Dual Duct 

Relative Humidity 46.00% (Calculated) 

Psychometrics  

Psychrometric Message None 

Cooling Coil Entering Dry-Bulb 

Temperature 

23 °C 

Cooling Coil Entering Wet-Bulb 

Temperature 

16 °C 

Cooling Coil Leaving Dry-Bulb 

Temperature 

11 °C 

Cooling Coil Leaving Wet-Bulb 

Temperature 

11 °C 

Mixed Air Dry-Bulb Temperature 23 °C 

Calculated Results  

Peak Cooling Load (W) 101,971 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 99,713 

Peak Cooling Latent Load (W) 2,257 

Peak Cooling Airflow (L/s) 7,537.5 

Peak Heating Load (W) 46,246 

Peak Heating Airflow (L/s) 3,231.0 

Peak Ventilation Airflow (L/s) 0.0 

Checksums  

Cooling Load Density (W/m²) 88.04 

Cooling Flow Density (L/(s·m²)) 6.51 

Cooling Flow/Load (L/(kW)) 73.92 

Cooling Area/Load (m²/kW) 11.36 

Heating Load Density (W/m²) 39.93 

Heating Flow Density (L/(s·m²)) 2.79 

Ventilation Density (L/(s·m²)) 0.00 

Ventilation/Person (L/s) 0.0 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 7,135 7.00 6,099 13.19 



33 

Window 47,554 46.63 26,229 56.72 

Door 15,781 15.48 13,918 30.10 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Ventilation 0 0.00 0 0.00 

Lighting 10,381 10.18   

Power 13,495 13.23   

People 4,697 4.61   

Plenum 0 0.00   

Fan Heat 2,928 2.87   

Reheat 0 0.00   

Total 101,971 100 46,246 100 

Table 4.4: Building default spaces 

Space Name Area 

(m²) 

Volume(m³) Peak 

Cooling 

Load (W) 

Cooling 

Airflow 

(L/s) 

Peak 

Heating 

Load 

(W) 

Heating 

Airflow 

(L/s) 

1 Space 22 53.77 1,291 97.1 557 38.9 

2 Spaces 23 56.60 3,375 256.9 1,881 131.4 

4 Spaces 100 243.43 3,988 303.5 1,261 88.1 

5 Spaces 27 65.59 1,497 113.9 902 63.0 

6 Spaces 29 71.86 4,289 326.4 1,891 132.1 

7 Spaces 28 68.55 2,231 169.8 1,190 83.1 

8 Spaces 27 66.70 1,523 115.9 912 63.7 

9 Spaces 26 63.00 4,269 324.9 1,516 105.9 

13 Spaces 23 56.60 3,375 256.9 1,881 131.4 

14 Spaces 22 53.77 1,682 128.0 810 56.6 

15 Spaces 100 243.43 4,556 346.8 1,764 123.2 

16 Spaces 27 66.70 1,532 116.6 920 64.2 

17 Spaces 27 65.59 1,497 113.9 902 63.0 

18 Spaces 29 71.86 4,289 326.4 1,891 132.1 

19 Spaces 28 67.75 3,862 293.9 2,262 158.0 
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20 Spaces 26 63.05 4,278 325.5 1,520 106.2 

23 Spaces 23 56.60 3,375 256.9 1,881 131.4 

24 Spaces 22 53.77 1,682 128.0 810 56.6 

25 Spaces 100 243.43 4,556 346.8 1,764 123.2 

26 Spaces 27 65.59 1,497 113.9 902 63.0 

27 Spaces 29 71.86 4,289 326.4 1,891 132.1 

28 Spaces 27 66.70 1,532 116.6 920 64.2 

29 Spaces 28 67.75 3,862 293.9 2,262 158.0 

30 Spaces 26 63.05 4,278 325.5 1,520 106.2 

31 Spaces 23 56.60 3,375 256.9 1,881 131.4 

32 Spaces 22 53.77 1,682 128.0 810 56.6 

33 Spaces 100 243.43 4,266 324.6 1,463 102.2 

34 Spaces 27 65.59 1,497 113.9 902 63.0 

35 Spaces 27 66.70 1,532 116.6 920 64.2 

36 Spaces 29 71.86 4,289 326.4 1,891 132.1 

37 Spaces 28 67.75 3,594 273.5 1,961 137.0 

39 Spaces 28 68.55 1,942 147.8 889 62.1 

40 Spaces 26 63.05 4,278 325.5 1,520 106.2 

Table 4.5: Building space summary—1 space 

Inputs 

Area (m²) 22 

Volume (m³) 53.77 

Wall Area (m²) 30 

Roof Area (m²) 0 

Door Area (m²) 18 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 237 

Power Load (W) 309 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 
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Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,291 

Peak Cooling Month and Hour January; 9:00 AM 

Peak Cooling Sensible Load (W) 1,248 

Peak Cooling Latent Load (W) 43 

Peak Cooling Airflow (L/s) 97.1 

Peak Heating Load (W) 557 

Peak Heating Airflow (L/s) 38.9 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 302 23.43 233 41.79 

Window 0 0.00 0 0.00 

Door 471 36.50 324 58.21 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 188 14.55   

Power 244 18.92   

People 85 6.60   

Plenum 0 0.00   

Total 1,291 100 557 100 

Table 4.6: Building space summary—2 spaces 

Inputs 

Area (m²) 23 

Volume (m³) 56.60 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 52 
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Skylight Area (m²) 0 

Lighting Load (W) 250 

Power Load (W) 325 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,375 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,330 

Peak Cooling Latent Load (W) 45 

Peak Cooling Airflow (L/s) 256.9 

Peak Heating Load (W) 1,881 

Peak Heating Airflow (L/s) 131.4 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 14 0.42 14 0.73 

Window 2,783 82.44 1,868 99.27 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 210 6.23   

Power 273 8.09   

People 95 2.82   

Plenum 0 0.00   

Total 3,375 100 1,881 100 

Table 4.7: Building space summary—4 spaces 

Inputs 
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Area (m²) 100 

Volume (m³) 243.43 

Wall Area (m²) 65 

Roof Area (m²) 0 

Door Area (m²) 34 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 1,075 

Power Load (W) 1,397 

Number of People 4 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,988 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,793 

Peak Cooling Latent Load (W) 195 

Peak Cooling Airflow (L/s) 303.5 

Peak Heating Load (W) 1,261 

Peak Heating Airflow (L/s) 88.1 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 605 15.17 486 38.56 

Window 0 0.00 0 0.00 

Door 933 23.39 775 61.44 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 890 22.32   
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Power 1,157 29.01   

People 403 10.10   

Plenum 0 0.00   

Total 3,988 100 1,261 100 

Table 4.8: Building space summary—5 spaces 

Inputs 

Area (m²) 27 

Volume (m³) 65.59 

Wall Area (m²) 39 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 290 

Power Load (W) 376 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,497 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,445 

Peak Cooling Latent Load (W) 52 

Peak Cooling Airflow (L/s) 113.9 

Peak Heating Load (W) 902 

Peak Heating Airflow (L/s) 63.0 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads (W) Percentage 

of 

Total 

Wall 235 15.72 254 28.12 
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Window 0 0.00 0 0.00 

Door 602 40.19 648 71.88 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 240 16.02   

Power 312 20.82   

People 109 7.25   

Plenum 0 0.00   

Total 1,497 100 902 100 

Table 4.9: Building space summary—6 spaces 

Inputs 

Area (m²) 29 

Volume (m³) 71.86 

Wall Area (m²) 54 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 52 

Skylight Area (m²) 0 

Lighting Load (W) 317 

Power Load (W) 412 

Number of People 2 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,289 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,231 

Peak Cooling Latent Load (W) 57 

Peak Cooling Airflow (L/s) 326.4 
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Peak Heating Load (W) 1,891 

Peak Heating Airflow (L/s) 132.1 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads (W) Percentage 

of 

Total 

Wall 29 0.69 21 1.13 

Window 3,525 82.19 1,870 98.87 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 267 6.22   

Power 347 8.09   

People 121 2.82   

Plenum 0 0.00   

Total 4,289 100 1,891 100 

Table 4.10: Building space summary—7 spaces 

Inputs 

Area (m²) 28 

Volume (m³) 68.55 

Wall Area (m²) 48 

Roof Area (m²) 0 

Door Area (m²) 20 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 303 

Power Load (W) 393 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 



41 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 2,231 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 2,176 

Peak Cooling Latent Load (W) 55 

Peak Cooling Airflow (L/s) 169.8 

Peak Heating Load (W) 1,190 

Peak Heating Airflow (L/s) 83.1 

 

Components 

Cooling Heating 

Loads (W) Percentage of 

Total 

Loads (W) Percentage of 

Total 

Wall 380 17.02 283 23.82 

Window 0 0.00 0 0.00 

Door 1,162 52.06 907 76.18 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 251 11.23   

Power 326 14.60   

People 113 5.08   

Plenum 0 0.00   

Total 2,231 100 1,190 100 

Table 4.11: Building space summary—8 spaces 

Inputs 

Area (m²) 27 

Volume (m³) 66.70 

Wall Area (m²) 40 

Roof Area (m²) 0 

Door Area (m²) 20 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 
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Lighting Load (W) 294 

Power Load (W) 383 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,523 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,470 

Peak Cooling Latent Load (W) 53 

Peak Cooling Airflow (L/s) 115.9 

Peak Heating Load (W) 912 

Peak Heating Airflow (L/s) 63.7 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 250 16.41 264 28.93 

Window 0 0.00 0 0.00 

Door 602 39.52 648 71.07 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 244 16.01   

Power 317 20.81   

People 110 7.25   

Plenum 0 0.00   

Total 1,523 100 912 100 

Table 4.12: Building space summary—9 spaces 

Inputs 

Area (m²) 26 
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Volume (m³) 63.00 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 0 

Partition Area (m²) 0 

Window Area (m²) 38 

Skylight Area (m²) 0 

Lighting Load (W) 278 

Power Load (W) 362 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,269 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,218 

Peak Cooling Latent Load (W) 50 

Peak Cooling Airflow (L/s) 324.9 

Peak Heating Load (W) 1,516 

Peak Heating Airflow (L/s) 105.9 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 201 4.72 150 9.89 

Window 3,424 80.20 1,366 90.11 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 234 5.48   

Power 304 7.12   
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People 106 2.48   

Plenum 0 0.00   

Total 4,269 100 1,516 100 

Table 4.13: Building space summary—13 spaces 

Inputs 

Area (m²) 23 

Volume (m³) 56.60 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 52 

Skylight Area (m²) 0 

Lighting Load (W) 250 

Power Load (W) 325 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,375 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,330 

Peak Cooling Latent Load (W) 45 

Peak Cooling Airflow (L/s) 256.9 

Peak Heating Load (W) 1,881 

Peak Heating Airflow (L/s) 131.4 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 14 0.42 14 0.73 

Window 2,783 82.44 1,868 99.27 
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Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 210 6.23   

Power 273 8.09   

People 95 2.82   

Plenum 0 0.00   

Total 3,375 100 1,881 100 

Table 4.14: Building space summary—14 spaces 

Inputs 

Area (m²) 22 

Volume (m³) 53.77 

Wall Area (m²) 30 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 237 

Power Load (W) 309 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,682 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,639 

Peak Cooling Latent Load (W) 43 

Peak Cooling Airflow (L/s) 128.0 
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Peak Heating Load (W) 810 

Peak Heating Airflow (L/s) 56.6 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 228 13.54 162 19.97 

Window 0 0.00 0 0.00 

Door 913 54.29 648 80.03 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 197 11.69   

Power 256 15.19   

People 89 5.29   

Plenum 0 0.00   

Total 1,682 100 810 100 

Table 4.15: Building space summary—15 spaces 

Inputs 

Area (m²) 100 

Volume (m³) 243.43 

Wall Area (m²) 75 

Roof Area (m²) 0 

Door Area (m²) 45 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 1,075 

Power Load (W) 1,397 

Number of People 4 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 
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Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,556 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,362 

Peak Cooling Latent Load (W) 195 

Peak Cooling Airflow (L/s) 346.8 

Peak Heating Load (W) 1,764 

Peak Heating Airflow (L/s) 123.2 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 568 12.47 472 26.77 

Window 0 0.00 0 0.00 

Door 1,539 33.77 1,292 73.23 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 890 19.53   

Power 1,157 25.39   

People 403 8.84   

Plenum 0 0.00   

Total 4,556 100 1,764 100 

Table 4.16: Building space summary—16 spaces 

Inputs 

Area (m²) 27 

Volume (m³) 66.70 

Wall Area (m²) 41 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 
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Skylight Area (m²) 0 

Lighting Load (W) 294 

Power Load (W) 383 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,532 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,479 

Peak Cooling Latent Load (W) 53 

Peak Cooling Airflow (L/s) 116.6 

Peak Heating Load (W) 920 

Peak Heating Airflow (L/s) 64.2 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads (W) Percentage 

of 

Total 

Wall 259 16.90 271 29.50 

Window 0 0.00 0 0.00 

Door 602 39.29 648 70.50 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 244 15.92   

Power 317 20.69   

People 110 7.20   

Plenum 0 0.00   

Total 1,532 100 920 100 

Table 4.17: Buildings space summary—17 spaces 

Inputs 
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Area (m²) 27 

Volume (m³) 65.59 

Wall Area (m²) 39 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 290 

Power Load (W) 376 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,497 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,445 

Peak Cooling Latent Load (W) 52 

Peak Cooling Airflow (L/s) 113.9 

Peak Heating Load (W) 902 

Peak Heating Airflow (L/s) 63.0 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads (W) Percentage 

of 

Total 

Wall 235 15.72 254 28.12 

Window 0 0.00 0 0.00 

Door 602 40.19 648 71.88 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 240 16.02   
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Power 312 20.82   

People 109 7.25   

Plenum 0 0.00   

Total 1,497 100 902 100 

Table 4.18: Building space summary—18 spaces 

Inputs 

Area (m²) 29 

Volume (m³) 71.86 

Wall Area (m²) 54 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 52 

Skylight Area (m²) 0 

Lighting Load (W) 317 

Power Load (W) 412 

Number of People 2 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,289 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,231 

Peak Cooling Latent Load (W) 57 

Peak Cooling Airflow (L/s) 326.4 

Peak Heating Load (W) 1,891 

Peak Heating Airflow (L/s) 132.1 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads (W) Percentage 

of 

Total 
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Wall 29 0.69 21 1.13 

Window 3,525 82.19 1,870 98.87 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 267 6.22   

Power 347 8.09   

People 121 2.82   

Plenum 0 0.00   

Total 4,289 100 1,891 100 

Table 4.19: Building space summary—19 spaces 

Inputs 

Area (m²) 28 

Volume (m³) 67.75 

Wall Area (m²) 66 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 54 

Skylight Area (m²) 0 

Lighting Load (W) 299 

Power Load (W) 389 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,862 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,808 

Peak Cooling Latent Load (W) 54 
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Peak Cooling Airflow (L/s) 293.9 

Peak Heating Load (W) 2,262 

Peak Heating Airflow (L/s) 158.0 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 64 1.65 66 2.92 

Window 2,876 74.46 1,937 85.66 

Door 230 5.96 258 11.42 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 252 6.51   

Power 327 8.47   

People 114 2.95   

Plenum 0 0.00   

Total 3,862 100 2,262 100 

Table 4.20: Building space summary—20 spaces 

Inputs 

Area (m²) 26 

Volume (m³) 63.05 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 38 

Skylight Area (m²) 0 

Lighting Load (W) 278 

Power Load (W) 362 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 
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Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,278 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,227 

Peak Cooling Latent Load (W) 50 

Peak Cooling Airflow (L/s) 325.5 

Peak Heating Load (W) 1,520 

Peak Heating Airflow (L/s) 106.2 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 208 4.87 153 10.05 

Window 3,425 80.06 1,367 89.95 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 234 5.47   

Power 304 7.11   

People 106 2.48   

Plenum 0 0.00   

Total 4,278 100 1,520 100 

Table 4.21: Building space summary—23 spaces 

Inputs 

Area (m²) 23 

Volume (m³) 56.60 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 
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Window Area (m²) 52 

Skylight Area (m²) 0 

Lighting Load (W) 250 

Power Load (W) 325 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,375 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,330 

Peak Cooling Latent Load (W) 45 

Peak Cooling Airflow (L/s) 256.9 

Peak Heating Load (W) 1,881 

Peak Heating Airflow (L/s) 131.4 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 14 0.42 14 0.73 

Window 2,783 82.44 1,868 99.27 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 210 6.23   

Power 273 8.09   

People 95 2.82   

Plenum 0 0.00   

Total 3,375 100 1,881 100 
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Table 4.22: Building space summary—24 spaces 

Inputs 

Area (m²) 22 

Volume (m³) 53.77 

Wall Area (m²) 30 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 237 

Power Load (W) 309 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,682 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,639 

Peak Cooling Latent Load (W) 43 

Peak Cooling Airflow (L/s) 128.0 

Peak Heating Load (W) 810 

Peak Heating Airflow (L/s) 56.6 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 228 13.54 162 19.97 

Window 0 0.00 0 0.00 

Door 913 54.29 648 80.03 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 
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Infiltration 0 0.00 0 0.00 

Lighting 197 11.69   

Power 256 15.19   

People 89 5.29   

Plenum 0 0.00   

Total 1,682 100 810 100 

Table 4.23: Building space summary—25 spaces 

Inputs 

Area (m²) 100 

Volume (m³) 243.43 

Wall Area (m²) 75 

Roof Area (m²) 0 

Door Area (m²) 45 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 1,075 

Power Load (W) 1,397 

Number of People 4 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,556 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,362 

Peak Cooling Latent Load (W) 195 

Peak Cooling Airflow (L/s) 346.8 

Peak Heating Load (W) 1,764 

Peak Heating Airflow (L/s) 123.2 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Loads (W) Percentage 

of 
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Total Total 

Wall 568 12.47 472 26.77 

Window 0 0.00 0 0.00 

Door 1,539 33.77 1,292 73.23 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 890 19.53   

Power 1,157 25.39   

People 403 8.84   

Plenum 0 0.00   

Total 4,556 100 1,764 100 

Table 4.24: Building space summary—26 spaces 

Inputs 

Area (m²) 27 

Volume (m³) 65.59 

Wall Area (m²) 39 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 290 

Power Load (W) 376 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,497 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,445 
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Peak Cooling Latent Load (W) 52 

Peak Cooling Airflow (L/s) 113.9 

Peak Heating Load (W) 902 

Peak Heating Airflow (L/s) 63.0 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 235 15.72 254 28.12 

Window 0 0.00 0 0.00 

Door 602 40.19 648 71.88 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 240 16.02   

Power 312 20.82   

People 109 7.25   

Plenum 0 0.00   

Total 1,497 100 902 100 

Table 4.25: Building space summary—27 spaces 

Inputs 

Area (m²) 29 

Volume (m³) 71.86 

Wall Area (m²) 54 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 52 

Skylight Area (m²) 0 

Lighting Load (W) 317 

Power Load (W) 412 

Number of People 2 

Sensible Heat Gain/Person (W) 73 
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Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,289 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,231 

Peak Cooling Latent Load (W) 57 

Peak Cooling Airflow (L/s) 326.4 

Peak Heating Load (W) 1,891 

Peak Heating Airflow (L/s) 132.1 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 29 0.69 21 1.13 

Window 3,525 82.19 1,870 98.87 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 267 6.22   

Power 347 8.09   

People 121 2.82   

Plenum 0 0.00   

Total 4,289 100 1,891 100 

Table 4.26: Building space summary—28 spaces 

Inputs 

Area (m²) 27 

Volume (m³) 66.70 

Wall Area (m²) 41 

Roof Area (m²) 0 

Door Area (m²) 25 
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Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 294 

Power Load (W) 383 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,532 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,479 

Peak Cooling Latent Load (W) 53 

Peak Cooling Airflow (L/s) 116.6 

Peak Heating Load (W) 920 

Peak Heating Airflow (L/s) 64.2 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 259 16.90 271 29.50 

Window 0 0.00 0 0.00 

Door 602 39.29 648 70.50 

Roof 0 0.00 0 0.00 

Skylight 0 0.00  0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 244 15.92   

Power 317 20.69   

People 110 7.20   

Plenum 0 0.00   

Total 1,532 100 920 100 
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Table 4.27: Building space summary—29 spaces 

Inputs 

Area (m²) 28 

Volume (m³) 67.75 

Wall Area (m²) 66 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 54 

Skylight Area (m²) 0 

Lighting Load (W) 299 

Power Load (W) 389 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,862 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,808 

Peak Cooling Latent Load (W) 54 

Peak Cooling Airflow (L/s) 293.9 

Peak Heating Load (W) 2,262 

Peak Heating Airflow (L/s) 158.0 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 64 1.65 66 2.92 

Window 2,876 74.46 1,937 85.66 

Door 230 5.96 258 11.42 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 
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Infiltration 0 0.00 0 0.00 

Lighting 252 6.51   

Power 327 8.47   

People 114 2.95   

Plenum 0 0.00   

Total 3,862 100 2,262 100 

Table 4.28: Building space summary—30 spaces 

Inputs 

Area (m²) 26 

Volume (m³) 63.05 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 38 

Skylight Area (m²) 0 

Lighting Load (W) 278 

Power Load (W) 362 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,278 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,227 

Peak Cooling Latent Load (W) 50 

Peak Cooling Airflow (L/s) 325.5 

Peak Heating Load (W) 1,520 

Peak Heating Airflow (L/s) 106.2 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Loads (W) Percentage 

of 
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Total Total 

Wall 208 4.87 153 10.05 

Window 3,425 80.06 1,367 89.95 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 234 5.47   

Power 304 7.11   

People 106 2.48   

Plenum 0 0.00   

Total 4,278 100 1,520 100 

Table 4.29: Building space summary—31 spaces 

Inputs 

Area (m²) 23 

Volume (m³) 56.60 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 52 

Skylight Area (m²) 0 

Lighting Load (W) 250 

Power Load (W) 325 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,375 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,330 
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Peak Cooling Latent Load (W) 45 

Peak Cooling Airflow (L/s) 256.9 

Peak Heating Load (W) 1,881 

Peak Heating Airflow (L/s) 131.4 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 14 0.42 14 0.73 

Window 2,783 82.44 1,868 99.27 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 210 6.23   

Power 273 8.09   

People 95 2.82   

Plenum 0 0.00   

Total 3,375 100 1,881 100 

Table 4.30: Building space summary—32 spaces 

Inputs 

Area (m²) 22 

Volume (m³) 53.77 

Wall Area (m²) 30 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 237 

Power Load (W) 309 

Number of People 1 

Sensible Heat Gain/Person (W) 73 
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Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,682 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,639 

Peak Cooling Latent Load (W) 43 

Peak Cooling Airflow (L/s) 128.0 

Peak Heating Load (W) 810 

Peak Heating Airflow (L/s) 56.6 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 228 13.54 162 19.97 

Window 0 0.00 0 0.00 

Door 913 54.29 648 80.03 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 197 11.69   

Power 256 15.19   

People 89 5.29   

Plenum 0 0.00   

Total 1,682 100 810 100 

Table 4.31: Building space summary—33 spaces 

Inputs 

Area (m²) 100 

Volume (m³) 243.43 

Wall Area (m²) 65 

Roof Area (m²) 0 

Door Area (m²) 45 
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Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 1,075 

Power Load (W) 1,397 

Number of People 4 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,266 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,071 

Peak Cooling Latent Load (W) 195 

Peak Cooling Airflow (L/s) 324.6 

Peak Heating Load (W) 1,463 

Peak Heating Airflow (L/s) 102.2 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 527 12.35 430 29.37 

Window 0 0.00 0 0.00 

Door 1,289 30.22 1,033 70.63 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 890 20.86   

Power 1,157 27.12   

People 403 9.44   

Plenum 0 0.00   

Total 4,266 100 1,463 100 
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Table 4.32: Building space summary—34 spaces 

Inputs 

Area (m²) 27 

Volume (m³) 65.59 

Wall Area (m²) 39 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 290 

Power Load (W) 376 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,497 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,445 

Peak Cooling Latent Load (W) 52 

Peak Cooling Airflow (L/s) 113.9 

Peak Heating Load (W) 902 

Peak Heating Airflow (L/s) 63.0 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 235 15.72 254 28.12 

Window 0 0.00 0 0.00 

Door 602 40.19 648 71.88 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 
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Infiltration 0 0.00 0 0.00 

Lighting 240 16.02   

Power 312 20.82   

People 109 7.25   

Plenum 0 0.00   

Total 1,497 100 902 100 

Table 4.33: Building space summary—35 spaces 

Inputs 

Area (m²) 27 

Volume (m³) 66.70 

Wall Area (m²) 41 

Roof Area (m²) 0 

Door Area (m²) 25 

Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 294 

Power Load (W) 383 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,532 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,479 

Peak Cooling Latent Load (W) 53 

Peak Cooling Airflow (L/s) 116.6 

Peak Heating Load (W) 920 

Peak Heating Airflow (L/s) 64.2 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Loads 

(W) 

Percentage 

of 
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Total Total 

Wall 259 16.90 271 29.50 

Window 0 0.00 0 0.00 

Door 602 39.29 648 70.50 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 244 15.92   

Power 317 20.69   

People 110 7.20   

Plenum 0 0.00   

Total 1,532 100 920 100 

Table 4.34: Building space summary—36 spaces 

Inputs 

Area (m²) 29 

Volume (m³) 71.86 

Wall Area (m²) 54 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 52 

Skylight Area (m²) 0 

Lighting Load (W) 317 

Power Load (W) 412 

Number of People 2 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,289 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,231 
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Peak Cooling Latent Load (W) 57 

Peak Cooling Airflow (L/s) 326.4 

Peak Heating Load (W) 1,891 

Peak Heating Airflow (L/s) 132.1 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 29 0.69 21 1.13 

Window 3,525 82.19 1,870 98.87 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 267 6.22   

Power 347 8.09   

People 121 2.82   

Plenum 0 0.00   

Total 4,289 100 1,891 100 

Table 4.35: Building space summary—37 spaces 

Inputs 

Area (m²) 28 

Volume (m³) 67.75 

Wall Area (m²) 56 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 54 

Skylight Area (m²) 0 

Lighting Load (W) 299 

Power Load (W) 389 

Number of People 1 

Sensible Heat Gain/Person (W) 73 
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Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 3,594 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 3,540 

Peak Cooling Latent Load (W) 54 

Peak Cooling Airflow (L/s) 273.5 

Peak Heating Load (W) 1,961 

Peak Heating Airflow (L/s) 137.0 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads 

(W) 

Percentage 

of 

Total 

Wall 26 0.73 24 1.21 

Window 2,876 80.01 1,937 98.79 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 252 7.00   

Power 327 9.10   

People 114 3.17   

Plenum 0 0.00   

Total 3,594 100 1,961 100 

Table 4.36: Building space summary—39 spaces 

Inputs 

Area (m²) 28 

Volume (m³) 68.55 

Wall Area (m²) 38 

Roof Area (m²) 0 

Door Area (m²) 25 
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Partition Area (m²) 0 

Window Area (m²) 0 

Skylight Area (m²) 0 

Lighting Load (W) 303 

Power Load (W) 393 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 1,942 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 1,887 

Peak Cooling Latent Load (W) 55 

Peak Cooling Airflow (L/s) 147.8 

Peak Heating Load (W) 889 

Peak Heating Airflow (L/s) 62.1 

 

Components 

Cooling Heating 

Loads (W) Percentage 

of 

Total 

Loads (W) Percentage 

of 

Total 

Wall 339 17.46 241 27.11 

Window 0 0.00 0 0.00 

Door 913 47.02 648 72.89 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 

Infiltration 0 0.00 0 0.00 

Lighting 251 12.91   

Power 326 16.78   

People 113 5.84   

Plenum 0 0.00   

Total 1,942 100 889 100 
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Table 4.37: Building space summary—40 spaces 

Inputs 

Area (m²) 26 

Volume (m³) 63.05 

Wall Area (m²) 53 

Roof Area (m²) 0 

Door Area (m²) 6 

Partition Area (m²) 0 

Window Area (m²) 38 

Skylight Area (m²) 0 

Lighting Load (W) 278 

Power Load (W) 362 

Number of People 1 

Sensible Heat Gain/Person (W) 73 

Latent Heat Gain/Person (W) 59 

Infiltration Airflow (L/s) 0.0 

Space Type Office (inherited from building type) 

Calculated Results 

Peak Cooling Load (W) 4,278 

Peak Cooling Month and Hour January; 4:00 PM 

Peak Cooling Sensible Load (W) 4,227 

Peak Cooling Latent Load (W) 50 

Peak Cooling Airflow (L/s) 325.5 

Peak Heating Load (W) 1,520 

Peak Heating Airflow (L/s) 106.2 

 

Components 

Cooling Heating 

Loads 

(W) 

Percentage 

of 

Total 

Loads (W) Percentage 

of 

Total 

Wall 208 4.87 153 10.05 

Window 3,425 80.06 1,367 89.95 

Door 0 0.00 0 0.00 

Roof 0 0.00 0 0.00 

Skylight 0 0.00 0 0.00 

Partition 0 0.00 0 0.00 
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Infiltration 0 0.00 0 0.00 

Lighting 234 5.47   

Power 304 7.11   

People 106 2.48   

Plenum 0 0.00   

Total 4,278 100 1,520 100 

4.4 Building Space Heating/Cooling Energy Reduction 

Annual energy reductions are obtained from the different components of the building as 

illustrated in the above table. Those contribution of these components are as follows: 

1. Concrete wall: The thermal mass property of concrete walls enables building 

materials to absorb, store and later release significant amounts of heat. Buildings 

constructed with concrete and masonry have a unique energy-saving advantage 

because of their inherent thermal mass. These building material elements absorb 

energy slowly and hold it for much longer periods of time than do less massive 

concrete wall materials. This type of delay reduces heat transfer through a 

thermal mass building component, leading to many important advantages. 

2. Energy efficient window: Such windows are an important consideration for both 

new and existing buildings. Heat gain and loss through windows are currently 

responsible for 25–30% of commercial heating and cooling energy use. 

3. Light: Light-reflective floors and walls improve illumination inside buildings by 

reflecting light from both natural and artificial sources. These surfaces provide a 

background that reduces shadows from large stationary objects. Instead of 

adding more costly lighting units or increasing their intensity, creating a light 

surface is a passive means of improving illumination. For example, ordinary 

concrete and other reflective surfaces can reduce energy costs associated with 

indoor and outdoor lighting. Reflective surfaces will reduce the number of 

fixtures and lighting required. Concrete wall exposed to the interior could help 

reduce interior lighting requirements. In addition, coloured exterior walls can 

reduce outdoor lighting requirements. Energy costs for lighting concrete parking 

lots can be 35% less than those for asphalt parking lots. 
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4.5 Conclusion 

This chapter covers the first simulation part in the building solar energy simulation. 

Autodesk Revit building energy analysis requires space/room segregation to estimate 

energy required against space utilisation. The contents of the spaces are fed as input 

parameters and the component values are displayed as output. This chapter is mainly 

focused on space heating/cooling load calculations. Hence, these heating/cooling data 

on spaces prepare the pathway to the base run (chapter 5) building solar energy 

simulation. 

  



76 

Chapter 5: Base Run Building Solar Energy Simulation  

5.1 Introduction 

This chapter covers two main topics, ‘Base run solar building energy simulation’ and 

‘Renewable energy sources simulations’ as subchapter sections, and hence their 

introductory descriptions are outlined: 

1. Base run solar building energy simulation 

Sun’s solar irradiation energy simulation for building focused on the concept of the 

amount of solar irradiation energy that can be absorbed by the building elements during 

a non-cloudy day (clear sunny day). This type of simulation method can be performed 

using many different techniques and step procedures; it depends upon the researcher’s 

skills and selection of the appropriate tools. One of the techniques is building 

orientation. 

Orientation is defined as the positioning of a building considering seasonal variations in 

the Sun’s path since the solar irradiation intensity varies correspondingly. The best 

building orientation could increase the energy efficiency of buildings, making it more 

comfortable for occupants to live or to work in the building and also making the 

operations of the building less expensive. 

For the purpose of this research, a procedure in three steps or chapters was chosen to 

complete the research aim and achieve significant maximised outcomes, which this 

chapter details in the second part. 

2. Renewable energy source simulation 

Renewable energies are clean and inexhaustible. Renewable energy differs from fossil 

fuel energy principally in terms of diversity. Renewable energy is abundant and has the 

potential for use anywhere on the planet, owing to its not producing greenhouse gases or 

polluting emissions. In addition, the costs of renewable energies are also falling and at a 

sustainable rate, whereas the general cost trend for fossil fuels is in the opposite 

direction in spite of their present volatility. Growth in clean energies is currently 

unstoppable, as reflected in the 2015 statistics of the International Energy Agency: 
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Renewable energy represented nearly half of all new electricity generation capacity 

installed in 2014. According to the study, world electricity demand will have increased 

by 70% by 2040. Clean energy development is vital for combating climate change and 

limiting its most devastating effects. 

5.2 Building Solar Energy Simulation Process 

Base run building energy simulation is a continuation of simulation part of building 

heating/cooling requirement (chapter 4), but it is more in depth and covers all parts in 

the building. Building solar energy simulation can be carried out either using 

‘conceptual mass’ or the ‘whole building elements’: ‘Conceptual mass’ simulates the 

building as a block of mass and conversely, the ‘whole building element’ covers every 

building part used in this thesis project. Thus, creating building elements, such as walls, 

roofs, floors and windows, as room/space elements are optional. Defining energy 

settings, especially location and building type, and submitting the whole building 

energy simulation to web-based energy simulation is also possible. 

Further, the energy analytical model (building engineering data) created from the 

building elements can also be exported to third-party applications for further analysis, in 

a variety of common formatted files: for example, gbXML can exported to US 

Department of Energy (DOE-2) and Energy Plus [72] building energy simulation 

software applications. 

5.3 Single Day Building Energy Solar Simulation 

For the propose of this thesis research project, building solar irradiation simulation was 

conducted using Autodesk Revit energy analysis for a single day for a period of six 

hours from 10 am to 4 pm during summer solstice seasons, as shown in Figure 5.1. 

During the six hours, in the building solar irradiation simulation the sunlight intensity 

continues to increase until it approaches the maximum intensity at midday. Thus, at this 

time the building absorbs maximum solar energy. After midday, the sunlight intensity 

steadily reduces and its maximum intensity also reduces until it reduces to zero after 6 

pm. 

The six-hour simulation period was an adequate length of time, which helps to calculate 

the building’s average estimated annual energy consumption, particularly the HVAC 
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load consumption, because during this period the HVAC load demand increases. During 

this solar building simulation process, every building element exhibits/experiences solar 

irradiation intensity. Thus, this ensures no part of the building is excluded from being 

tested for the solar energy absorption. 

 

Figure 5.1: Base run building solar energy simulation 

5.4 Base Run Simulation Parameter Data 

Energy simulation requires data, such as BIM, as parameters with specific details and 

units to enable the algorism to compute the given task correctly and efficiently in 

minimal time. Thus, these input parameters, whose values are shown in Tables 5.1 and 

5.2, have significant effect on the energy simulation process and produced significant 

energy reductions. Similar to the input parameters, output parameters are proposed by 

the simulation system with significant cost-effective economic values, which also lead 

to GB approaching system/NetZero-energy. Thus, this base run energy simulation, 
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which also acts as a reference point for the alternative design simulation, demonstrates 

the building performance, annual estimated energy usage, life-cycle energy use and cost 

and renewable potential energies with their specific data, signifying the controllable use 

of energy. In addition, it also demonstrates net CO2 emissions, annual energy use/cost, 

annual fuel energy use, annual electric energy use, annual monthly heating/cooling 

loads, annual monthly fuel/electricity consumption and annual monthly peak demand. 

Further, in this section, weather file parameters, such as annual monthly wind 

speed/frequency distribution, annual monthly weather file design data, average diurnal 

temperature and average humidity, are briefly analysed as the major contributors to the 

building solar energy simulation. Thus, the actual processing of the simulations was 

performed briefly based on the effects of environmental weather files [73, 74]. Hence, 

the action of weather files affects the actual building size and area to produce output 

results. Further, the action of weather files is forced also to the alternative design energy 

simulation to demonstrate/produce output in detail with much reduced results. Hence, 

forecasting/estimating using simulations of specific regional weather files annual 

monthly speed/frequency distribution behaviour in general is used to determine a plan 

for energy usage estimations. For example, the weather station used for this research 

thesis project is Sydney’s weather station, as specified in the Location Weather and Site 

dialog of Sydney. Files of forecasted weather for these regions can be accessed from 

this station or from any other nearby weather station. 

5.5 Base Run Simulation Building Performance 

During this simulation, maximum/minimum temperatures at the project location are 

used and gross floor area of the analysed model space was formed by subtracting the net 

wall area. In this office commercial building spaces/rooms, heating and cooling loads 

are driven by internal gains from heat emitted by people, lighting and equipment and by 

the building envelope. Thus, HVAC loads are directly dependent on weather files, and 

the lights depend on the building conditioned indoor space. Hence, the building 

performance shown in Table 5.1 is an example of the regional weather file definition. 
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Table 5.1: Base run building performance 

 

5.5.1 Annual energy use intensity 

Table 5.2 shows annual average electricity, EUI per kilo-watt hour, per square meter, 

per year (kWh/m
2
/year) in the first row, annual average fuel, EUI per Mega joule, per 

square meter, per year (MJ/m
2
/year) in the second row and total of both annual average 

EUI in the third row. EUI is a measurement of per-area metric, and it is a convenient 

method of comparing energy consumption when the analysed building model uses 

different energy sources. 710MJ/m
2
/year signifies good energy performance. 

Table 5.2: Annual energy use intensity 

 

5.5.2 Life-cycle energy use 

The average energy simulation results for the building life-cycle period are shown in 

Table 5.3, with average annual life-cycle electricity use in the first row, average annual 

life-cycle fuel use in the second row, average annual life-cycle total cost in the third row 

and average annual life-cycle discount rate in the fourth row. Thus, the Autodesk Revit 

energy analysis simulation system algorism is intelligent enough to include the 

estimated discount rate (6.1%) of the average annual cycle-life for 30 years. These 

results signify best energy performance. 
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Table 5.3: Energy life-cycle use 

 

5.5.3 Annual potential energy 

The Autodesk Revit energy analysis tool analyses the weather at the building’s roof 

surfaces for the estimated potential to generate electricity when PV cell panels and wind 

turbine are planted. Table 5.4 presents three different types of PV cell efficiency, 

reflecting the PV cells’ ability to convert sunlight into electricity and wind power that 

can be generated from one 15-inch-diameter horizontal axis. These renewable potential 

energy simulation results provided by the system are from, as mentioned previously, 

three significant options of solar PV cells, low, medium and high efficiency, ranging 

from 5 to 15%. From the highest efficiency, an average amount of power can be 

extracted, approximately over 72,442kWh/yr. This is high potential energy compared 

with the annual building energy consumption. Conversely, the proposed wind turbine 

potential energy simulation result is low compared with the annual building energy 

consumption. The wind potential energy of this region lacks the capacity to generate 

adequate energy. Conversely, the PV cell renewable potential energy indicates it is 

worthwhile using it, even when the initial cost and the maintenance cost are added. 

Table 5.4: Annual estimated potential energy 

 

5.5.4 Annual carbon emission 

The annual carbon emissions, as shown in Figure 5.2, consist of the annual energy use, 

energy generation potential and the net CO2, with the net CO2 emissions shown in light 

blue colour obtained by adding the total known amount of carbon released 

(70 + 17 = 87) and subtracting the negative carbon emission [87 − (30 + 0) = 57] 
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generated by the renewable energy sources mainly from the PV cells. The net CO2 was 

found to be equivalent to 57 metric tons per year. This is a significant reduction in 

energy usage versus achieving carbon neutralities, which means that when energy 

consumption increases, especially that of fuel energy, the CO2 emission, also, increases 

proportionally. Further, the PV cell not only yields high potential energy kilowatt-hour, 

but also acts in the CO2 negativity process (removing carbon CO2 from the compound 

area) where the wind turbine is of use only ensuring CO2 neutrality only. 

To calculate CO2 emissions for the project located in Sydney Australia, Autodesk Revit 

used utility emissions data from Carbon Monitoring for Action data. Emissions data for 

the project are based on the on-site fuel usage and fuel sources’ generated of electricity 

usage in the region. For example, a project located in a region with electrical power 

plants powered by coal has higher CO2 emissions per kWh of electricity consumption 

than a similar project located in a region where electrical power plants are powered by 

hydroelectricity. 

 

Figure 5.2: Annual carbon emission and net CO2 calculations 

5.5.5 Annual energy usage cost 

The base run simulation report in Figure 5.3 shows total annual energy usage cost of 

electricity and fuel. The fuel and electricity usages are dissimilar. However, the cost of 
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electricity per kWh is higher than the fuel cost for the same kWh. This is a good option 

to use alternative cost-effective energy. The Autodesk Revit base run energy simulation 

list shown in Table 5.5 states the cost of electricity per unit of kWh as $0.06 and the 

cost fuel energy per unit of MJ as $0.007. MJ is converted to kWh using the universal 

energy conversion formula of 1kWh = 3.6MJ; then, the calculation shows $0.007 × 3.6 

= $0.0252. Thus, the usage cost of fuel energy is very economical compared with 

electricity energy usage cost. Annualised energy cost and consumption information can 

inform building energy cost comparisons and early design decisions. Costs are 

estimated using state-wide, territory-wide or nation-wide average utility rates. 

 

Figure 5.3: Annual energy usage cost 

5.5.6 Annual fuel energy use 

Building energy is mainly consumed by the HVAC system and both draw significant 

amounts of energy (electricity and fuel). The HVAC and hot water load analyses report 

chart shown in Figure 5.4 presents the amount of energy used by each. From this chart 

report analysis, it can be noticed that the HVAC loads dominate (92%) the usage of 

energy, while hot water energy usage is significantly limited, at the minimum of 8%. 

This implies that the simulation system used to analysis this energy simulation is a very 

effective method that uses/programmed the hot water to function by avoiding on peak-
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demand periods, while it is too difficult to avoid functioning of the HVAC loads during 

on peak-demand hours. This is one of the causes that the HVAC loads draw significant 

amount of power. However, it is not easy to significantly minimise usage of HVAC 

loads during both opposite (hot/cold) seasons, especially on peak- demand periods. This 

chart shows the percentage of total fuel use, costs and individual unit for each end use, 

which is helpful in identifying most estimated end usage. Hence, a strategic plan to 

reduce energy consumption can be established for the project. 

 

Figure 5.4: Annual fuel energy use 

5.5.7 Annual electricity energy use 

The base run energy simulation summarised usages for each energy source to provide 

the user a hint about where to save energy and to avoid using energy unnecessarily. 

Figure 5.5 shows how the end use energy loads are supplied among the building’s main 

energy usages. In this configuration, it can be noticed that the supply energy and costs 

are equivalently balanced between the HVAC, lighting and miscellaneous equipment 

loads. Miscellaneous equipment includes computers, elevators and miscellaneous 

appliances. For each end use, the chart shows the percentage of total electricity usage, 

costs and kWh. By understanding the end use that requires the most electricity, this can 
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be focused on in the strategic plan to reduce overall energy consumption for the project. 

For example, the strategic plan will be very helpful in determining ways to 

program/schedule equipment function time, to ensure cost-effective use to according to 

the utility energy Supply Company’s rate for the peak-demand and nonpeak-demand 

periods. 

Peak-demand period rates information data can be found from the utility energy supply 

energy company website or by directly calling the company call centre. 

 

Figure 5.5: HVAC, lighting and other equipment annual energy usage 

5.5.8 Annual, monthly heating load 

The base run energy simulation calculates the building’s annual energy in annually 

summarised reports, but in addition, it also calculates monthly details of cooling, 

heating, fuel, electric and peak-demand loads, as shown in Figure 5.6, where each 

particular building element/part is simulated against its capabilities of being energy 

efficient and ability to absorb solar energies, such as concrete walls, curtain walls, roofs 

and conductive windows, which are substantial examples. At present, the concept of 

green roof is emerging for its ability to reduce heat flow into and out of the surface 

covered. There is also evidence that the benefit is much greater in summer time because 

the reflectivity of the leaves of the plants and the evaporation rates are maximised in the 
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summer. Green roofs reduce the heat flux through the roof, and reduction in energy for 

cooling or heating can lead to significant cost savings. Shading the outer surface of the 

building envelope has been shown to be more effective than internal insulation. In 

summer, green roofs protect buildings from direct solar heat. 

The largest negative value for June is window conduction; heat loss from conduction 

through windows represents the largest single monthly demand for heat in June. 

However, miscellaneous equipment, which includes plug loads, computers and office 

equipment, reduces the demand for heat. To reduce the heating load on the project, this 

graph is used to identify the critical component. In this example, windows cause the 

greatest amount of heat loss. Roofs and walls result in a significantly smaller amount of 

heat loss. Thus, the focuses holding on the windows and their U-value should be 

decreased to reduce the heating load. 

 

Figure 5.6: Annual energy usage, monthly heating load 

5.5.9 Annual, monthly cooling load 

Monthly cooling load, as shown in Figure 5.7, is contributed by each of the building 

element materials. The highest cooling contributor is the wall followed by the roof and 

conductive windows. Massive concrete walls are used mainly for commercial buildings, 

because of their ability to provide significant building envelope functions. In addition to 

their primary function as building envelope, play a major role in heating/cooling zone 
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climate situations, owing to their natural thermal mass property that enables building 

materials to absorb, store and later release significant amounts of heat. Buildings 

constructed using concrete and masonry have a unique, significant energy-saving 

advantage because of their inherent thermal mass. These materials have natural 

behaviour that they absorb energy slowly and hold it for much longer periods of time 

than do less massive materials. Mass and reversal of heat flow play a major role to gain 

a benefit in climates with large daily temperature fluctuations above and below the point 

of balance. For these conditions, the concrete mass building envelope can be easily 

cooled by natural ventilation during the night and then be allowed to absorb heat or to 

float during the warmer day. When outdoor temperatures are at their peak, the inner part 

of the building remains cool because the heat has not yet penetrated the mass. Positive 

values represent cooling demands that must be satisfied by a cooling system or other 

means, and negative values offset the need for cooling. For example, conduction 

through a closed window may provide some cooling to a building at night if the ambient 

temperature is low enough. The largest cumulative cooling loads occur in June, with the 

greatest contribution from window solar, or radiant solar heat gain through windows. 

However, heat gains through walls are small by comparison. Thus, it should be 

improving the glass to reduce the windows’ solar heat gain coefficient before investing 

in improvements to the wall insulation values. 

 

Figure 5.7: Annual energy usage, monthly cooling load 
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5.5.10 Annual, monthly fuel consumption 

The monthly fuel energy consumption shown in Figure 5.8 indicates where or in which 

month consumption is high, and it can be observed from the graph that the fuel energy 

consumption starts with smooth linear increase for the period of two months, January 

and February, and starts increasing in March by semi-linear inclination for the period of 

three months. This semi-linear inclination reaches the maximum in the middle of June 

and drops down nonlinearly for a period of three months again. The project uses fuel 

energy sources for heating as opposed to electric heating sources, and fuel energy usage 

increases during the colder months of the year. 

 

Figure 5.8: Annual fuel consumption 

5.5.11 Annual electricity consumption load 

Electrical load is an electrical component or portion of a circuit that consumes (active) 

electric power. This is opposed to a power source, such as a battery or generator, which 

produces power. In electric power circuits, examples of loads are appliances and lights. 

Electric consumption load shown in Figure 5.9 affects the performance of circuits with 

respect to output voltages or currents, such as in sensors, voltage sources and amplifiers. 

Mains power outlets provide full rated supply power at constant voltage, with electrical 

hardwired components/appliances connected to the power circuit collectively making up 

the load. Thus, when high-power appliances are plugged in or switched on, it 

dramatically reduces the load impedance. In case the load impedance is not very much 
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higher than the power supply impedance, voltage drop will occur immediately. In 

commercial/domestic building environments, switching on a heating appliance may 

cause incandescent lights to dim noticeably. On using air-conditioning as the main 

cooling supply to the building rather than using duct gas cooling supply, electricity 

usage increases during the hotter months of the year, as shown in Figure 5.9 which is 

during the months of January and March, when the electrically supplied usage loads 

approach the maximum point. The simulation picks the months of January and March 

by skipping February, which is the hottest month as well. This needs further 

investigation. 

 

Figure 5.9: Annual, monthly electricity consumption 

5.5.12 Annual, monthly peak load demand 

Electricity consumption peak load shown in Figure 5.10 occurred during peak- demand 

periods, which are when electricity usages on the grid network are at highest demand 

times. It can strain the electricity grid network and lead to power outages. A rapidly 

growing population also adds to peak demand. Peak-demand time at work varies 

depending on the types of businesses in the area. For example, a shopping centre may 

have a peak demand in the middle of the day when the air-conditioning is working at 

full load and lights and other appliances are on. Peak-demand time for industrial sites, 

such as factories and mines, varies depending on how they operate. ‘Peak demand’ 

refers to the total amount of electricity used at any given time. This is different to 

energy usages, which is the total amount of electricity consumed over a period, which is 
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measured in kWh. Watched demand on the grid network and undertaking necessary 

regular forecasting to predict grid network demand is possible. The aim is to reduce the 

chance of outages owing to demand from all customers exceeding the capacity of the 

local grid network. When the total customer demand exceeds capacity, in some cases, 

financial incentives may be provided to customers to reduce their demand, where it is 

subjected to a cost-effective alternative method. However, these costs are also one of 

the contributors to electricity price rises. When reviewing an energy analysis, this chart 

displays the building’s estimated annual peak electricity load demand in a monthly 

dispatch configuration. The peak demand is the maximum instantaneous electrical load 

in a given limited period. 

 

Figure 5.10: Annual, monthly electricity energy peak demand 

5.6 Base Run Simulation, Weather Files Contribution 

Building solar energy simulations use weather files as measurement factors/parameters 

to achieve accurate energy usages and cost. Hence, energy costs are highly affected by 

weather files, such as annual Wind Rose (wind speed). This wind speed distribution is 

used in building solar irradiation energy simulations as factors or parameters to enable 

the simulation process system, in which the estimated annual total energy, the total life-

cycle energy and the annual renewable potential energy simulations are calculated based 

on the exact current distribution of the annual wind speed. Knowing the annual current 

wind speed is not only useful to obtain accurate estimated building energy simulation, 

but it also contributes significantly to building sustainable GB in terms of stability. In 



91 

addition, the hourly Wind Rose contributes in a similar role as the wind speed. Wind 

hourly frequency is measured in frequency (Hz), which means how much quantity of air 

repeatedly occurs or is present in that area in one hour. In this region, the highest wind 

frequency was found around the centre towards the north-west north (NWN) sides and 

towards the east side of Sydney. Conversely, the lowest wind frequency is found around 

north north-East (NNE) sides and towards the south-west (SW) sides. 

5.6.1 Regional wind speed distribution 

The wind speed is shown in Figure 5.11 in 16 cardinal directions with a variety of speed 

distributions. Thus, this type of wind speed configuration data can be useful to building 

designers to make necessary design changes according to the location of the building. 

The annual wind speed and directions are not only useful for building designers and to 

obtain accurate estimated building solar irradiation energy simulation analysis results, 

but it also makes significant contributions to building sustainable GB in terms of 

stability, as mentioned previously. 



92 

 

Figure 5.11: Weather files, regional wind speed distribution 

5.6.2 Regional wind frequency distribution 

In Figure 5.12, moving outward on the radial scale, the frequency associated with wind 

from that direction increases. Each spoke is divided by colour into wind speed ranges. 

The radial length of each spoke around the circle is the percentage of time that the wind 

blows from those directions. In this simulation of the sample wind speed frequency 

distribution, Sydney’s annual wind speed frequency from the NW and SSW directions 

is the most common and for more than 10% of the total annual hours. When analysing 

this region’s wind frequency distribution, the highest wind frequency is found around 

the centre towards the NWN side and east side of Sydney. Conversely, the lowest wind 

frequency is found around NNE side and SW side. The wind frequency distribution is a 

very useful tool when evaluating accurately the estimated building solar irradiation 

energy simulation analysis and also to achieve a sustainable GB design. As the chart in 

Figure 5.12 illustrates, there are six varieties of wind speed frequency, starting from the 

lowest frequency, 0 km/h, to the highest frequency, 45 km/h. 
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Figure 5.12: Weather files, regional wind frequency distribution 

5.6.3 Annual, monthly and hourly wind frequency distribution 

The base run Autodesk Revit energy simulation analysis formats hourly weather files to 

define external conditions during the simulation process. Each location has a separate 

file describing the external temperature, solar radiation and atmospheric conditions for 

every hour of the year at that location. These hourly weather data sets are often typical 

data derived from hourly observations at a specific location by the country’s national 

weather service authorities or meteorological office. Occasionally, since hourly weather 

data are not always available for every location in a specific period, it is often necessary 

to use weather data for a nearby location that represents the weather at the actual site. 

Figure 5.13 shows the annual, monthly and hourly wind speed/frequency distribution of 

Sydney specified for each month from minimum to maximum speed/frequency 

distribution, as shown in the chart. This is very significant information for building 

designers and area developers to design the building to resist the hourly repeated wind 

speed/frequency according to the wind force that will be exerted on the building. 
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Figure 5.13: Annual, monthly and hourly regional wind frequency distribution 

5.6.4 Annual, monthly weather file collection data 

Dry and wet bulb are points of temperatures, particularly to relative humidity, vapour 

pressure and saturated vapour pressure, which significantly describe sea level pressure 

and station level pressure data for all stations across Australia. The graph in Figure 5.14 

shows not only monthly temperatures averaged from historical climate data, but also 

two levels of uncommon extremes. The green boxes show the historical averages of 

monthly highest and lowest dry-bulb temperatures. Thus, this site is virtually guaranteed 
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to experience such temperatures in these months. The extensions of the boxes show 

extreme temperatures, which were recorded only 1% of the time in historical data. The 

site is not likely to experience these often, but for a robust design the data should be 

included. Conversely, the box with blue colour extension shows the dry-bulb heating 

temperature. 

 

Figure 5.14: Weather files, annual, monthly design data 

5.6.5 Hourly temperature of bins 

In the Autodesk Revit energy analysis, the base run simulation process also analysed the 

hourly temperature at different sites. According to the location’s weather file 

configuration, different sites are affected by different weather characteristics, such as in 

some sites, heating dominates the design requirements for most of the year. Similarly, 

for other sites cooling dominates. This is referred to as annual temperature bins. Colder 

sites mostly require heating for their comfort and vice versa for hotter sites. Figure 

5.6.5.1 chart displays the frequency of wet- and dry-bulb temperatures, suggesting the 

climate does not have humid summers. Thus, using outdoor dry-bulb temperatures 

(Tdb) and wet-bulb temperatures (Twb) measurements, to analyses building energy 

consumption reductions is another helpful method. Dry climates that experience large 

diurnal temperature swings, the building is ventilated at night and closed in the morning 

to retain the cool air. Figure 5.15 further indicates that the highest Twb occurred under 
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10℃ and lasted for more than 20 hours. This indicates that during these hours, the air 

contained a mixture of water vapour that is the weather was humid. Conversely, the Tdb 

reaches its maximum at 20℃ and lasts for maximum 14 hours. Hence, this type of 

configuration is used for the building control to program/schedule the cooling/heating 

unit to operate according to the Twb and Tdb hourly variations. This is for the HVAC 

system to operate cost effectively and hence achieve maximum building energy usage 

reductions. 

 

Figure 5.15: Weather files, hourly temperature of bins 

5.6.6 Annual, monthly weather file’s average diurnal 

Weather data shown in Figure 5.16 are annual average files of weather throughout the 

year in Sydney. As can be noticed from the graph, the weather files consist of four 

major contributors: the temperature of dry bulb; the temperature of wet bulb; the direct 

solar watt per meter square and the diffuse solar watt per meter square. GB solar energy 

irradiation simulation process was conducted by considering these weather file data as 
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main factors and their contribution to the simulation process was significantly high 

because without the correct weather files it is difficult to build a sustainable GB. 

Diurnal temperature data show daily cycles of temperature and radiation on the site. The 

data typically include dry-bulb temperature, wet-bulb temperature, direct solar radiation 

and diffuse solar radiation as a daily average for each month. From this data, the 

difference between dry- and wet-bulb temperatures can be studied. The difference 

between night-time temperatures and daytime temperatures is known as the diurnal 

swing. GB energy simulation is significantly affected by the peak hour’s variation times 

and diurnal swings. 

 

Figure 5.16: Annual, monthly diurnal average weather files 

5.6.7 Annual, monthly humidity variation 

In the Autodesk Revit energy analysis, the base run building solar energy simulation 

uses ‘humidity distribution’ as the main input data. Figure 5.17 shows the average 

annual monthly humidity timely variation range in Sydney. As can be noticed from the 

chart, the average annual humidity differs from morning to afternoon. In the morning, 

the average humidity increases to 70% and as the day approaches midday and afternoon, 

the average humidity decreases to 50%. GB energy simulation estimated results were 



98 

calculated in consideration of the average daily humidity data, including the peak 

periodic humidity data. Thus, the humidity can vary greatly throughout the course of 

one day and is typically higher in the mornings. The mean daily range is the difference 

between the averages of the daily maximum and minimum of relative humidity for the 

month and the full range is a record of the absolute maximum and minimum of relative 

humidity for the month. This is an important part of the monthly recorded humidity 

variation range, especially for the HVAC system building designers and engineers, 

because it helps to identify the times at which the humidity varies and the minimum and 

maximum points; accordingly, the building HVAC system can be designed for 

optimised operation. Hence, building energy reduction is obtained by using clever 

operating algorisms. Using these types of humidity variation helps to operate the HVAC 

system of the building to utilise the maximum benefit in regard to saving energy. 

 

Figure 5.17: Annual, monthly humidity weather files, daily variations 

5.7 Base Run Building Energy Simulation Analysis 

To achieve maximum energy in GB, whole building energy modelling (BEM) is 

necessary and it is a versatile multipurpose tool that can be used in a new building and 

for example, for retrofit design, code compliance, green certification, qualification for 

tax credits, utility incentives and real-time building control. In addition, BEM is also 

used on a large scale in analyses to develop building energy efficiency classification 
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codes. These codes are used to help responsible authorities and policy decision makers 

[75]. 

The Autodesk Revit energy analysis, base run building energy simulation is fed 

information data in the first step (simulation part one). The data are fed as parameters’ 

inputs with specific details and units to enable the simulation software application to 

compute the given task correctly and efficiently in minimal time. Examples of the 

information data used are data on building space/rooms, location, weather files from the 

nearest weather station and energy current unities energy cost as shown in detail in 

Tables 5.1 and 5.2. 

In the second step (part two simulation) of the simulation process, the computer 

simulation uses these randomly selected building element materials and building 

information data as input parameters to produce base run energy simulation analytical 

model as basic outputs, as also shown in Table 5.5. Thus, the content of Table 5.5 

focuses mainly on four building energy simulation result summaries: energy cost 

summary, annual CO2 emission, annual energy usages and building life-cycle energy 

usage in the first column. The second column of the Table is left blank because this 

column is designed for the advanced/alternative design simulation results. The third 

column is related to carbon footprint and other energy potentials available in the region. 

From this column content, the base run annual net CO2 emission is 56.3 Mg. This is not 

a significant reduction but is to be improved in the advanced (alternative design 

simulation). 

These base run energy simulation results are to be improved in the advanced alternative 

design energy simulation process because a number of alternative energy simulation 

packages are sequentially simulated. Thus, this type of method facilitates selection of 

the best building energy simulation packages by comparing each simulation package 

against the other and also against the base run simulation results. This is the way to find 

the best energy reduction packages from 254 numbers of alternative runs. Hence, the 

base run simulation method acts as a reference point for the alternative design methods. 
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Table 5.5: Base run solar building energy simulation result 

 

5.8 Base Run Water Efficiency 

Most significant savings for a GB associated with water efficiency reduce energy costs. 

Reducing the amount of water for cooling and heating minimises the amount of energy 

needed to perform these tasks, which in turn reduces costs. Several studies show that up 

to 15% [76] of a commercial building’s energy consumption is owing to water heating. 

Efficient hot water usage and generation through alternative methods, such as 

‘geothermal heating’, can lead to significant energy savings and also reduce the 

pollution related to the production of energy. In addition, the studies also show that 

https://www.green-buildings.com/articles/what-is-a-geothermal-heat-pump-and-how-does-it-work/
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water efficiency directly affects to natural scenery and human well-being and both of 

them are directly affected if groundwater and reservoirs are depleted. Lower water 

levels concentrate natural contaminants, such as radon and arsenic, and human pollution 

from chemical wastes are also added to water bodies. 

One of the objective criteria of GB is to increase development of worldwide GB 

projects, especially those related to the Leadership in Engineering and Environmental 

Design and Green Building Council Australia (LEED/GBCA) standard, provide the 

contextual basis for the implementation of water conservation strategies. Water 

efficiency strategies in GB practices are becoming paramount to new and existing 

building construction efforts. Thus, a wide range of terms is associated with water 

efficiency in GB to satisfy the objectives of GB from the water efficient side. 

Numerous terms are used to describe key elements in the design and implementation of 

water conservation strategies in GB. Thus, one of the most important elements of 

understanding water efficiency is the diversification of water terms in green GB 

practices. In particular, the LEED/GBCA standard water efficient steps of procedure 

identify four key types’ potable water, greywater, black water and process water all of 

which provide different utilities in GB water efficiency processes. 

Beside these four key types of water diversification, several other definitions related to 

each type of water in the LEED/GBCA standard is necessary to implement the GB 

water efficiency diversification process. Thus, to provide greater understanding of 

utility in the GB engineering process and to achieve significant water usage reduction in 

GB [77]. 

Table 5.6 shows the base run energy simulation at standard water usage efficiency. In 

this table, all the water facilities are set to standard rate of water usage without any 

improvement attempted to reduce the usage of the water in the building. At this standard 

water usage, the average annual total usage is 23,263,262 L/year, and the net water 

usage is the same, which clearly indicates no attempt is made to reduce the water usage 

at this stage. As previously mentioned, the part two simulation is a basic standard 

simulation to the part three simulation, and significant water usage is expected in the 

part three simulation. 
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Table 5.6: Base run solar building energy simulation water usage results 

 

5.9 Renewable Energy Simulation 

Simulation of renewable energy covers many emerging alternative energy sources. 

However, the most valuable ones, especially in commercial buildings, are PV cell and 

wind turbine. Thus, this thesis research project uses the guideline proposed by base run 

simulation in regard to renewable energy implementation and excludes the other 

renewable energy sources. The proposed renewable energy sources are 15% efficiency 

PV cell and 15-inch wind turbine. Knowing these sources are at initial efficiency and 

performance, boosting/optimising of their efficiency and performance are one of the 
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tasks in designing energy sustainability of GB. Hence, this research section focuses on 

how to optimise the current commercially available renewable energy, in particular 

from the PV cell and the wind turbine. 

5.9.1  PV cell efficiency and performance 

To understand the PV cell electricity generation, the first aspects to be understand are 

the basic theory of the solar irradiation, orientation of the Sun above the horizon, 

sunlight incidence angles and sunlight intensities and their calculations, such as the 

angle of decline (δ), the angle of latitude (φ), the angle of azimuth or bearing angle 

(AZ), the angle of zenith (ϴz), the angle of solar altitude (α) and the hourly angle (W). 

The following symbols are recognised globally: 

N = number of solar days 

ω = the hour angle 

α = the altitude angle 

AZ = the solar azimuth angle 

δ = the declination angle = 23.45° tilt angle 

φ = observer’s latitude = 0° at equator, 23.45° at summer and winter solstices and 

66.55° at the Arctic Circle and Antarctic Circle. The declination angle in radians at any 

given day and time is: 𝛿 = [(23.45𝜋) ÷ (180)sin [2𝜋{(284 + 𝑛) ÷ 36.25}]. 

The azimuth angle at any location is given by AZ = sin−1( sin 𝑤×cos 𝛼)/cos 𝛿. 

The hourly angle is given by sin 𝜔 =sin 𝛼 − sin 𝛿 sin 𝜑 / cos 𝛿 cos 𝜑. 

The altitude angle is given by sin 𝛼 = sin 𝛿 sin ∅ + cos 𝛿 cos 𝜔 cos ∅. 

The zenith angle is also the angle of incidence and it is given by sin 𝜃𝑖 = cos 𝜃𝑧 =

cos 𝛿 cos ∅ cos 𝜔 + sin 𝛿 sin ∅. 

As mentioned previously, this research project chose Sydney, Australia, as the GB 

location, and adequate information regarding the solar path of one complete cycle or full 

turn in one year was required for this region to conduct successful energy simulation. 

This means numerical calculation of all angles related to our research project is derived 

from these collected data. Sydney is located on the latitude and longitude geometric 

coordination of the global geographic region, about 35° south and about 149 149° East 
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in the southern hemisphere. Thus, to use the best orientation for our PV cells position, it 

is very important to know the geographic solar orientation of the locations, so that the 

PV cell panel can be positioned to the best orientation to maximise the PV cell output 

power. Since Sydney is located in the southern hemisphere, as a general rule, the PV 

cell panel is to be installed facing north because it would be the most efficient position 

and vice versa for a location in the northern hemisphere. 

Before PV cell installation, it is important to have adequate knowledge about the 

general solar irradiation and its fundamental phenomena of occurring, starting from the 

Sun to the Earth, as mentioned previously. Thus, the Sun is spherical shape consisting 

of hydrogen and hydrogen energy fusion creator [78], known as the prime energy 

source, located about 1.5 × 10
11 

meters away from the Earth. The Sun produces or 

radiates uniformly equal average energy of 3.8 × 10
26

 watt to all directions from its 

surface. The Earth receives only a portion of it, about 1.7 × 10
11

 watt, which is enough 

to keep the Earth warm and also to maintain life on Earth [79]. The Earth’s entire 

energy portion does not reach its surface; solar energy radiation faces a lot of obstacles 

before it approaches the Earth’s atmosphere. The Sun radiates a composite of different 

energy levels, which is called the solar radiation spectrum. It is composed of 40% 

infrared wavelengths or longer, 50% visible light wavelengths and 10% ultraviolet 

wavelengths or shorter. A part of these radiations approaches the Earth’s surface at 

different incident angles and intensities. The total solar radiation reaching the Earth’s 

surface is approximately 950 watt/m
2
 and approaches in three directions, which are 

known as global horizontal irradiation (GHI), diffuse horizontal irradiation (DHI) and 

direct normal irradiation (DNI) [80]. The atmospheric medium significantly distorts the 

solar irradiation, dividing it into portions, and some portion of it is reflected straight 

away from the medium, some portion is refracted horizontally and most of it passes 

through the medium and reaches the surface. The incident ray that reaches the ground is 

composed of mainly two radiations, the DHI and the DNI, which is equal to GHI. It is 

important to know how the solar radiation approaches the Earth’s surface. Except at 12 

noon, irradiance never approaches the surface at maximum intensities. This is because 

the position and orientation of the Earth relative to the sun is not constant, and hence, 

the irradiation or the light from the sun mostly reaches the surface at angle, which 

reduces the intensity of the irradiation as well as the PV cell efficiency. To compensate 

for these reductions, many researchers have developed solar irradiance intensity 
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tracking mechanism systems, using sophisticated technologies. For example, intelligent 

sensors, servo motor, algorism to take control of the motions, MPPT trackers and GPS 

controlling system of mechanism. 

5.9.2 Extra-terrestrial radiation 

Extra-terrestrial radiation (watt/meter square) is the amount of solar radiation incident 

tangential to surface of Earth’s atmosphere on a function of time and it is expressed 

either for an hour (I0) or a day (H0) 

 I0 =   
12.3600

π
𝐺𝑠𝑐 (1 + 0.033. cos

360.n

365
) ⌊cos φ. cos δ. (sin 𝜔2 − sin 𝜔1) +

{
π.(𝜔2−𝜔1)

180
} sin φ. sin δ⌋ 

  H0 =
24.3600.

𝜋
𝐺𝑠𝑐 {1 + 0.033. cos

360.𝑛

365
} (cos 𝜑. cos 𝛿 . sin 𝜔𝑠 +

𝜋.𝜔𝑠

180
sin 𝜑. sin 𝛿) 

Where Solar Constant, 𝐺𝑠𝑐 = watt/m
2
 

Hourly Radiation = J/m
2
 

Daily Radiation = J/day.m
2
 

5.9.3 Testing standard of PV cell 

The PV cell average testing standard irradiation is 1,000 watt/m
2 

(known also as 1 sun 

flat plate) at air mass 1.5 and at standard temperature 25℃ 
or kelvin, k

 
(25 + 273 = 298 

k). The ideal PV cell characteristics are: 𝑉𝑜𝑐 = 0.623, Ideal 𝐼𝑠𝑐  = 35 mA/cm
2
, FFIdeal = 

0.83, and the real cell: 𝑉𝑜𝑐  = 612, Isc = 34.6 mA/cm
2
 and FFreal = 0.67.

 

5.9.4   Generation of PV cell power 

Light contains particles called photons and when these photons incident on the surface 

of a semiconductor, these are either reflected from the top surface or absorbed in the 

material or, missing these two chances, transmitted through the material. For PV cell 

devices, reflection and transmission are typically considered a loss since photons that 

are not absorbed do not generate power. If the photon is absorbed, it has the possibility 

of exciting an electron from the valence band to the conduction band. A significant 

factor in the determining of photon energy is whether it is absorbed or transmitted. 
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Therefore, only if the photon has enough energy will the electron be excited into the 

conduction band from the valence band. When the energy of a photon is equal to or 

greater than the band gap of the material, the photon is absorbed by the material and 

excites an electron into the conduction band. Further, materials with higher absorption 

coefficient (𝑎 =
4𝜋𝐾

𝜆 
) more readily absorb photons [81], which also excites electrons 

into the conduction band. The absorption coefficient determines how far into a material 

can light of a particular wavelength penetrate before it is absorbed. The absorption 

coefficient depends on the material and also on the wavelength of light being absorbed. 

To generate adequate PV cell power, the sunlight intensity, which is a composite of 

many types of different wavelengths as well energies, should be able to absorb 

sufficient photons of short wavelengths and the PV cell material must have higher 

absorption coefficients. Thus, when the photon’s energy (𝐸 =
ℎ𝑐

𝜆
), where E is energy in 

joules, h is Plank’s constant (6.626 × 10 
-34 

joules), c is light speed (2.998 × 10
8
 m/s), 

and λ is wavelengths in meters, an inverse relationship equation is derived from the 

above equation(𝜆 =
ℎ𝑐

𝐸
=

6.626 × 10 −34.2.998 × 108

𝐸
=

1.99 × 10−25 𝑗𝑜𝑢𝑙𝑒𝑠−𝑚

𝐸
). The inverse 

relationship means that light consisting of high energy photons (such as blue lights) has 

a short wavelength and light consisting of low energy photons (such as red lights) has a 

long wavelength. Mostly, when we deal with particles such as photons or electrons a 

commonly used unit of energy is the electron volt (eV) rather than the joule (J) and an 

electron volt is the energy required to raise an electron through 1 volt. Thus, for a 

photon with energy of 1 eV = 1.602 × 10−19J, its wavelength is calculated as 

  (𝜆 =
ℎ𝑐

𝐸
=

6.626 × 10 −34.2.998 × 108

𝐸
=

1.99 × 10−25 joules−m

1.602 × 10−19 J
= 1.24 𝑥 10−6𝑚𝑒𝑡𝑒𝑟); hence, 

this micro wavelength is sufficient to knock an electron of PV cell. 

Figure 5.18 (a), (b) and (c) show the PV cell’s ideal and non-ideal diode characteristics 

in regard to light intensity penetration and maximum output voltage generation, which 

are called IV characteristics. In this section, the diode characteristics are briefly 

described in regard to its dark, shunt and series currents; current density, light intensity 

density and open voltage as well in respect to their corresponding values. The shunt 

short circuit current and open circuit voltage values are simulated to increase the PV cell 

efficiency. 
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Figure 5.18: PV cell characteristics 

a) PV cell diode characteristics, dark current, shunt resistance and series 

resistor 

 

(b) PV cell diode current density 

 

 

(c) PV cell diode light intensity 

Where: Isc = qG (Lp + Ln), Voc =
𝑛𝐾𝑇

q
ln (

Isc

Io
+ 1), and Fill factor (FF) = (
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External current (I) = Iph − Io (eq(V + IRs)/aKT) − 1) − {V +
Rs

Rsh
}, maximum power (Pm) 

= (ImVm), and the efficiency (n) = (
VoIscFF

Pin
) 

Where: Iph = current source, Io = Open current, a = Ideal defector, K = Plank’s constant, 

T = standard temperature, q = electronic charge, G = generation rate, Lp = hole diffusion 

lengths and Ln = electronic diffusion lengths. The equations and the figures show the 

basic introduction of PV cell power generation and how to reach the maximum IV curve 

characterises. Thus, this leads to understanding PV cell maximum power tracking 

simulation. The base run proposed PV cell highest efficiency is 72,442kWh/year = 

72442kWh

1824h
= 39.72 kw; this is the rated power of the PV cell and for the calculation of 

the hours, refer to section 5.10.5. 

5.9.5  PV cell simulation 

As mentioned previously on the overall research project design, the main aim of this 

research project is to simulate the PV cell Sun incident light tracking system, which is 

previously proven by several researchers using a mechatronic system of controlling 

practices. This research project developed an alternative method that works on the 

similar concept but using a simple method and at less cost. 

The way developed in this research project is that the PV cell generates current 

depending on the sunlight intensity, by which the closer the sunlight is shining on PV 

cell perpendicular to its position; the PV cell generates current proportional to the 

sunlight sensitivity. Thus, around midday hours, the PV cell receives maximum sunlight 

intensity and during these hours the PV cell generates the maximum power. However, 

the PV cell generating capacity is affected by many factors. For example, the position of 

the Sun in the sky during morning and evening in relation to the azimuth angle, the 

Earth’s seasonal tilting angle (declination angle) and how far is the position of the Sun 

above the horizon in relation the zenith angle are all factors affecting the sunlight 

intensity. Considering all these factors, this alternative method system is developed to 

compensate the power loss by these affecting factors to achieve the maximum output 

power approximately from morning to evening. This alternative method also works on a 

very simple concept that when the PV cell semiconductor is covered with curtain wall 

adaptive component or material, this adaptive component has the ability to sense the 
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sunlight intensity and to rotate with the sun’s orientation position. This means by tilting 

the PV cell panel to a flexible tilting angle position and programming it to follow the 

Sun’s orientation position in the sky, the PV cell will receive approximately constant 

normal incident light to its plane. However, the intensity of the light will vary during the 

morning and the evening hours owing to the Sun being at a greater distance from the PV 

cell, but the incidence light will always be focused on the PV cell in the straight and 

normal position angles. 

The concept has been proved using software simulation application as shown in Figs 

5.19 to 5.21 and Tables 5.7 to 5.9. Thus, the simulation process algorism programs 

vectors point towards the Sun and towards PV cell to align/misalign each other, as 

shown in Figure 5.18. Then depending on the Sun’s position, three main positions are 

identified as position 1, 2 and 3. Position 1 is during morning hours (7.12 am), position 

2 is during after midday (1.46 pm) and position 3 is during starting of evening hours (at 

2.12 pm). 

1) Position 1 

At position 1, the Sun is not in effect because it is still rising above the horizon and the 

vector angle is opened, as shown in Figure 5.20 and Table 5.7 

2) Position 2 

 At position 2, as the Sun keeps rising, the vector angles between it and the PV cell 

approach to zero and the azimuth angle approaches close to 90° as shown in Figure 5.21 

and Table 5.8 and at about after midday, the PV cell panel is fully closed. At this 

position, the Sun has the greatest effect over the PV cell panel and maximum power 

generation is achieved. 

3) Position 3 

At position 3, the Sun is approaching the other side of the world. The actual time is 

during early evening hours. The Sun’s effectiveness on the PV cell panel is very similar 

to that at position one except that the azimuth angle has negative sign and the PV cell 

panel is partially closed. The efficiency of PV cell increases as the output power 

increases and the output power increase is owing to the current increase. As 

aforementioned, the current of the PV cell varies propositionally with variation of 
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sunlight irradiation. In Tables 5.7 to 5.9, all the required parameters are shown and 

except the area of the PV cell panel, the initial real current, the real potential difference, 

the initial efficiency and the thickness of the PV cell panels, the rest of the parameters 

are supposed to vary according the suns light irradiation intensity. When the Sun moves 

from one position to the other, the software script program shown in Figure 5.23 takes 

control over the Autodesk Revit parameters and adjusts the values of the parameters 

according to the Sun’s position in the sky. As the intensity of the light increases, the PV 

cell reaches its maximum generation ideally above 8 Amps, say 10 Amps and there are 

36 PV cell panels (10 × 36 = 360 Amp). During morning hours, the incident angle is 

zero and the current is also zero, but when the Sun continues its ascent above the 

horizon, the incident angle approaches towards 90°. The current and the efficiency are 

also approaching the maximum point, as shown in Table 5.9. 

The highest efficiency of PV cells currently in the market without using sunlight 

tracking system is in the range of 5% to 27%, and this efficiency is not very satisfactory 

or not feasible when all the costs incurred and the maintenance cost are added. Several 

studies currently show that many types of different methods have been proposed to 

improve the low efficiency of PV cells; one of these is the sunlight intensity tracking 

system and it has been proven that especially in a mostly cold climate region, the 

efficiency of the PV cell sunlight tracking system could increase from the basic low 

efficiency to more than 40% efficiency. This is a significant, good approach that 

involves adding minor, expensive high-technology devices to increase the basic 

efficiency by more than double. However, this type of method is still not cost-effective. 

The main aim of this research article is to develop a method that works on similar 

concepts of the sunlight tracking system, but it has to be very cost-effective and produce 

the same, or close to the same, amount of power. In this method, the PV cell approaches 

its maximum current at 1.45 pm and at angle of 80.754°. Theoretically, the maximum 

power should approach at 12 pm and at the angle of 90°, but the mismatch could result 

from the performance of the software in relation to the Sun’s orientation. 



111 

 

Figure 5.19: PV cell panel, sunlight effect influence 

5.9.6 PV cell simulation analysis 

As mentioned previously, the highest efficiency of PV cell currently in the market 

without using boosting mechanism to increase its efficiency is in the range of 15 to 

27%, and this efficiency is not very satisfactory. A current literature review of PV cell 

efficiency articles shows that a number of different methods have been attempted to 

improve the efficiency of PV cells, one of which is sunlight intensity tracking system 

and this method has significantly proved the PV cell efficiency. Nevertheless, this is a 

significant clever method. However, this type of method is not cost-effective. Thus, this 

research thesis chapter deals and develops a method that works on similar concepts of 

the sunlight tracking system, but using a cost-effective method, and produces the same 

or close to the same amount of efficiency. In this method, the PV cell panels are 

simulated by the Autodesk Revit and Dynamo software application algorism to follow 

the sunlight irradiation intensity direction once the Sun is above the horizon using 

natural phenomenon, as shown in Tables 5.7 to 5.9 and Figures 5.20 to 5.23. The 

method costs the minimum, and the cost could be negligible if compared with the other 

similar methods that produce similar results. 
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Table 5.7: PV cell parameters, performance during morning hours 

 

 

Figure 5.20: PV cell parameter respond performance during morning hours 
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Table 5.8: PV cell parameter, performance during midday hours 

 

 

Figure 5.21: PV cell parameter respond performance during midday hours 
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Table 5.9: PV cell input parameters, performance during afternoon hours 

 

 

Figure 5.22: PV cell parameter respond performance during evening hours 
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Figure 5.23: PV cell panel and simulated vectors aligning/misaligning with the sun 

position, and direction on the sky 

5.9.7 Wind Turbine Description 

The term wind turbine or wind power is described by the process used to generate 

electric power from kinetic mechanical power. Aerodynamics is an important concept to 

consider when designing an effective wind turbine, but size also matters: the longer the 

turbine blades are, the greater the diameter of the rotor, and more the energy a turbine 

can capture from the wind and thus the greater the electricity generating capacity. 

Generally, doubling the rotor diameter produces a fourfold increase in energy output 

[82, 83]. In some cases, the reverse results in better performance, such as in a lower-

wind-speed area, a smaller diameter rotor can produce more wind power than a larger 

diameter rotor. This is because with smaller rotor diameter and shorter blades, it takes 

less wind power to spin the smaller generator. Thus, the turbine can run at full capacity 
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continuously. In addition, tower height is also a major factor in production capacity. 

The higher the turbine, the more energy it can capture because wind speeds increase 

proportionally with elevation height, that is, about 12% increase in wind speed with 

each doubling of elevation height [82]. Currently, most efficiently used wind turbines 

sizes and configuration are horizontal/vertical axis. However, the horizontal axis turbine 

with three blades configurations as shown in Figure 5.24 is widely used globally owing 

to its speed and aerodynamic turbulence stability. 

 

Figure 5.24: Wind turbine design for optimum performance 

5.9.8 Basic wind turbine simulation 

From the base run (part two) building energy simulation, annual wind power potential is 

recommended by the system as shown in Table 5.24, and based on this assumption, it 

was necessary to maximise the output power to keep tracking its performance. Wind 

turbine blades and rotor diameter were theoretically designed to meet the maximum 

optimisation of wind turbine. Thus, starting from the aerodynamic blade design, wind 

turbine blades and the rotor diameter are designed correctly maximised to suit wind 

turbine turbulence and its performance is also theoretically maximised. However, the 

study of wind turbine at maximum extraction shows that it is a complex issue. In 

addition, the study also shows three main types of proven methods that demonstrate that 

the MPPT system can improve the performance of the wind turbine. The methods are 
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(1) the wind turbine power coefficient, (Cp), (2) TSR and (3) OTC. As the aim of this 

thesis is designing the ultimate energy efficiency building, it is necessary to use the 

wind turbine also at maximum power extraction. 

5.9.9 Maximising wind turbine using power coefficient 

Power coefficient is a measurement of wind turbine efficiency. Cp is the ratio of actual 

electric power produced by a wind turbine divided by the total wind power moving into 

the turbine blades at a specific wind speed. The power coefficient represents the 

combined efficiency of the various wind power system components, which include the 

turbine blades, the shaft bearings and gear train, the generator and power electronics. 

The Cp for a particular turbine is measured or calculated by the manufacturer and 

usually provided at various wind speeds. Information about the Cp at any given wind 

speeds for a specific type of turbine can be used to estimate the electrical power output. 

Thus, the Cp of a particular wind turbine varies with operating conditions, such as wind 

speed, turbine blade angle, turbine rotation speed and other parameters. Overall, it is a 

measurement of a particular wind turbine’s overall system efficiency. 

𝐶𝑝 =   
Pout

Pin
=

Actual Power Produced

Wind power in to the turbine 
; this equation demonstrates that as the wind 

power approaching into the turbine increases, electrical power extracted increases [55]. 

In an effective wind turbine design, there are two types of wind speed velocities, V1, 

upper stream velocity and V2, downstream velocity. Theoretically, when V1 < V2, it 

implies breaking action upon the wind and when V1 = V2 = 0, no effective action 

occurs. Thus, the effective action occurs when the power of change in kinetic energy 

from upstream to downstream transform process occurs and this introduces interference 

factor, b, as the ratio of the two velocities, b = 
𝑉1

𝑉2
 [84]. 

The rate of changing (kinetic energy) power, P, = 
∆𝐸

∆𝑡
 = 

1

2
(𝑚(𝑉1

2)−𝑚(𝑉2
2)

∆𝑡
=

1

2
𝑚(𝑉1

2 − 𝑉2
2), 

when ∆𝑡 → 0. Substituting for ‘m’ by the swept area, P = 
1

2
𝜌𝑆𝑉(𝑉1

2 − 𝑉2
2). 

Where, S is the cross-sectional area of the rotor, 𝜌 is the air density and m is the swept 

area of the wind turbine turbulence, which appears as cubic volume, 𝑚 = 𝜌𝑆1𝑉1 =

𝜌𝑆𝑉 = 𝜌𝑆2𝑉2 
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Thus, power density (Pd) = 
𝑝

𝑆
 = 

1

2
𝜌𝑆𝑉3

𝑆
, w = 

1

2
𝜌𝑆𝑉1

3, Cp = 
𝑝

𝑤
 = 

1

4
 𝜌𝑆𝑉

1 (1−𝑏2)(1+𝑏)

3

1

2
 𝜌𝑆𝑉1

3
 = 

1

2
(1 −

𝑏2)(1 + 𝑏). Table 5.10 and Figure 5.25 show that when b = 0, Cp = 0.5 and so on. 

Then, maximum power occurs when b = 0.33, according the calculation, Cpmaximum = 

0.59. 

Table 5.10: Wind turbine maximum power extraction 

b 0.0 0.1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 

𝑪𝒑 0.5 0.54 0.59 0.58 0.26 0.51 0.34 0.32 0.18 0.00 -

0.22 

-

0.26 

-

0.44 

 

Figure 5.25: Wind turbine maximum power extraction 

As derived earlier in this chapter, the maximum achievable power coefficient is 59%, 

which is the Betz Limit. In practice, however, obtainable values are involved and reduce 

the power coefficient to around 45%. These values are inefficiency and losses attributed 

by different configurations, rotor blades profiles, finite wings, friction and turbine 

designs. As mentioned earlier, the maximum power extraction occurs at the optimal 

TSR [84]. 

5.9.10 Maximising wind turbine power using tip speed ratio 

TSR is the speed of the blade at its tips, divided by the speed of the wind. The tip of a 

blade travels at a meter per hour (mph) rate as does the wind. However, these two 

different speeds are never equal in practice, and the tip of the blade speed is always 
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higher the wind speed. Thus, the tip ratio becomes important for maximising wind 

turbine power calculation. This practical fundamental demonstrates facts of wind speed 

and tip relationships; when the blade set spins too slowly, most of the wind will pass by 

the rotor without being captured by the blades. Conversely, if the blades spin too fast, 

the blades will always be traveling through used/turbulent wind. It is important that to 

extract maximum power, enough time should be allowed to lapse between two blades 

traveling through the same location so that new/unused wind can enter this location. 

Thus, the next blade that passes through this location will be able to harness 

fresh/unused wind. 

TSR = 
Actual tiping speed of the blade

Current speed of the wind,where the generator is located 
; this formula is used for each 

particular generator location [55, 56, 84]. 

Effective TSR depends on the blade of the aerofoil, number of blades and type of the 

wind turbine, and generally, a wind turbine with three blades that operates between 6 

and 8 TSR is the most valuable. 

Thus, for power extraction, the effective TSR = 𝜆 = 
𝜔𝑟

𝑉
, where V = the wind turbine 

speed, 𝜔 = rotor tip speed of the angular velocity (radians) and r = the wind turbine 

rotor blade radius. 

The optimal TSR for maximum power extraction is governed by relating the time taken 

for the disturbed wind to re-establish itself to the time required for the next blade to 

move into the location of the preceding blade. These times are arranged by the 

following equations. 

𝑇𝑠 =
2𝜋

𝑛𝜔
𝑠𝑒𝑐, 𝑇𝑤 =

𝑆

𝑉
𝑠𝑒𝑐, where n = number of blades, S = the length of the Windstream 

and 𝜔 = the rotor angular speed. The characteristics of these times for their being 

significant effective to produce optimised power is governed by the following 

comparisons: 

If 𝑇𝑠 >  𝑇𝑤, some wind is unaffected, and if 𝑇𝑤 >  𝑇𝑠, some wind is not allowed to pass 

through the rotor blades. Hence, the maximum power extraction occurs when these two 

times are approximately equal, that is, when 𝑇𝑠 ≊ 𝑇𝑤, which yields this equation, 

2π

𝑛𝜔
≊

𝑆

𝑉
⇒

𝑛𝜔

𝑉
≊

2𝜋

𝑆
, expressing this equation in terms of the optimum angular velocity, 
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𝜔𝑂𝑝𝑡𝑖𝑚𝑢𝑚 =
2π𝑉

𝑛𝑆
. Thus, to obtain optimal power extraction, the rotor blade rotates at 

angular speed, which is related to the speed of the oncoming wind. Because the rotor 

angular velocity decreases as the radius of the rotor increases, the characteristics of the 

rotor angular speed are governed by the optimal TSR, 𝜆𝑂𝑝𝑡𝑖𝑚𝑢𝑚 =
𝜔𝑂𝑝𝑡𝑖𝑚𝑢𝑚

𝑉
𝑟 =

2𝜋

𝑛
(

𝑟

𝑆
) 

As mentioned previously, the optimal TSR depends on the number of rotor blades of the 

wind turbine. The lesser the number of rotor blades, the faster, the wind turbine rotates 

to extract the maximum power from the wind. For any n, the number of wind turbine 

blades, the empirical experience of the length of the Windstream time (S) is 

approximately equal to 50% of the rotor radius [84]. That is, 
𝑆

𝑟
≊

1

2
, 𝜆𝑂𝑝𝑡𝑖𝑚𝑎𝑙 ≊

2𝜋

𝑛
(

𝑟

𝑆
) ≊

4𝜋

𝑛
 and TSR with 3 blades = 4.14 is the most effective and valuable. 

Table 5.11 and Figure 5.26 show TSR for n = 2, 3 and 4 is 6.28, 4.19 and 3.14 

respectively. With proper aerofoil design, the optimal TSR values may be 

approximately 25–30% above these values. These highly efficient rotor blade aerofoils 

increase the rotational speed of the blade and thus generate more power. Using this 

assumption, the optimal TSR for a three-bladed rotor would be in the range of 5.24–

5.45. Poorly designed rotor blades that yield too low TSR would cause the wind turbine 

to exhibit a tendency to slow and stall. Conversely, if the TSR is too high, the wind 

turbine will rotate very rapidly and may experience larger stresses and become 

uncontrollable, which may lead to catastrophic failure in highly turbulent wind 

conditions [84]. 

Table 5.11: Wind turbine optimum TSR 

n 2 3 4 5 6 7 8 9 10 11 12 

𝝀 6.28 4.14 3.14 2.51 2.09 1.79 1.57 1.39 1.25 1.14 1.04 
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Figure 5.26: Wind turbine optimum TSR extraction 

5.9.11 Maximising wind turbine power using optimal torque control 

OTC is a method used for MPPT extraction. Owing to the sluggish response of wind 

turbines with high inertia, conventional OTC method was improved to increase the wind 

turbine efficiency by dynamically modifying the generator torque versus rotor speed. 

An effective tracking range (ETR) that corresponds to the local interval of wind speed 

with concentrated wind energy distribution is proposed and an improved OTC based on 

ETR was developed. In this method, based on a direct relationship between ETR and 

wind conditions, the torque curve can be quickly optimised so that higher and more 

stable MPPT efficiency can be achieved under varying wind conditions [57, 85]. 

Hence, OTC depends on Cpmaximum and TSRoptimum = 𝜆𝑂𝑝𝑡𝑖𝑚𝑢𝑚, that is, when, 𝜆 = 
𝜔𝑟

𝑉
, 

𝑃𝑚 = 𝑇𝑚𝜔, 𝑃𝑚 =
1

2
𝜌𝜋𝑟5 𝐶𝑝𝑚𝑎𝑥𝑖𝑚𝑢𝑚

𝜆𝑜𝑝𝑡𝑖𝑚𝑢𝑚
3 𝜔3

, 

 where Cpmaximum = maximum power extraction, and 𝑇𝑚 = the generated control torque 

[86]. Thus, when the measurements of the parameters are almost perfectly taken and the 

wind turbine correctly modelled, the standard torque control system leads to the 

optimum power operation during the steady state and that is where the maximum OTC 

becomes effective. Thus, the maximum power is 

 𝑃𝑚 =  
1

2
𝜌𝜋𝑟5 𝐶𝑝𝑚𝑎𝑥𝑖𝑚𝑢𝑚

𝜆𝑜𝑝𝑡𝑖𝑚𝑢𝑚
3 𝜔𝑚

3 ; rearranging the torque equation above, 𝑇𝑚  =  
𝑃𝑚

𝜔𝑚
=

1

2
𝜌𝜋𝑟5

𝐶𝑝𝑚𝑎𝑥𝑖𝑚𝑢𝑚

𝜆𝑜𝑝𝑡𝑖𝑚𝑢𝑚
3 𝜔𝑚

3

𝜔
 =  

1

2
𝜌𝜋𝑟5 𝐶𝑝𝑚𝑎𝑥𝑖𝑚𝑢𝑚

𝜆𝑜𝑝𝑡𝑖𝑚𝑢𝑚
3 𝜔𝑚

2 . To calculate the maximum torque control, 
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let us calculate the unknown parameters first, the rotor blade radius (r) and 𝜔𝑚. Let us 

also use the maximum wind speed, approximately 15 m/sec, and the average turbine 

rotor to generator gear ratio unit as 1:100. Then, the generator should be running at least 

1,500 rpm to generate effective electricity. From the gear ratio unit, the calculation of 

rotor blade rotation is 15 rpm. Then, conversion, the rpm to radian/sec, is 𝜔 = 𝜔𝑚  =

 
2𝜋

60
× 15 = 1.57𝑟𝑒𝑣/𝑠𝑒𝑐. For this case, assume 𝜔 = 𝜔𝑚. Then, the air density of 

Sydney, Australia, using the international air density standard calculation formula is 

𝜌 =
𝐴𝑖𝑟 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃)

𝐷𝑟𝑎𝑦 𝑎𝑖𝑟 (𝑅) 𝑇𝑒𝑚𝑝𝑟𝑎𝑡𝑒𝑢𝑟𝑒 (𝑇)𝑖𝑛 (°𝑘)
=

101325

288.15×287.05
= 1.23. Next, from the TSR 

formula, 𝑟 =  
𝜆×𝑉

𝜔
=  

4.14×15

1.57
= 39.3 ≅ 40𝑚. Then, the maximum torque is  𝑇𝑚 =

1

2
×

1.23 × 3.14 × 405 0.59

4.143 1.572 = 4053962.86𝑤 = 4.05396286𝑀𝑤. This maximum 

torque shall be used for the MPPT. The computer algorism software technique with 

sensing feedback of this torque will keep operating at maximum power extraction for 

the wind turbine mechanical power. This calculated torque is applied only for this rotor 

radius blade. 

5.9.12 Calculation of renewable energy rated power 

The base run energy building energy simulation proposed renewable energy potential in 

the New South Wales region where the building is located. For the wind turbine, the 

proposed annual rated power is 2,208 kWh from single 15-inch wind turbine. This 15-

inch wind turbine can be planted on the compound ground or in the roof. For this thesis, 

it is planted on the top of the roof. As mentioned previously, the building is a 

commercial office building. According to the Australian work trading hours, the 

building will be in operation for at least eight hours a day for five days a week, except 

on public holidays. If the wind turbine is established to be in operation during working 

hours, that is 5 days a week × 4 = 20 days in a month × 12 = 240 days in a year. 

According to the NSW industrial relations website, there are 12 days public holidays 

per year, and hence, 240 − 12 = 228 days working days a year. As mentioned 

previously the building is in operation for at least 8 hours: thus, 228 𝑑𝑎𝑦𝑠 × 8 =

1,824 hours in a year. To find the rated power of the Wind turbine, the 2,208 kWh is 

divided by the operating hours, that is: 
2208kWh

1824h
= 1.22 kw. Hence, using the above 

concept and calculations, the wind turbine must be operated at its rated power or above. 
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5.10 Conclusion 

Base run building energy simulation analysis covers the second main simulation part. 

The simulation processes simulate all the building elements for their capability of being 

energy efficient. However, the simulation results of this chapter revealed that base run 

simulation did not reduce energy usage. Hence, these are compared with the simulation 

part three results from the next chapter. In other words, this chapter acts as reference 

point to the part three simulation. In addition, this chapter focuses on optimum usage of 

renewable energy with minimum resource usage in predesigning energy efficient GB. 

As is known, renewable energy is a key solution to tackle the energy cost, shortage of 

sustainable power supply and the global climate pollution produced by fossil oils and 

other similar substances. Increasing the productivity of renewable energy with 

optimised usage will eliminate fossil oil use in long term. Thus, this chapter proposed 

for this commercial office building three types of PV cell efficiency, classified as low, 

medium and high (5%, 10% and 15%) respectively and one type of 15-inch wind 

turbine. The PV cell efficiency of 15% is increased to 40% using the Sun intensity 

tracking method. Conversely, the performance of wind turbine potential energy is 

theoretically optimised using three main, proven different techniques (Cp, TSR and 

OTC). Thus, energy reduction obtained from this chapter is added to the previous 

chapter’s annual energy reductions to summarise overall annual building energy usage 

reduction. 
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Chapter 6: Alternative Design Building Solar Energy 

Simulation  

6.1 Introduction 

Autodesk Revit energy simulation uses the Revit model as the basis for energy analysis, 

and then this energy analytical model (BIM) is packaged in gbXML files and exported 

to Autodesk GBS for further analysis. GBS uses the concept of a project as a means of 

storing simulation runs for the model and defines the building type, location, project 

operation schedule and other information that is used for the simulation. Hence, by 

performing energy analysis at regular intervals during the design process it can be 

ensured that the building model uses cost-effective strategies to achieve the desired 

sustainable energy efficient ratings. 

6.2 Alternative Design Building Solar Energy Simulation Process 

Alternative design solar building energy simulation is just a continuation part of base 

run (Chapter 5) solar building energy simulations. In this simulation, many significant 

alternative designs have been conducted, using several alternative energy packages. 

Solar energy provides the largest untapped potential for global energy generation, while 

on-site production allows the possibilities of buildings to entirely erase their carbon 

footprint.  In addition, in considering increased energy production, optimal methods of 

energy usage reduction are considered.  Understanding solar energy allows us to reduce 

the heating in the winter, the cooling in the summer and the lighting energy usages 

throughout the year [87]. 

Alternative design energy simulation uses data from formatted gbXML files or BIM as 

parameters with specific details and units to enable the algorism to compute the given 

task correctly and efficiently in minimal time. Tables 6.1 to 6.14 show the input 

parameters and the values of those parameters that have significant effect on the energy 

simulation process. Similar to the input parameters, output parameters are also proposed 

by the system. For example, similar to the base run simulation but more advanced, the 

alternative design simulation demonstrates building solar energy simulation in 

numerous alternative runs by automatically changing the Energy Efficient Building 
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(EEB) elements as a set of packages and by loading the actual regional currently 

updated weather files from the nearest weather station. Thus, the calculation of the 

simulations was performed briefly based on the fact of environmental weather files 

effect [73, 74]. 

The weather files action is to affect the actual building size and area to produce the 

output of solar building simulation results. Further, the action of weather files forced the 

alternative design run to demonstrate in detail with much reduced results, as shown in 

the second column in Table 6.15, parameters such as annual electricity use intensity per 

kWh/m
2
/year; annual fuel use intensity per MJ/m

2
/year, and total annual EUI per 

MJ/m
2
/year, average estimated life-cycle electricity use in kWh; average estimated life-

cycle fuel use in MJ and the average estimated life-cycle cost in Australian dollars. 

Figure 6.1 shows the complete design of GB fitted with a number of PV cell panels and 

one single 15-inch wind turbine. The PV cell panels and wind turbine are designed 

based on the base run building solar energy simulation (part two) output proposal for 

the regional area of Sydney’s weather suffice. 
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Figure 6.1: Whole building elements, solar building energy simulation 

6.2.1 Alternative design method, number of run lists 

Autodesk Revit, base run energy simulation run one cycle, which is one list of energy 

simulation processes and obtains one lists of results, is used as the reference point for 

the advanced alternative designs. Conversely, the alternative design runs several 

different configuration methods as ‘energy reduction alternative packages’ to archive 

the best and significantly reduced annual energy consumption results. 

Alternative design building energy simulation was conducted using the cloud-based 

GBS tool designed by the Autodesk Revit for advanced alternative optional design to 

obtain the best reduced annual energy of fuel and electricity usages and hence to 

achieve much reduced cost of both energies. In this section, the GBS energy simulation 

processed 254 different simulations’ alternative run lists packages. Thus, these 
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alternative run list packages have been conducted sequentially by changing/replacing 

for their being best EEB elements. As shown in the Tables 6.1 to 6.14 list of energy 

package runs, the main interchangeable building elements are wall-to-window ratio 

(WWR) of all sides of the building, windows’ shading, windows’ shading height, 

windows’ glass type, building orientation, wall insulation type, roof insulation type, 

infiltration, lighting efficiency, daylight control, occupancy energy control, plug load 

efficiency, ASHRAE energy packages, operating schedule and minimum/maximum 

internal loads. 

As can be noticed from the above paragraph, every particular building element used to 

construct the building is being simulated and each possible method to reduce energy 

usages has been conducted, as shown in Tables 6.1 to 6.14, which present 254 

alternative energy reduction simulation option lists. 

Among the entire run lists, ‘ASHRAE’ energy packages were the best energy-saving 

methods out of all the alternative design run lists. To find the best energy simulation 

package from the entire run list, an analytical graph is used for each table list of content 

as shown from Figure 6.2 to 6.15. The last table in section, which is Table 6.14, 

presents details of the best simulation result (the HVACTYPES_ ASHRAE_ Package 

Terminal Heat Pump), as shown also in the analytical graph in the last figure in this 

section, which is Figure 6.15. 
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Table 6.1: Alternative design, energy simulation package result list number 1 
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Figure 6.2: Best solar building energy simulation result chart 1 
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Table 6.2: Alternative design, energy simulation package result list number 2 
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Figure 6.3: Best solar building energy simulation result chart 2 
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Table 6.3: Alternative design, energy simulation package result list number 3 
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Figure 6.4: Best solar building energy simulation result chart 3 
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Table 6.4: Alternative design, energy simulation package result list number 4 
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Figure 6.5: Best solar building energy simulation result chart 4 

0.00

50000.00

100000.00

150000.00

200000.00

250000.00

300000.00

350000.00

400000.00

450000.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Best solar building energy simulation result selection option 7 

 

Floor Area Annual Electric  Cost Annua Fuel Cost

Annual Electric Demand Annual Electric  Use Annual Fuel Use

EUI



136 

Table 6.5: Alternative design, energy simulation package result list number 5 
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Figure 6.6: Best solar building energy simulation result chart 5 
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Table 6.6: Alternative design, energy simulation package result list number 6 
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Figure 6.7: Best solar building energy simulation result chart 6 
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Table 6.7: Alternative design, energy simulation package result list number 7 
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Figure 6.8: Best solar building energy simulation result chart 7 
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Table 6.8: Alternative design, energy simulation package result list number 8 
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Figure 6.9: Best solar building energy simulation result chart 8 

0.00

50000.00

100000.00

150000.00

200000.00

250000.00

300000.00

350000.00

400000.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Best solar building energy simulation result selection option 9 

 

Floor Area Annual Electric  Cost Annua Fuel Cost Annual Electric Demand

Annual Electric  Use Annual Fuel Use EUI



144 

Table 6.9: Alternative design, energy simulation package result list number 9 
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Figure 6.10: Best solar building energy simulation result chart 9 
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Table 6.10: Alternative design, energy simulation package result list number 10 
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Figure 6.11: Best solar building energy simulation result chart 10 
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Table 6.11: Alternative design, energy simulation package result list number 11 
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Figure 6.12: Best solar building energy simulation result chart 11 
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Table 6.12: Alternative design, energy simulation package result list number 12 
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Figure 6.13: Best solar building energy simulation result chart 12 
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Table 6.13: Alternative design, energy simulation package result list number 13 
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Figure 6.14: Best solar building energy simulation result chart 13 
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Table 6.14: Alternative design, energy simulation package result list number 14 
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Figure 6.15: Best solar building energy simulation result chart 14 
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6.3 Alternative Design Best Energy Simulation 

Energy simulation results shown in Table 6.15 are the best alternative design energy 

reduction obtained by comparison to similar alternative designs. This comparison 

method is used to identify the packages with most energy reduction. Hence, significant 

energy reduction is found in one of the ASHRAE energy packages, and most of the 

reduction occurred through the HVAC design system. Further, Table 6.15 is a form of 

summary report that contains three important columns. The first column contains the 

base run simulation results, the second contains the alternative design run simulation 

results and the third column contains the carbon footprint data. Thus, this Table 

demonstrates significant reductions, that is, the total annual energy cost and the life-

cycle cost are reduced to $9,365 and $127,426 respectively. Conversely, the alternative 

design annual electricity energies show only slight decrease, 19,073 kWh, and this is a 

minor amount of change when compared with the fuel energy change of 13,386,202 MJ. 

However, as this research project focused on overall energy saving and because 

significant reductions were obtained for annual fuel energy, negligible weight was 

assigned to electricity energy usage decrease/reduction. In addition, the carbon footprint 

data also show a reasonable approach towards negative carbon neutral potential. As 

observed from the third column of Table 6.15, the annual electric and fuel CO2 

emissions reduced from 70.1 to 61.6 Mg and 17.7 to 1.4 Mg respectively. In parallel 

CO2 emission reductions, the carbon footprint (carbon neutral potential) also shows 

significant reduction from 87.9 Mg to 62.9 Mg. These are other significant reductions in 

relation to greenhouse gas emissions that demonstrate GB makes the lowest 

contribution to global CO2 emissions. 

Details of energy simulations conducted in this research project are presented in three 

chapters. The first simulation is discussed in Chapter 4 (space heating/cooling). The 

second simulation is detailed in Chapter 5 (base run), which is the basic energy 

simulation conducted. The third is discussed in this chapter (alternative designs) and 

was run using automatic selections (generated by the system). Thus, the computer 

software energy simulation process chooses building materials that are energy efficient 

or changes the orientation of the building to obtain better energy reduction results and 

less contribution to carbon emissions and footprint. This chapter also uses manual 

selection of building materials by which energy efficient materials are selected 
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manually by the designer’s specifications. Tables 6.2 to 6.14 above demonstrate, in the 

first column, the name/or the type of energy simulation followed by the other columns, 

which present data such as the dates, users, floor areas, energy use intensities, electric 

costs, fuel costs, annual electric costs, annual fuel costs, total annual electric energy, 

total annual fuel energy and annual carbon footprints. As mentioned previously, when 

these energy simulation results are compared (the alternative designs’ simulation results 

with the Bass Run simulation result), it was found that the ‘HVAC TYPES_ASHRAE 

package Terminal Heat Pump,’ has significantly less fuel usage and cost reduction, 

while the electricity energy usage and cost are similar to that of the base run simulation 

result. Further, average estimated annual energy was sorted according to monthly usage. 

The total space heating, space cooling and area lights in each month are indicated using 

different colour codes. For example, space heating is indicated using red, space cooling 

using blue and area lighting, yellow. The usage of these different energy types 

comprises the overall energy usage for each month and their percentage share in the 

overall energy usage is represented as shown in the charts in Figures 6.16 to 6.18. The 

highest monthly space heating energy usage is in June followed by July and August, and 

70% of the total energy is consumed by space heating while only 3% is consumed by 

space cooling during the same season. During the opposite season, which is the hot 

season, space cooling and spacing heating do not significantly differ. For example, as 

shown in Figure 6.18, in January the space cooling usage is more than that of space 

heating by only a few kWh. The electrical energy usage including lighting accounts for 

only 31%. As can be observed from these figures, lighting consumption is very limited 

while space heating and space cooling are substantial. This shows that the GB lighting 

control system BACS did not waste unused energy. Comparison was conducted 

previously to determine the final best (HVAC TYPES_ASHRAE package Terminal 

Heat Pump) energy simulation results with base run and the rest of alternative design 

energy simulation results. Similarly, the final best result energy end use chart is 

compared with the base run energy simulation result energy end use chart as shown in 

Figs 6.16 and 6.17. This is to identify how the end use loads are connected and also to 

know where energy is saved. Thus, the end use energy loads are composed of two main 

types of energy, the annual electricity energy end use and the annual fuel energy end 

use. The electricity energy end use is supplied to the HVAC loads (34.4% and 40.7%), 

to the lighting loads (29.9% and 27.0%) and to the other electrical loads (35.7% and 

32.3%) respectively. Conversely, the fuel energy end use is supplied to the HVAC loads 
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(92.4% and 00.0%) and to the other minor fuel loads (7.6% and 32.3%) respectively. On 

analysing these charts, the base run chart simply equivalently balances loads while the 

final best alternative design charts save significant fuel energy on the HVAC and 

lighting loads. 
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Table 6.15: Alternative design, best energy simulation package result 

 



160 

 

Figure 6.16: Base run energy simulation, energy end use result 

 

Figure 6.17: Best simulation package, energy end use result 
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Figure 6.18 Building energy simulation, annual energy intensity result chart 

6.4 Alternative Design Water Efficiency 

In this chapter, the building energy simulation is shown to achieve significant savings in 

GB annual water usage, which increases water efficiency and reduces energy costs. 

Reducing the amount of water for cooling and heating minimises the amount of energy 

needed to perform these tasks, which in turn reduces costs. Numerous studies show that 

up to 15% [76] of a commercial building’s energy consumption is owing to water 

heating. Efficient hot water usage and generation through alternative methods, such as 

‘geothermal heating’, can lead to significant energy savings and also reduce the amount 

of pollution related to energy production. 

Alternative design building’s water efficiency is a continuation of base run water 

efficiency. In the base run simulation, all the water sources are configured as standard 

usage, owing to which no significant measures were taken to reduce water use, while in 

the alternative design, significant measures were taken to reduce water usage; as shown 

in Table 6.16, the annual water usage significantly reduced to 1,118,633 L/year. When 

this result is compared with the base run result (2,326,326 − 1,118,633 = 
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1,207,693 L/year) significant saving is achieved and as a result, NetZero saving is 

approached as shown in Table 6.17. 
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Table 6.16: Alternative design, water usage improved efficiency 
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Table 6.17: Alternative design, water usage, approaching NetZero savings 

 

6.5 Green Building Energy Efficient Achievements 

The ultimate building energy simulation is conducted to meet the objectives and the 

scope of GB to minimise the annual energy usage, cost and global CO2 emissions and to 

increase occupant comfort. Hence, the overall aim is to achieve a sustainable, energy 

sufficient commercial building. In addition, the buildings have to be structurally stable 

to avoid or resist internal and external forces. When the building complies with the 

requirement of energy saving and stability, then it is energy efficient and stable for 

living. 

Tables 6.18 and 6.19 display the GB base run and final alternative design best 

simulation package results respectively. Energy simulation results from the alternative 

design packages achieved significant reductions as shown in Table 6.19. In particular, 

over 90% reduction in fuel energy is obtained. Hence, the sums of the total annual 

energy reduction are calculated according to the simulation results from both building, 

solar energy simulation runs, base run and alternative design, in addition to the 

renewable energies potentials, and in particular from the PV cell simulation efficiency 

improvements. The total addition is as follows: (electricity usages + PV cell with 25% 

efficiency increase + wind turbine + fuel usages) respectively, 

[
{169127−(150074 −(34302.5−2208)}

169127
=

169127−113563.5

169127
=

55563.5

169127
= 0.3385 × 100] =

33.5%. 

[
98857.22−7527.78

98857.78
=

91329.44

98857.78
= 0.9238 ≅ 0.93 = 0.93 × 100] = 93%. The average 

reduction from these two energies is 
33.5%+93%

2
=

126.5%

2
= 63.5%. This result indicates 

substantial energy usage reduction, indicating that buildings could be energy self-
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sufficient in the near future. Indeed, this result is just from the building solar irradiation 

energy simulation and renewable energy, which does not include the energy reduction 

that could be obtained from the BACS, which ranges from 15 to 30% as shown in the 

literature review. 

Table 6.18: Base run simulation annual total energy result 

Base Run Annual Usage Simulation Results of Electricity Energy 169,127 kWh 

Annual Electricity Cost $10,317 

Base Run Annual Usage Simulation Results of Fuel Energy 98,857.22 kWh 

Annual Fuel Energy Cost $2,643 

Annual Footprint  22,168.86 Mg 

PV Cell Potential Annual Energy at 15% Efficiency 27,442 kWh 

Annual Potential Renewable Wind Energy  2,208 kWh 

Table 6.19: HVACTYPE_ASHRAE Package Terminal Heat Pump 

Annual Electricity Energy 150,074 kWh 

Annual Total Electricity Cost  $9,154 

Annual Fuel Energy  7,527.78 kWh 

Annual Cost of Fuel  $201 

PV Cell Increased to 40% Efficiency: Ref: Section: 5.8.5 34,302.5 kWh 

6.6  Conclusion 

This chapter focuses mainly on building solar energy irradiation simulation to determine 

the extent of energy reduction possible when the ultimate energy simulation is 

conducted. Achieving a fully energy efficient commercial GB is stills complex process 

with many significant unsolved issues. Although the simulations generated energy 

reductions up to 50 to 63.5%. However, these significant results are not yet proven 

practically, especially for commercial buildings. This research project demonstrates a 

method to achieve ultimate energy reduction by designing, modelling and running 

simulations of a five-storey hexagonal-curve shape commercial office building. The 

research method has three main steps: (1) the build was initially constructed using 

randomly selected materials. (2) Base run energy simulation was conducted. (3) 

Multiple automatic alternative designs using automatic construction material selection 
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were tested in GBS. This last and final simulation was conducted to determine the best 

among the alternative designs. Hence, the ‘HVACTYPES_ASHRAE Package Terminal 

Heat Pump’, was selected since it shows the highest energy reduction among all of the 

multiple alternative designs. 
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Chapter 7: Sustainable Building Achievement 

7.1 Introduction 

This chapter covers three main topics: building structural stability simulation, building 

occupants’ comfort and BACS. Hence their introductory descriptions are outlined: 

(1) Building structural simulation 

Building structural stability simulation is conducted using Autodesk Revit and 

Autodesk structural analysis software applications to confirm that the building is not 

only energy efficient but also firmly stable to resist any external or internal load/force. 

Building structures are designed to withstand numerous frequently occurring actions, 

expected extreme forces and events. During construction time and over the building 

lifetime, structures are also exposed to many unexpected events, although structures are 

generally not specifically designed to withstand these events. However, it is generally 

expected that the building structure can withstand these accidental actions without being 

damaged   disproportionately [88]. This is generally known as structural robustness or 

prevention of progressive and/or disproportionate collapse. The importance of structural 

robustness in structural design is universally acknowledged. Thus, all structural 

regulations and codes of practice include structural robustness as a fundamental 

requirement. The public has a general expectation that building are safe structurally and 

able to resist high frequency events, wind, snow and earthquakes. However, structures 

can also be subjected to accidental actions, such as explosion, which are difficult to 

define. Structural robustness is the means to protect structures against these unforeseen 

actions and regardless of how the buildings is designed; the damage should be 

proportional to the magnitude of the accidental loading. Most structures have some 

degree of built-in structural robustness since horizontal resistance is provided for wind 

and earthquake actions. The building code summaries the expected characteristics of 

structural robustness [89]. In this section, simulations are presented of building structure 

stability to correct any building structural defected elements prior to commencement of 

practical work; significant results are achieved in this regard. 
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(2) Building occupants’ comfort 

This section of the chapter demonstrates buildings occupants’ comfort, because 

currently, building occupant comfort has become a significant factor in GB objectives 

and scope. This is because the GB is equipped with the latest modern technology and 

these technologies enable the building to react to the occupants’ requirements/interests, 

instead of the occupants acting to obtain a response. Thus, modern technology, 

especially after the introduction of BIOT, the control system, facilitates the control of 

almost every action indoors/outdoors, such as air quality and monitoring occupants’ 

health issues. In addition to the GB being smart, it is also physically firmly stable to 

resist any internal and external forces or loads. In this research thesis, comfort and 

stability are not the main subjects since the focus is on reducing GB energy 

consumption and CO2 emissions. However, occupants should find the GB comfortable 

and stable in terms of structural firmness. 

(3) Building automation control system 

The GB automation control system demonstrated in this chapter focuses on three main 

objectives of the current GB control system. These are energy savings, energy 

consumption costs and occupants’ comfort. Using this method, the higher annual energy 

usages and cost of GB are minimised while occupant comfort is maximised. However, 

this method is proved only theoretically using simulations and further practical research 

is necessary to validate the research results. 

7.2 Green Building Sustainability 

Building stability is a general guide for all buildings, whether a conventional building or 

smart/intelligent/GB; the term stability is applicable to buildings of all sizes. GB 

construction must comply with the National Building Code (NBC). For example, in 

Australia, the Building Code Australia (BCA) regulates the building regularly and all 

the codes emphasise structural stability. In addition, the term building stability is also 

defined in relation to the forces acting on the building from different directions and 

these directions are classified as lateral, spice and vertical [90]. The response is how the 

building resists these forces. Stability is not a concern unique to GB but it has to be 

stable in terms of both energy and structure. 
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The most important applications of this concept are vibrations of structures that interact 

with external or internal fluid flows: buildings, antennas and fluid pipes among others. 

The steady speed of the flow can be taken as parameter. At a certain flow of speed, 

increasing oscillations may be triggered this is called flutter [91], or a non-oscillatory 

unbounded motion occurs-this is caused by divergence. Hence, this chapter is just an 

introduction to the concept of building stability to demonstrate that in the design and 

modelling of GB it is also necessary to include basic building stability information data. 

Thus, the stability simulation result only shows how to correct defects prior to 

commencing practical work: When defects are corrected, the building is firmly stable. 

7.3 Green Building Stability Simulation 

A commercial office building is designed architecturally and structurally and 

categorised according NCC building classification code as class 7, regardless of the 

building height. However, typically, a medium-commercial office building is designed 

to be a few meters high from the ground. Conversely, highly structural reinforced 

commercial office buildings vary from medium height to very high and are constructed 

using concrete columns, beams and concrete slabs or structural steels. In both scenarios, 

stability is very crucial, such that the building has to be stably erected and must be able 

to withstand or resist all external forces. Thus, stability simulation is conducted, prior to 

practical design, to analyse and correct defects. 

Figure 7.1 shows the structural design of a five-storey hexagonal-curve shape 

commercial office building designed by the architectural software application for energy 

and stability purpose. Five types of forces, dead load, live load, wind load, roof live 

load and seismic load, are applied and act on the edge of floor slabs as shown in Figure 

7.1. The different colour on the edge of the floor slabs indicates the different types of 

forces. 

External or internal forces push or pull. Forces act on all type of building structures, 

regardless of whether the structure is small, medium or a large-size high-rise and the 

building must be designed and built to withstand these forces. In case the building 

structure is not strong enough, it may experience structural failure. Conversely, if it is 

too strong, time and resources might be wasted. Since all building structures experience 

forces at all times, in some cases, the effects of those forces may not apparent until later. 
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Thus, it is important to design a building structure carefully and monitor it diligently 

throughout its useful life [92]. 

 

Figure 7.1: Building structure internal & external force stability simulation 

7.4 Building Structural View 

The building structural stability structural view is part of the simulation process, which 

commences with the structural erection view of the building. The building has been 

designed structurally clearly visible as shown in Figures 7.2 and 7.3, which show all the 

building supporters clearly erect with no defects of bending/shear. This is to help the 

structural engineer to have a clear view of the elements or the part of the building 

skeleton that require a defect analysis. 

The building structural analysis simulation process is the basis of a modular software 

system application particularly programmed to function interoperability with BIM. The 

program is used to define structures, materials and loads for planar and spatial structural 
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systems consisting of plates, walls, shells and members. The program also allows to 

create combined structures as well as model solid and contact elements. 

 

Figure 7.2: Building structure view 

7.5 Building Structural Modelling 

The building structural stability simulation process report included, in particular, the 

model of the structural analysis that has been conducted for structural stability cases. 

The purpose of this building structural model report is to demonstrate the type of model 

that has been simulated for any stability defects. Figure 7.3 shows the internal and 

external structure of the building; thus, the structural model provides information on 

deformations, internal forces, stresses, support forces and soil contact stresses. The 

corresponding add-on modules facilitate data input by automatic generation of 

structures and connections or can be used to perform further analyses and designs 

according to various standards. When analysing structural components of reinforced 

concrete structures, it is often necessary to design deep in to the model structures. These 

are mainly the connections between split-level slabs, and frame systems [93]. 
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Figure 7.3: Model of building structural view 

7.6 Building Structure Load Cases 

During the structural analysis, loads or forces are applied to the structure and the 

resulting deflections are measured. Tables 7.1 and 7.2 show types of loads that defines 

the external forces, the centrifugal forces and the angular acceleration forces, which are 

their forces can be analysed to design structures for the building. Hence, these structures 

are associated with the ground footing, such as columns, beams and slabs; the analysis 

also includes the basement soils. 

Autodesk Revit structural analysis defines masses/weights added to nodes and bars as 

well as conversion of loads to masses. Added masses are primarily used in dynamic 

analyses (dynamic, harmonic, spectral, seismic and time history). However, the added 

masses need to be considered in static calculations when generating forces for body 

loads. 

Earthquake loads are defined as lateral live loads. Lateral loads are very complex, 

uncertain and potentially more damaging than wind loads. Earthquakes create ground 

movements that can be categorised as a shake, rattle or roll. Building structures in an 

earthquake zone must be able to withstand all three of these loadings of different 

intensities. 

Seismic force is another force that is part of an earthquake but acts differently from the 

lateral force [94]. The aforementioned seismic measures are used to calculate forces that 

earthquakes impose on buildings, such as the ground shaking, pushing back and forth, 
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sideways and up and down, which generate internal forces within buildings called 

the inertial forces, which in turn cause most seismic damage. F = Mass (M) × 

Acceleration (A). The greater the mass/weight of the building, the greater the internal 

inertial forces generated [95]. If building structures constructed with lightweight 

construction materials, which means with less mass, it is typically an advantage in 

seismic design because greater mass generates greater lateral forces. 

Earthquakes generate waves that may be slow and long or short and abrupt. The length 

of a full cycle in seconds is the period of the wave and also the inverse of the frequency 

[96]. Hence, all objects, including buildings, have a natural or fundamental period at 

which the objects vibrate if jolted by a shock. The natural period is a primary 

consideration for seismic design. However, other aspects of the building design can also 

contribute to a lesser degree to mitigation measures [97]. If the period of the shock wave 

and the natural period of the building coincide, then the building will resonate and its 

vibration will increase or amplify several times [98]. Highly amplified vibrations can 

cause major damages. 
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Table 7.1: Building structure acting load 

 

Table 7.2: Building structure acting load combinations 

 

7.7 Building Structure Load Reaction 

Load reaction is considered mainly since heat affects building components in various 

ways. Some components burn and add fuel to the fire; others absorb heat for a time and 

conduct it through the structural component to another location. Understanding the 

compression, tension and shear stresses of the structural components assist in 

determining the reactions that can occur when these components are exposed to heat 

from a fire. Heat elongates metal objects; thus, the reaction to heating is manifested by 

exactly the same force the tensioned object is resisting. This is thermal expansion; when 

heated, the atoms that make up the material increase movement. For the most part, 

tensioned members are smaller than compressive members; thus, the mass is not present 

to absorb the heat transfer. The structural component will elongate or deform. Simply 

playing a hose stream on the structural components and cooling them below the reaction 

temperature will return steel components to near their original strength. However, the 

defected part of the component will not return to its original shape. The defected 

structural element may not now be shaped to support the structure, but it will not be 

strong [99]. Thus, Figure 7.4 and Tables 7.3 and 7.4 show the load reactions in load 

supporter elements specified in each of the five caseloads applied to the building. 



175 

 

Figure 7.4: Building structure elements load supporter reaction view 
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Table 7.3: Building structure load reaction 

 

Table 7.4: Building structure load reaction cases 

 

7.8 Nodal Supporter Load Reactions 

For the force exerted on the building, it is also possible to display values of linear 

reactions for supports defined as linear on edges. These are displayed at nodes 
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belonging to the linear support on the edge. Nodal reaction forces, which are defined as 

linear reactions forces, are calculated as a value of the nodal reaction divided by half the 

length of sides of the elements adjoining the node. A linear reaction unit is force or 

moment per length unit, as shown in Figure 7.5, which indicates nodal supporter 

elements experiencing extreme reactions [100]. 

 

Figure 7.5: Building structure load nodal supports 

7.9 Structural Building Load Displacement 

Load displacement in regard to the performance of the building is evaluated based on 

lateral displacement. Examples of load displacements are storey shear, storey drifts, 

base shear and demand capacity or performance point. It is highly recommended to 

make use of the best type of steel bracing system, because it can significantly develop 

the firmness of the structure and hence minimise the maximum interstorey drift, lateral 

displacement and demand capacity or performance point of a reinforced cement 

concrete building than the shear wall system [101]. Table 7.5 and Figure 7.6 examine 

the load displacement of case 6, which specified the maximum and the minimum load 

displacement of the building in its life span. 
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Table 7.5: Building structure load displacement 

 

 

Figure 7.6: Building structure maximum load displacement 

7.10 Force on Building Structure Elements 

A column is a structural member that under compression transfers its load along a 

straight path in the direction of the column. Columns are normally thought to be vertical 

but can be horizontal or diagonal. A beam/girder transmits forces in a direction 

perpendicular to such forces to points of reaction. A girder is a beam that supports other 

beams. The loading delivered to a girder is the same as the load delivered to a beam. As 

the beam receives the load, the force is transmitted perpendicularly or at a right angle to 

the supporting members of the beam. Thus, loading of a beam will cause the beam to 

bend downward. The bending action causes the top of the beam to be in compression 

and the bottom under tension. 
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Beam load also places an attached supporting member in tension. In the arrangement of 

suspended beams, the top portion of the beam will be under compression and the bottom 

portion will be under tension; this phenomenon applies to all beam types. Thus, a beam 

supported on each end with a load placed in the middle of the span will deflect. This 

deflection results in the top portion of the beam being placed in compression and the 

bottom portion of the beam being placed in tension. There will be a small portion of 

material in the centre of the beam that has no stress applied; this is known as the neutral 

plane. This neutral plane serves only to keep the compressed and tensioned portions of 

the beam separated at an equal distance along the length of the beam. Less material is 

needed in this neutral plane. In addition, beam loading refers to the distribution of the 

load on the beam. The more the load is distributed, the better; concentrated loads may 

lead to collapse [102]. 

Tables 7.6 and 7.7 and Figures 7.7 and 7.8 show the case 7 building structural stability 

simulation results specified as maximum and minimum load force in building material 

element members, which are known as short word force in members. The load forces 

have distributions and directions among the members. Hence, these distributed load 

forces and direction are not always uniform or equal in magnitude and directions. In 

some cases, the load force can be extreme on any one member and then be transmitted 

to the other members, such faulty designs make the building structure vulnerable in the 

case of extreme disaster and the building can collapse. Thus, the purpose of building 

structural simulation prior to commencing construction is highly recommended to detect 

the defects at an early stage, as shown in Figure 7.7 and 7.8, in which the blue member 

parts are shown loaded with extreme forces and hence must be modified. 
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Table 7.6: Building structure force on column members 

 

 

Figure 7.7: Maximum force in column members 
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Table 7.7: Force in beam members 

 

 

Figure 7.8: Maximum force in beam members 

7.11  Load Forces in Slab Members 

Slab floor boards transmit loads to joists with the beams. The amount of the load 

transmitted depends on the distance from the load point and direction from the joist. 

Floors slabs are designed to support heavy loads in the commercial building. The load is 

transferred from slab to beams by distributing the load over the beam. The slab loads 

(dead and live) are expressed in units of weight per area and are converted into weight 

per length of the beam [103]. The slab should rest on the beam that carries its weight. 

Similarly, the area weight is distributed along the beam by three methods depending on 

the reinforcement direction and the geometrical dimension of the slab, as shown in 

Figures 7.9 and 7.10. When the slab is rectangular in shape, and the ratio of its long side 
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to short side < 2, it is reinforced in two directions. Each direction of reinforcement is 

supposed to carry and transfer a portion of the slab load to the adjacent beam. 

Conversely, when the slab is rectangular and the ratio of its longer side to shorter side > 

2, then it is reinforced in one way, which is the short direction, or as one-way ribbed 

concrete slab. Thus, the slab load is divided equally between adjacent beams. For an 

interior beam, the slab areas of both sides are divided by the corresponding width to 

obtain the lineal load of the beam [104]. The lineal load is a continuous consisting load 

of force with the beams. Hence, Figures 7.9 to 7.18 show the results of the structural 

building slab load forces with their directions. Forces are classified as horizontal 

(MXX) and vertical (MYY). 

 

Figure 7.9: View of Building structure slab load 
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Figure 7.10: Building structure slab with maximum load and directions 

 

Figure 7.11: Building structure minimum force in slabs 



184 

 

Figure 7.12: Building structure minimum slab’s loads and directions 

 

Figure 7.13: Building structure with maximum of MYY slab loads 
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Figure 7.14: Building structure load case slab loads automatic direction 

 

Figure 7.15: Building structure with minimum force in slabs 
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Figure 7.16: Building structure minimum slab loads with automatic direction 

 

Figure 7.17: Building structure slab loads with maximum displacement 
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Figure 7.18: Slab load case with directions 

7.12  Building Occupant Comfort 

Buildings are designed for people, and those people accomplish their tasks inside the 

building. The building needs to keep people comfortable, efficient, healthy and safe, 

while they perform their tasks. Green design seeks to create buildings that keep people 

comfortable while minimising negative environmental effects. The current smart 

building is very comfortable for the occupant in the way the building provides services 

[105]. However, a smart building designed/equipped with most modern extended 

technologies, such as wireless technologies, reduces occupant comfort or make them 

feel their comfort is not optimised because of the side effects produced by excessive 

wireless power density. This is owing to wireless technologies that use high radio 

frequencies that cause health issues [106]. When a smart building is designed, the 

comfort it provides should be free of worries. This is because if there are worries, there 

is no comfort. Thus, in this research thesis, the use of a single-cable two-wire control 

system is preferred to eliminate the wireless control system devices currently used in 

GB. 

7.12.1 Occupants’ comfort satisfaction 

To ensure people are comfortable, the building needs to provide the right mixture of 

temperature, humidity, radiant temperature and air speed. However, the right level of 
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these variables depends on the activities of occupants, namely, how active the occupants 

are, as well as the type of clothing they use. This is owing to the fact that each 

individual has slightly different criteria as regards comfort. Hence, comfort is often 

measured by the percentage of occupants who report they are satisfied with the provided 

service conditions [107, 108]. 

7.12.2 Indoor air quality 

Indoor air quality (IAQ) in buildings refers to the quality of the air inside the building as 

represented by the concentration of pollutants, thermal temperature and relative 

humidity conditions that affect the health, the comfort and performance of the 

occupants. In addition to the growing proliferation of chemical pollutants in consumer 

and commercial products, modern building construction tends towards tighter building 

envelopes and reduced ventilation to save energy. Further, the pressures to defer 

maintenance and other building services to reduce costs have fostered IAQ problems in 

many buildings [109]. Hence, those measures significantly reduce air circulation in the 

building. Air circulation and ventilation rates are the quantity of outdoor air introduced 

into the building and the method of ventilation controls are the same as applied in the 

IAQ. Thus, consistent air quantities and an effective control system must be provided as 

demanded. Demand-controlled ventilation is applied based on the uses of air quantity 

and CO2 sensors. This model uses one of the best approachable methods, especially 

when the CO2 concentration set point is selected in accordance with the credit quality of 

indoor air. Hence, the coefficient of performance, such as a factor of 0.8, can be 

introduced to compensate for the actual variability in occupancy between zones and 

imperfect control system of dampers that do not maintain proportionality across the 

control range [110]. 

7.12.3 Energy consumption and greenhouse gas emissions calculation 

According to the GBCA Guide 6, in multi-zone systems the calculation must be based 

on dynamic application of AS1668.2.2012 or ASHRAE 2010 multiple enclosure rules. 

The rate of bio-effluent CO2 emissions to the space shall be based on the equation      

 q∁O
2 = 0.00276ADMQR

0.23QR + 0.77
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where 𝑞∁𝑂2q is the rate of CO2 emission (L/s/person), 𝐴𝐷 is the body surface area (m²) 

(approx. 1.8 m² for a typical adult), 𝑀 is the occupant metabolic activity rate (met) and 

𝑄𝑅 is the respiratory quotient (the relative volumetric rates of CO2 produced to oxygen 

consumed; approximately 0.83 for sedentary-light activity, and increasing to 1.0 for 

heavy physical activity (5 met)). The occupant activity level used for each space type 

must be consistent with the inputs used for the thermal comfort credit; assume 𝐴𝐷 = 

1.8 m
2
 and linear variation of 𝑄𝑅 from 0.83 at 1.2 met, when met is decreasing, and 1.0 

at 5 met, when met is increasing. 

7.12.4 Outdoor air quality 

Outdoor air enters and leaves a building by infiltration, natural ventilation and 

mechanical ventilation. In a process known as infiltration, outdoor air flows into the 

building through openings, joints and cracks in walls, floors and ceilings and around 

windows and doors. In natural ventilation, air moves through open windows and doors. 

Air movement associated with infiltration and natural ventilation is caused by air 

temperature differences between indoors and outdoors as well as by wind. The rate at 

which outdoor air replaces indoor air is described as the air exchange rate. When there 

is little infiltration and natural ventilation, or mechanical ventilation, the air exchange 

rate is low and pollutant levels can increase [111]. 

7.12.5 Environmental comfort stability 

The goal of environmental sustainability is to conserve natural resources and to develop 

alternate sources of power while reducing pollution and harm to the environment. For 

environmental sustainability, the state of the future is measured in 50-, 100- and 1,000-

year intervals. This is defined as the guiding principle of the state environmental 

stability [112]. Thus, many of the projects that are rooted in environmental 

sustainability will involve replanting forests, preserving wetlands and protecting natural 

areas from resource harvesting. The biggest criticism of environmental sustainability 

initiatives is that their priorities can be at odds with the needs of a growing 

industrialised society. Sustainable development is the practice of developing land and 

construction projects in a manner that reduces their impact on the environment by 

allowing them to create energy efficient models of self-sufficiency. This can take the 

form of installing solar panels or wind generators on factory sites, using geothermal 



190 

heating techniques or even participating in cap and trade agreements. The biggest 

criticism of sustainable development is that it does not do enough to conserve the 

environment in the present and is based on the belief that the harm done in one area of 

the world can be counter-balanced by environmental protection in others [113]. 

7.13 Building Management Control System 

A building insulation system to reduce energy usage system was first used in the late 

1980s [114], when energy demand increased and created a gap between energy supply 

and demand, leading to an energy crisis especially in the United States. Further, the 

building energy control system was enhanced following the increasing awareness of 

global warming from 1990. The two issues are the main reasons that led to the global 

emergence of measures to rapidly save energy in all sectors. Building is among the 

sectors that consume a large amount of energy. Hence, building energy saving started 

with simply installing an automatic ON/OFF system for lighting and rapidly increased 

to the extent of smart/intelligent building and, at present, with the help of BIOT is 

moving towards building smart cities. However, smart buildings/cities also have side 

effects: (1) Construction costs increase by 10 to 20%. (2) Smart buildings equipped with 

an extended wireless control RF system reduce occupant comfort. Thus, the importance 

of this thesis is that to eliminate these two factors, it progress a method that enable 

smart buildings can be cost-effective and offer maximum comfort, namely, the use of  

‘AS-Interface network protocol’. 

7.13.1 AS-Interface network protocol method 

The AS-Interface network protocol is an industrial network solution specifically 

designed for simplicity, flexibility and reliability. This decentralised installation method 

replaces the clutter, disorder and frustration arising from traditional cabling methods. It 

is all about simplifying the design of a control system, reducing wiring complexity, 

cutting installation costs, improving diagnostics and ultimately making automation 

more productive. Moreover, this research project is aimed to replace the BAS, BEMS 

and BACS, which are currently used in the building sector, by the modern and advanced 

technology of the AS-Interface protocol used in the industrial automation sector for 

saving power and installation wiring as aforementioned. Hence, to satisfy the objectives 

of GB, it is necessary to use minimum resources of building materials and EEB 
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materials and implement an IB control system, as shown in Figure 7.19. The advantage 

of the AS-Interface protocol over the current building control system is that the current 

GB construction costs are higher than those of the conventional building [69]. This is 

because any GB constructed with the current building control system consumes a huge 

quantum of wiring cables and requires several large cabinets. Thus, when the GB is 

constructed with the AS-Interface protocol, the number of electrical or electronic 

devices used in the building will be reduced, as shown in Figure 7.19. Consequently, the 

installation and the tradesmen costs will also be significantly reduced. The AS-Interface 

protocol requires three main wiring systems, namely, for the main grid supply, the AC 

power supply and the 30VDC power supply. The AS-Interface power supply uses the 

same wire for transmitting/receiving signal messages and to power the slave nodes and 

it also has a capability of handling up to maximum of 8 Amps per network with 

minimum 3 V voltage drop. There is no change with the grid main supply wiring. The 

changes are only in AC power supply wiring system and in the control wiring system. 

Hence, the AS-Interface protocol wiring method is distinguished from the other wiring 

method; because the former uses one continuous AC power supply cable, running to 

every device from the main C/B without entering ON/OFF switches or needing control 

of switches. Then, a separate AS-Interface bus cable runs to each device (slave nodes), 

as shown in Figures 7.19 and 7.20. This type of wiring method eliminates the need for 

using several C/B, switches, cables, relays and contactors and uses a minimum-size 

control cabinet. 

Further, the AS-Interface protocol is a communication network protocol used mostly in 

industrial areas for data access, input/output (I/O) exchange for programmable logic 

control (PLC), decentralised control system (DCS), gateway devices and PC-based 

automation system [115]. Currently, it is an open protocol technology supported by 

many automation manufacturers and vendors. Moreover, it is an industrial automation 

system initially formed by PROFIBUS International (PI). Hence, the AS-Interface 

network protocol is considered the most economical and ideal for communication 

between actuators and sensors. 

7.13.2  Reasons to migrate to AS-Interface protocol for building automation 

The AS-Interface is the most essential and ideal for economical communication 

protocol between the higher controller level devices and the I/O devices. The benefit of 
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using it ranges from hardware savings to the commissioning. It has huge advantages 

over the current BASs. 

(1) Simplicity 

The AS-Interface network protocol is very simple and needs only one cable to connect 

the input and output modules from any manufacturer. Its users do not need deep 

knowledge of automation systems or communication protocols. Unlike other digital 

networks, it does not need terminators or equipment description files. Simplicity is its 

main strong point. 

(2) Performance 

The AS-Interface network protocol system is efficient and moderately fast, enabling its 

use to replace large and high-cost projects. Its master is specially designed to 

communicate with legacy control systems and provide smooth integration with the 

existing technologies. Notably, this is accomplished in a simple and reliable way. 

(3) Flexibility 

Expansibility is a flexibility option of the AS-Interface protocol. To add a module, just 

connect the module to cable and enable it. Moreover, the AS-Interface network protocol 

supports any cabling technology: star, bus, tree, ring or other configurations up to 100 

meters of cable. Moreover, by adding repeaters it is possible to expand the system up to 

300 meters. The protocol is easy to install since it needs no terminators at the ends. 

(4) Cost 

This protocol typically reduces cabling and installation costs by 50% in comparison to 

other conventional networks. The use of a single cable for connection to discrete 

devices reduces the need for cabinets, conduits and trays. The savings obtained in the 

network are really significant, since using few cables decreases installation, 

commissioning costs and engineering time. 

(5) Moderately faster data transmitting/receiving system 

Data transfer is moderately fast on less than 10 ms on a fully loaded system. For 

example, at one cycle up to 248 inputs and 248 outputs can be transferred without any 
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issues. It can also operate directly in conjunction with an existing PLC, PC and variable 

speed drive or can be linked to a higher-level bus system. For example, with the 

PROFINET Ethernet, PROBUS and HMI, which are commonly applied as the 

networking protocol for higher automation and plant control system. 

 

Figure 7.19: AS-Interface network protocol wiring method 

7.13.3 AS-Interface network protocol hierarchy 

The AS-Interface can be connected to the main controllers, such as OPC, Shell 

Processing Support, Computer Literacy Project, Inter-process Communication and PC. 
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In the AS-Interface network protocol; there are two types of wiring methods: the first is 

a direct connection from the higher controller (PLC) to the AS-Interface protocol slave 

nodes; in this case, the master has built-in AS-Interface protocol. The second type is 

through a gateway/scanner. Figure 7.20 shows both methods; for the purpose of this 

thesis research method, the second method is chosen, connecting the master PLC and 

the gateway/scanner via the PROFINET protocol. PROFINET offers a highly 

sophisticated, modern, standard Ethernet method of communication protocol devised by 

PI. Currently, PROFINET is also an open vendor-based protocol [116]. OPC and the 

other higher-level controllers are server-based computer system communication, mainly 

used in industrial manufacturing sectors for fast and reliable real-time communication. 

OPC significantly reduces the time, cost and effort required to write custom interfaces 

for each different device [117]. At present, OPC is widely used in most advanced 

industrial manufacturing sectors. 

 

Figure 7.20: AS-Interface network protocol configuration method 



195 

7.13.4 AS-Interface network protocol 

The AS-Interface protocol power supply unit supplies voltages ranging from 25.5 to 

30.5 VDC and also supplies a total current of 8 Amps. The power unit supplies to the 

slave nodes as well as to the master or gateway/scanner through the two bus wires; the 

same bus wires transmit and receive AS-Interface signal data, connected at any point on 

the network. In case of long bus lines, the voltage drops must be taken into account and 

should not exceed 3 VDC on the whole 100-meter distance bus cable. This type of AS-

Interface protocol power supply has an internal overload protection circuit to limit any 

overcurrent drawn. It has also power-balancing and data-coupling capabilities. It 

balances the entire AS-Interface network protocol. The data-coupling circuit sends 

signal messages superimposed on the AS-Interface network protocol through the power 

supply voltage. This network consists of two inductors and two resistors, connected in 

parallel. The inductors perform a differentiation function on the voltage pulses to 

convert the current pulses generated by the transmitters connected to the network. At the 

same time, the resistors prevent short circuits on the cable. The coupling between the 

inductors should be as close as possible to 1, meaning that the mutual inductance must 

tend to be 200 µH. Slave nodes receive a permanent address from the master using 

software or a hand-held programming tool and up to 62 standard and A/B slaves nodes 

are possible, per network. The I/O data comprise four inputs and four or three outputs 

for each device. 

7.13.5 Building internet of things 

The current IB, now referred to as GB or intelligent GB has been developing since the 

early 1990s, and many competing definitions and names were proposed. The definitions 

of IB focused on the role of technology for building automation and control of building 

functions [118]. In the late 1990s and early 2000s, with the introduction of BREEAM 

codes and the LEED program, the IB spotlight tilted towards energy efficiency and 

sustainability. 

The IOT is advancing a new type of smart buildings that are better aligned with the 

priorities of building owners or managers. IOT enables operational systems that deliver 

more accurate and useful information for improving operations and providing the best 

experience for building occupants. Hence, IOT accelerates the transformation of 
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building blocks that simplify how building systems talk to the cloud and exhaustively 

analyse building data to develop new business for investment, and offers insights 

capable of driving real value for greater performance. The BIOT takes the concept of 

IOT and applies it to function in commercial buildings [119]. Currently, the concept of 

BIOT is growing fast, because of the rapid expansion of the internet and it is being 

implemented in many types of building. 

BIOT is changing the building industry; now, buildings have a level of intelligence built 

in, memory storage for HVAC, lighting, security equipment, digital signage for fire 

safety and current and past information to make fast and accurate decisions. Thus, BIOT 

makes all these things more efficient and cost-effective [120]. Hence, it reduces usage 

of energy. 

In this research thesis, BIOT is implemented as the head of the control system, which 

connects the building devices with the AS-Interface protocol master gateway/scanner 

and with OPC as shown in Figure 7.20, using the transmission control protocol/IP 

PROFINET communication protocol. 

7.13.6 Benefit of AS-Interface protocol 

Designing and modelling GB is considered advanced step processing task, in reality, it 

is a complex process in which it requires an involvement of collection of engineering 

expertise, green energy researchers, construction contractors and an echo chart 

organisation contribute. In addition, the design and the modelling of GB, appropriate 

modern technology must be carefully selected, to satisfy the objectives  of GB without 

adding extra construction costs over that for conventional buildings. For example, when 

erecting two buildings of the same size, one conventional and the other with GB, apart 

from the quality of the material and locations, these two buildings should not have 

significant difference in their construction costs since the minimum and maximum 

amount of construction materials used to build is specified by the building code 

regulations. The main significant difference occurs in the implementing of insulation, 

installation of renewable energy and installation of electrical and electronic devices, 

which make the building smart. Figure 7.21 shows a brief summary of the potential 

influence factors of the AS-Interface network protocol control system, in the top section 
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in regard to its limitation, and in the bottom section in regard to the possible response. 

In addition, Figure 7.22 shows the wiring reduction when the proposed method is used. 

 

Figure 7.21: AS-Interface network protocol influence factors & response 
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Figure 7.22: Benefit of AS-Interface protocol wiring configuration 

7.14 Conclusion 

The first part of this chapter discusses the building structural stability simulation, which 

was not the main part of this study. However, as the aim of this thesis is to achieve 

ultimate energy saving (almost to approach NetZero energy reductions in commercial 

building), the concept of building physical stability is introduced as a subchapter 

section. Hence, when the commercial building theoretically becomes stable in regard to 
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energy consumption, it is also physically and structurally stable. This allows occupants 

of the building to not only feel safe and secure in terms of energy consumption and 

security purposes, but also in terms of the building’s physical firmness and safety. Thus, 

building occupants are satisfied with the comfort offered. Owing to these reasons, the 

building structural stability simulation was carried out prior to energy simulation. The 

generated report indicates the defects of the building elements and where these defected 

elements should be subject to adjustment prior to commencing practical work. 

The second part of this chapter demonstrates buildings occupants’ comfort; currently, 

their comfort is a significant factor in achieving GB objectives and in its scope. Thus, to 

satisfy these objectives and scope, occupant comfort is one of main significant selection 

criteria. This is because the GB is equipped with the latest modern technology and these 

technologies makes the building react to the occupants’ requirements/interests, instead 

of the occupants acting to obtain a response. In addition, modern technology, especially 

with introduction of BIOT, the control system, facilitates the control of almost every 

action indoors/outdoors, such as IAQ/outdoor air quality, fresh air ventilation and 

monitoring occupant health issues. 

The third part of this chapter introduces a new method for the BACS that intentionally 

focuses on the main issues of the current building control system objectives and scope: 

(1) ultimate building energy reductions (2) higher energy consumption costs and (3) 

occupant comfort. Using this method, the higher energy consumption cost is reduced 

and total ultimate energy reduction is approached while occupant comfort is maximised. 

However, this method is only proved theoretically using computer simulation software 

applications and further practical research is necessary to validate the research 

outcomes. 
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Chapter 8:  Conclusion and Further Research 

8.1 Building  Energy Simulation 

The objectives of comprehensive energy efficiency in commercial GB is still complex 

with many significant unsolved issues. However, research to solve these issues has also 

increased recently, resulting in the development of many different methods. This 

research project also demonstrates the method of achieving ultimate energy reduction 

using design, modelling and simulation of a five-storey hexagonal-curve shape 

commercial office building. The research method consists of three main steps. (1) The 

building was initially constructed using randomly selected materials. (2) The primary 

(known as base run) energy simulation was conducted. (3) Multiple automatic 

alternative designs using automatic construction material selection where considered in 

GBS. In conclusion, these steps were conducted to choose the best method which the 

simulation results demonstrate maximum energy reduction. Thus, from the automatic 

alternative designs, the ‘HVACTYPES_ASHRAE Package Terminal Heat Pump,’ 

shows a significant energy reduction over all of the multiple alternative designs.  

In this research, an overall building energy simulation of GB, using a computer software 

application system, achieved significant reduced results from 50 to 63.5%. This result 

does not include the energy reduction obtained from BACS, which ranges from 15 to 

30, as the literature review shows. This result is just obtained when effective control 

counter-measures are adopted in all the energy sectors of the commercial building. 

8.2 Choosing Best Energy Simulation Results Package 

The ASHRAE ‘HVACTYPES_ASHRAE Package Terminal Heat Pump’ is selected, 

which is the best energy reduction package in this research project. The method and 

type of the building automation and HVAC that should be used with this package are 

yet to be identified. To this end, further practical research focusing on ASHRAE’s 

energy packages is necessary, which is beyond the scope of this research project. Thus, 

for this case, as mentioned in the previous paragraph, the energy reduction that could be 

obtained from BACS is excluded when the total annual energy reduction is calculated. 

In addition, all the other significant energy simulation results demonstrated in this 

research project are not yet proven practically for commercial buildings. 
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8.3 Building Integrating with Renewable Energy 

Currently, renewable energy is considered the main solution to tackle the rising energy 

costs, shortage of sustainable supply and the global climate pollution produced by fossil 

oils. Increasing the productivity of renewable energy with optimised usage pushes the 

building towards energy self-sustainability and hence eliminates the usage of grid 

supply electricity produced by fossil oil in long term. Thus, this research focusses on 

comprehensive resource usage in predesigning energy efficient GB. Chapter 5 (Base run 

energy simulation) proposed three types of PV cells with their basic efficiency ranging 

from 5 to 15% and one 15-inch wind turbine for this building. In this chapter, the basic 

15% efficiency of PV cell is increased to 41% and the performance of wind turbine is 

theoretically maintained at its optimised rated power. Hence, this renewable energy 

potential is maximised using different techniques to achieve energy efficient 

commercial GB. 

8.4 Building Structure Stability 

Building predesign focuses on the basic term of building structural stability simulations. 

The term of building stability refers to physical firmness in regard to occupant safety to 

live or work inside the building. Owing to these reasons, building structural stability 

simulation was carried out prior to building energy simulation. Hence, the generated 

report indicates minor defects of building element members. These defected building 

members should be subject to adjustment prior to commencing practical work. Thus, 

building occupant comfort satisfaction is achieved (EEB + structurally stable building = 

ultimate occupant satisfaction). 

8.5 Building Occupant Comfort 

In this research, comfort and stability are not main subjects; this is owing to the focus 

on reducing GB annual energy consumption and CO2 emission. However, occupant 

comfort is highly enhanced in the entire research. This is to minimise the perception that 

GB is designed and modelled for thermal comfort alone. In reality, GB extends beyond 

such perceptions. Moreover, it provides maximised energy usage reductions and 

thermal comfort, and is also becoming the ultimate multi-automatic service provider to 
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occupants living or working in it. Modern airports, healthcare buildings, hotels and 

large-commercial enterprise buildings are few examples of smart buildings. 

8.6 Building Management Control System 

The main criterion of GB is to minimise resource usage and thus to reduce the 

installation, maintenance, labour and annual energy cost. In this research thesis project, 

a simple cost-effective control method is introduced, ‘AS-Interface protocol’, which  

has not attracted as much attention as the other highly sophisticated network 

technologies, such as the Ethernet and PROFIBUS decentralised process, but completes 

the job fast at low cost. The AS-Interface protocol is also available in the market as an 

alternative for any automation control system sectors and its users are satisfied with the 

cost reduction obtained from this control system. This research project demonstrates the 

method to design and model the GB with the AS-Interface protocol for commercial 

buildings to minimise the initial construction, maintenance and energy consumption 

costs. 

8.7  Further Research Recommendations 

This research project attempts comrehensive energy simulation using computer 

simulation software applications and achieves significant reduction in annual energy 

consumption. The achieved result indicates that the commercial building shall be self- 

sufficient or, in other words, approach NetZero energy. This will be true if more 

research focusing on cost-effective, resource-minimised and occupant-centred 

perception on the GB revolution is conducted globally. Further, the GB revolution 

should emphasises concepts such as green energy, green economy, green leader, green 

living world and green perception to make buildings self-energy sufficient. Hence, in 

conclusion, it is recommended that further practical research be conducted to prove the 

significant results obtained using computer-aided simulation software application, 

which is beyond the capability of this research thesis project. Such further research 

should focus mainly on four parts of this project: 

(1) on ASHRAE’s energy packages, especially the ‘HVACTYPES_ASHRAE 

Package Terminal Heat Pump’, ‘HVACTYPES_High Efficiency Heat Pump’ 

and ‘HVACTYPES_ASHRAE Heat Pump’ 
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(2) practical research work, on solar energy simulation for the whole commercial 

building 

(3) practical research work using the AS-Interface network protocol as BACS in 

commercial buildings 

(4) practical research work on the PV cell Sun intensity tracking system using the 

method demonstrated in Chapter 7. 
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