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ABSTRACT 
The use of natural light is very beneficial in office buildings because energy 

consumption can be reduced, and working conditions can be enhanced, which 

positively affect workers’ health and productivity. However, bringing natural light 

into deep plan office buildings is not possible with simple windows or skylights, and 

light transport systems are necessary to bring natural light into the deep cores of 

buildings. Light transport systems usually need sun-tracking devices to collect natural 

light that are complicated, expensive and require continual maintenance. Mirrored 

light pipes coupled with laser cut panels (LCP) are a passive and simpler daylight 

transport solution and are the focus of this PhD research. The primary aim has been to 

improve the technology and achieve the most efficient passive solution possible 

through the interactive use of theoretical modelling, experimental measurements and 

case studies.  

Applications of this technology were investigated in two case studies: 1) as horizontal 

light pipes for daylight illumination of a high rise building proposal in the tropics; and 

2) as vertical light pipes for daylight illumination of a middle-rise deep plan building 

proposal in a subtropical environment. In both cases, quantitative system performance 

under best (clear sunny sky) and worst (overcast) case scenarios was undertaken via 

scale model testing and mathematical modelling. The major conclusion for both case 

studies was that mirrored light pipe technologies, when coupled with LCP, were 

effective in introducing sufficient ambient light levels inside buildings and over 

distances >20 m from the façade or roof. Average lux levels achieved in the space 

were 150 to 350 lux for the horizontal light pipes and 50 to 300 lux for vertical light 

pipes. However, as a passive solution, this technology has two major limitations: 1) 

the dependence on sun azimuth and elevation angles, which result in variations in 

illuminance levels during the day and the year; and potentially 2) pipe size, as pipes 

with a large diameter (e.g. 2 m in diameter for 20 m long pipes) are required for 

optimal performance, such that the large pipes may limit integration in building 

design.  
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Two other solutions were assessed to circumvent these limitations to the mirrored 

light pipe technology: 1) a passive collector that concentrate natural light by using a 

fluorescent panel to reduce the size of the pipe, and 2) an active collector comprising 

a LCP rotating 360º in a 24 hour cycle to reduce system dependence on sun azimuth 

and elevation angles. The low light-to-light efficiency of the fluorescent panels made 

them inappropriate for collecting sufficient amounts of daylight necessary for 

daylighting of large buildings. In contrast, the rotating LCP is a very simple active 

system that by rotating constantly at 15º per hour, reduces the deviation angle between 

the panel orientation and sun azimuth angle, and significantly increased the system 

performance. The performance was generally better (e.g. 2.5 times better for light 

collection under low sun elevation angles) than the passive light pipe system with 

fixed LCP. However, active systems raise other issues in terms of cost-benefit in 

constructing, operating and maintaining such systems.   

Passive mirrored light pipes coupled with LCPs or simple active systems with rotating 

LCPs have great potential as daylight solutions for deep plan buildings as they can 

contribute to lowering overall energy consumption, improve workplace health and 

become an architectural design element. Research is still required on the 

implementation of the technology into buildings, but the growing trend towards 

‘green buildings’, sustainable design and government regulations or building codes 

will require more daylighting use in buildings, and will motivate designers to 

increasingly consider and incorporate such daylighting strategies into future building 

designs. 
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CHAPTER 1- INTRODUCTION 

1.1 Introduction 

Current directions in architecture towards green buildings imply sustainable design 

(conservation of resources, energy efficiency, passive design, renewable energies, etc) 

and healthy environments for people (air quality, non toxic materials, and occupant’s 

health) (Gissen, 2002). However, existing designs of large buildings, which include 

office buildings, are usually contrary to these principles (Yeang, 1999). Office 

buildings normally have deep plans or large floor areas that rely almost completely on 

electricity for lighting and air conditioning (Gissen, 2002). Most commercial 

buildings are utilised during daylight hours, resulting in the paradox that electrical 

consumption is greatest when there is also the greatest abundance of natural light for 

illumination (Muhs, 2000). Consequently, most office workers spend the daylight 

hours exposed almost entirely to artificial light. Although artificial light provides 

sufficient levels of illumination for visual tasks, it cannot provide the physiological 

and psychological benefits of natural light, and it is being increasingly recognised that 

there are important workplace health and productivity issues for artificially lit 

buildings (Brainard and Glickman, 2003, Boyce et al., 2003). This PhD study assesses 

existing passive solutions and investigates a new passive daylighting solution to bring 

natural light into deep plan buildings. The system proposed is a mirrored light pipe 

coupled to a simple daylight collector known as laser cut panels. The ultimate aim of 

this type of research is to meet global design goals for green architecture through the 

reduced dependence on electricity and therefore fossil fuels for lighting, and most 

importantly, to create healthier work environments for their occupants. 

1.2 Background 

Commercial buildings, such as factories, workshops and offices, first appeared during 

the industrial revolution (Baker et al., 1993). Indoor work demanded for sufficient 

lighting of the workplace. To utilise daylight, these buildings had narrow plans and 

high ceilings to allow maximum daylight penetration. Where deep multistorey 

buildings were required, light wells allowed the daylight penetration. However, with 

the development of fluorescent lamps, building design fundamentally changed. The 
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envelope of a building consequently became a mere element of protection from the 

environment that surrounded an artificially illuminated and air conditioned space 

(Baker et al., 1993), and large deep plan buildings could be constructed. In today’s 

society, people spend most of their time in these buildings. As observed by Stevens 

and Rea (2001) “humans have moved from a terrestrial environment with dark nights 

and bright broad-spectrum days to a modern built environment with relatively dim, 

limited-spectrum days and nights”. One consequence of this move that has not yet 

been fully appreciated is the effect on people’s health and well-being. In addition, the 

operation of these buildings consumes large quantities of electricity and therefore 

fossil fuels for illumination and air-conditioning, ultimately adding to the production 

of green house gases. Anthropogenic green house gas emissions are now recognised 

as a major contributor to global warming (Intergovernmental Panel on Climate 

Change, 2001). Thus, one of the principles of green architecture is to increase the use 

of natural light for illumination, particularly in deep plan buildings, to reduce the 

dependence on electricity for illumination, thereby reducing the overall building 

energy consumption. Additional effects of using daylighting for illumination are 

improving the health and productivity of occupants of buildings, as well as enhancing 

the aesthetic qualities of buildings. The following sections provide more detail on the 

benefits of daylighting in buildings, the problem of deep plan buildings and outline 

the various daylight solutions possible for these types of buildings, and their 

applications. 

1.2.1 Benefits of daylight in buildings 

The proper introduction of natural light in buildings has many advantages and 

benefits, which range from the aesthetic to physiological and economic.  

1.2.1.1 Light and architecture 

Vision is the main role of lighting in architecture. Phillips (2000) encapsulated this by 

saying “light enables us to perform, and without it the building would cease to 

function”. Before the appearance of electrical lighting, building design responded to 

the climatic parameters and daylight conditions of a place in order to achieve adequate 

lighting levels in the interior for visual performance. Phillips (2000) also added that 

“it is light that can make a building bright and airy or dull and gloomy”. It is clear via 
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the observation of architecture throughout history, such as the Gothic Cathedrals, 

Baroque architecture, or the more modern buildings of famous architects Alvar Aalto 

and Le Corbusier, that lighting is also a medium of architectural expression. Lighting 

reveals the architecture of a building, and the qualities of a space. Daylighting, in 

particular, has always been used as a design element by architects. The most 

important quality of natural light is its changing character, which can turn something 

stationary as a building into a dynamic element (Figure 1.1).  

 

Figure 1.1: The Guggenheim Museum, Bilbao (www.bluffton.edu/~sullivanm/). Architect Frank 

Gehry designed this building with an incredible sculptural form. The building is covered in 

panels of titanium. The form and the material of the building, reflects the natural light and 

changes its colours throughout the day. The interior also uses natural light. 

Architects can create different atmospheres to produce various emotional responses 

by the manipulation of this dynamic design element.  Furthermore, the components 

that allow daylight into a space have been used as part of the expression of a building 

(Figure 1.2). A window, for example, can be a design element, but also connects the 

occupant of a building to the external environment. Windows allow a flow and 

exchange between the exterior and interior that creates more dynamic and interesting 

spaces. Consequently, the functions of vision and of design are completely entwined. 



Chapter I 

 

1-4 

 

Figure 1.2: Façade of Casa Batllo from Antonio Gaudi, illustrating the use of windows as a design 

element (Photo © Artifice, Inc./ www.GreatBuildings.com). 

1.2.1.2 Daylight and health 

The use of daylighting can also improve the health conditions of work environments, 

particularly through physiological responses such as the regulation of the circadian 

rhythm and Vitamin D synthesis, and limit the harmful effects of artificial light (i.e. 

circadian dysfunction).  

There are two aspects of natural light that affect humans, the intensity of light 

exposure, and exposure specifically to the ultraviolet (UV) component of light (Baker 

and Steemers, 2002). 

1) The intensity of light entering the eyes activates a specific neural pathway, which 

regulates the circadian rhythm (Brainard and Glickman, 2003). Because humans have 

evolved in natural light, a variety of body organs exhibit diurnal (or circadian) cycles 

of activity, which are linked to the production and release timing during a 24hs cycle 

of melatonin hormone by the pineal gland. The release of melatonin at night helps to 

reduce stress, and facilitates sleep. These effects are reversed during daytime when 

melatonin production is switched off (Baker and Steemers, 2002). The sleep-wake 

cycle is the most obvious of the circadian rhythms; others include variations in body 

temperature, insulin production, regulation of kidneys and sex organs as well as 

influencing mood and sense of well-being in humans (Baker and Steemers, 2002). 
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Receiving adequate levels of intense light (daylight) each morning synchronizes the 

internal body clock to the Earths’ 24hour rotational cycle (van Bommel and van den 

Beld, 2004). At this time, people are usually at home or on their way to work. 

However, such pre-work exposure is not in itself sufficient and without adequate 

daylighting at the workplace, maintenance of the circadian 24 hour cycle is difficult to 

achieve, thus the importance of good daylight design of commercial buildings (Baker 

and Steemers, 2002). When low levels of light are received, the circadian cycle in the 

body slows down and circadian resynchronization will be experienced. Melatonin will 

be released at the wrong times of day, resulting in lethargy, and drowsiness. Most 

seriously, disruptions of the melatonin rhythm may lead to chronic fatigue, 

depression, reproductive anomalies, and perhaps even cancer (Stevens and Rea, 

2001).  Seasonal affective disorder (SAD), for example, is now a well-known disorder 

affecting people in countries at high latitudes that results from the lack of sunlight or 

reduced sunlight hours in winter (Baker and Steemers, 2002). 

 2) Exposure to the ultraviolet (UV) component of light has harmful and beneficial 

effects. Over-exposure to ultraviolet rays has harmful effects especially for people 

with light skin pigmentation, in the form of skin cancers. However, little exposure to 

UV can cause vitamin D deficiency (Lucas and Ponsonby, 2002).  Most vitamin D is 

synthesized in the body via UV irradiation of the skin and is important for calcium 

absorption and utilisation by the human body. Other benefits of UV exposure may 

include initiating defences against microbes and stimulating the immune system. For 

vitamin D synthesis, it is thought that UVB is more effective than UVA (Baker and 

Steemers, 2002). However, window glass excludes UVB and building occupants are 

therefore cut off from this important beneficial effect of UV.  

There are several harmful effects associated with the use of artificial light. This 

includes the flicker of fluorescent light, which is known to cause involuntary rapid 

eye movements that result in strain and fatigue (Baker and Steemers, 2002). 

Differences in artificial light intensity, spectrum, and timing can also negatively affect 

occupants exacerbating the effects of circadian dysfunction (Baker and Steemers, 

2002), and some studies have begun relating breast cancer in women to artificial 

lighting in the built environment (Stevens and Rea, 2001, Brainard and Glickman, 

2003). Considerable research is being undertaken to try to match artificial lighting 

with daylight characteristics, and, specifically the wavelength distribution of daylight.  
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The aim of this research is to give artificial light many of the same potential benefits 

of exposure to daylight such as UVB exposure.  Nonetheless, the energy penalties due 

to the increase in energy consumption will be considerable (Baker and Steemers, 

2002). 

1.2.1.3 Daylight and productivity 

The greatest cost for a business is the salaries of their workers, up to 84% of the 

expenses, in comparison to other costs such as office space rent (14%), energy 

consumption (1%) or maintenance (1%) (Bell et al., 2003), and therefore, great 

financial returns can be achieved by small increases in productivity. On these figures 

a 1% increase in productivity is roughly equivalent in cost savings to a 100% 

reduction in energy consumption. It has been suggested that the use of natural light in 

buildings can increase productivity of the occupants of buildings and therefore 

positively impact on the finances of an organization (Romm and Browning, 1998, 

Edwards and Torcellini, 2002, Heschong et al., 2002a, Heschong et al., 2002b, 

Heschong, 2003c). Many factors affect worker “productivity”, such as stress, health 

and work satisfaction. While some of these factors are related to the organization’s 

management and people’s personalities (e.g., the type of work, remuneration, etc), 

alternatively, psychological studies have indicated that the physical environment also 

has an affect on people’s well-being and satisfaction, which are tied to productivity 

(Boyce et al., 2003). 

Boyce et al. (2003) pointed out that lighting can change the moods of occupants in a 

building. However, there is no specific light to produce the most positive mood, and 

the connection of how mood affects productivity is poorly understood. Other studies 

have suggested that the benefits of daylighting on productivity can be measured by 

reduction of the frequency of medical visits, and the number of sick hours or days 

taken by employees (Boyce et al., 2003). A study performed by Moore (1981) on the 

healthcare demands of prisoners found that those with windows overlooking the hills 

made fewer sick calls than those with views to the prison yard. 

Examples where businesses moved to new office buildings with improved daylighting 

design have permitted comparative studies to be undertaken on the levels of 

productivity between the new and old buildings. For example, the Lockheed Martin 



                                                                                                               Introduction   

                                                                                                                              

1-7 

building in Sunnyvale, California and the VeriFone building near Los Angeles, were 

designed to replace electrical ambient light with daylight, while using personal desk 

lamps for task lighting. Increased productivity and decreased absenteeism were 

reported in both cases:  a 15% increase in productivity and 15% in absenteeism in the 

Lockheed Martin building (Romm and Browning, 1998), and 5% increased 

productivity and 45% decreased absenteeism in the VeriFone building (Edwards and 

Torcellini, 2002). However, in these studies, there was no explanation on how 

productivity was defined and measured.  

Probably, the most comprehensive studies on daylight in buildings and its influence in 

people’s performance are the studies carried out by the Heschong-Mahone Group in 

schools, offices and retail buildings. The first study on schools was performed in three 

districts in the USA. Statistical data from approximately 100 elementary schools 

within these districts were gathered. The data included the standardized math and 

reading test results of the students and lighting conditions of the classrooms. The 

analysis showed that students with the most daylighting in their classrooms 

progressed 20% to 26% faster when compared with students in classrooms with no 

windows (Heschong et al., 2002a). However, these results could not be replicated in 

another study on the Fresno School District in California (Heschong, 2003b). The 

general conclusions were that where daylighting provides an even distribution and 

extensive view, limiting glare and thermal heat gain, the students’ performance was 

likely to improve. In contrast, where windows increase the level of noise, glare, or 

contribute to the distraction of students from outside activity then the students 

learning progress is reduced (Boyce, 2004).  

Studies on office buildings were carried out in two office buildings in California. 

They were based on a statistical investigation relating the amount of daylight, the 

presence of windows and a view with the performance of the workers. The first study 

examined 100 workers in a calling centre. Performance was measured as the time 

taken by the workers to handle each call. The second experiment examined the 

performance of 200 other office workers with a series of short cognitive assessment 

tests (visual acuity and visual memory tests). In the calling centre study, workers with 

access to a view to the outside performed 6% to 12% faster than those without a view, 

and in the second study, office workers with access to a view performed from 10% to 

25% better than those without a view (Heschong, 2003c). Workers with better views 
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tended to be more positive about their health while those without a view reported 

increased fatigue (Boyce, 2004). However, Boyce (2004) explained that the results 

included other variables of the physical environment such as ventilation, so it was 

unclear how much of the increase is related only to daylight.  

Studies on retail buildings have investigated the relationships between good 

daylighting and sales.  The performance data used was an 18-month gross sales 

average per store for the one chain retailer. The study found that those stores with 

skylights had a 40 % increase in sales in comparison to those without natural light 

(Heschong et al., 2002b). A more recent study examined a different retail chain to test 

these results. Although the daylight effect on sales was constrained by the amount of 

parking available on the site, this second study found that for stores with good parking 

and daylight, there was a similar increase in sales (Heschong, 2003a). 

These various studies have shown that daylighting alone cannot dramatically improve 

sales or performance. It must be well-designed to avoid glare and heat gain, and it 

should be part of a holistic design that responds to the desired function of the 

building. Although not necessarily the primary aim of daylighting design, increased 

sales of retail stores or profits of companies are important benefits. People prefer 

daylight, and it is clear that daylight has a vital affect on the health and well–being. 

Importantly, these studies have not measured the accumulative effects of windowless 

buildings on health and performance. For example, disruption of the circadian rhythm 

that can lead to sleeping disorders or depression in workers, will affect how they 

perform at work. Nonetheless, there seems to be a relationship between good 

daylighting design in buildings and occupants’ increase in productivity. 

1.2.1.4 Daylight and energy in buildings 

The use of natural light in buildings has many implications for the energy use in 

buildings. A reduction in the energy consumption of a commercial building can be 

achieved by decreasing the need for, or use of artificial light. Natural light is more 

efficient than electrical light, by providing more light for less heat than artificial light. 

For example, at a given level of illumination, a tungsten light produces between 5 and 

14 times more heat than daylight (Baker and Steemers, 2000). As a consequence, 

daylight also lowers the cooling requirements of a building up to 15% (Muhs, 2000). 
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Given the current strong dependence on fossil fuels for electricity generation, any 

reductions in the consumption of electricity for lighting and cooling can ultimately 

lead to the lower production of greenhouse gas emissions.  

In Australia, commercial buildings consume around 40PJ (11million kWh) of energy, 

contributing 8.5 million tonnes annually of greenhouse gases (EMET and Solarch 

Group, 1999). The Baseline Study of Greenhouse Emissions stated that electricity 

takes up to 65% of the energy share; in addition, lighting, space cooling, and 

ventilation are the most significant causes of electricity consumption in the 

commercial building sector in Australia (EMET and Solarch Group, 1999). Lighting 

and cooling use up to 15% and 21% of the total electricity consumption respectively. 

Furthermore, electrical lighting and cooling contribute to 21% and 28% of the total 

greenhouse emissions, respectively, from the commercial building sector. Lighting 

and cooling therefore represent the most important aspects of building design to 

decrease energy consumption. As a result, changes have been made to the Building 

Code of Australia which now requests a minimum energy performance standard for 

office buildings (www.greenhouse.gov.au). In addition, some voluntary energy rating 

tools, such as Green Start Certification, from the Green Building Council of Australia 

(www.gbcaus.org) and the Australian Building Greenhouse Rating scheme 

(www.abgr.com.au), encourage best practice in building design, construction and 

operation and awards higher ratings for the introduction of natural light strategies into 

buildings.  

Up to 75-80% of electric lighting consumption could be saved through the use of 

advanced daylighting technologies and improved integration of daylighting systems 

with efficient artificial lighting and effective lighting controls, when compared to 

conventional buildings (Kristensen, 1994, Hayman et al., 2000). In addition, as the 

greatest consumption of electricity in commercial buildings peaks in the middle of the 

day when there is also the greatest abundance of natural light, the possibilities for 

energy savings via the use of daylighting are considerable (Muhs, 2000). 
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1.2.1.5 Reasons for daylighting in buildings 

Goulding et al. (1994) pointed out there are costs associated with maximizing daylight 

illumination in buildings, and therefore it is important to understand the reasons for 

introducing daylight into buildings. These are:  

1) Quality of natural light, its spectral composition, and variability gives a better 

illuminated environment than electrical light. The human eye has evolved to respond 

to natural light stimulus, and electrical light does not achieve the same stimulus.  

2) Daylighting has psychological and physiological benefits that may improve the 

performance of people, which it is not obtainable with electric lighting or windowless 

buildings.  

3) Better energy efficiency is obtained when replacing the demand for electricity 

during the peak hours of the day by the use of solar energy.  

4) An overall sustainable result (i.e. reduced greenhouse gas emissions) can be 

achieved by reducing the dependence on non-renewable energy sources and relying 

on the use of solar and sky radiation.   

5) The rental price or value of the building is increased through its energy savings and 

improved workplace health, and in addition daylighting can be used as a selling point 

(Figure 1.3). 

 

Figure 1.3: Commercial office building in Brisbane, Australia, where natural light was used as a 

selling point. 
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1.2.2 Daylight illumination in buildings 

Introduction of natural light into buildings is normally achieved through simple 

apertures in the envelope such as windows or skylights.  Side lighting (from windows) 

in buildings decreases rapidly with distance from the window, passively reaching 

inwards only up to 4 to 6m (passive zone). Therefore, a disproportionate amount of 

daylight must be introduced into the front of the room to achieve small gains in 

daylight levels at the back of the space (Beltran et al., 1997). Generally, spaces at 

distances further than the passive zone require artificial lighting for illumination. Top 

lighting (from skylights) is a very good solution to obtain good daylight distribution 

levels in the space, as long as the ceiling apertures are well designed and do not let 

direct sunlight in. It is also a good solution for a building that has a deep plan. 

However, illumination from skylights can only reach the top floor of a building. For 

multistorey buildings with deep plans, atriums and light wells have been used to bring 

natural light deep into the building. Having an open space in the middle of the 

building, not only creates more façade but also diminishes the depth of the plan, 

however, developers argue against this type of solution on economic grounds, due to 

the waste of rentable area. 

Consequently, to attain a good distribution of daylight into the interior of a building, 

the building plan is limited to having floor plates with depths less than 8 to 10 meters 

and should have high ceilings. However, these design limitations have only been 

applied in European countries (Baker and Steemers 2000); in other places like 

Australia, Asia, and United States of America, deep plan buildings have become a 

common practice in modern office building design.  

1.2.3 The problem of deep plan buildings 

In architecture, a deep plan building is considered as a building with an unobstructed 

open plan of more than 17m (Property Services Agency and Department of the 

Environment, 1976). On the other hand, in energy efficiency in buildings, a passive 

zone is considered as the area in the building that can be daylit and naturally 

ventilated (Baker and Steemers, 2000). The depth of the passive zone should be 

limited to twice the ceiling height (Baker and Steemers, 2002). As a consequence a 

deep plan building is considered as a building with a plan depth exceeding the passive 
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zone. The depth creates a non-passive zone which needs artificial lighting and 

ventilation. For the purposes of this research, a deep plan building is considered as a 

plan over 8 to 10m (Figure 1.4). The reason being that daylighting devices (light 

guiding systems) placed in windows could redirect daylight up to 8 to 10 meters 

(Section 1.2.4), for further distances more complicated devices are needed.  

 

Figure 1.4: Passive zone in buildings (Baker and Steemers, 2000).  

There are two main reasons for the popularity of deep plan buildings as a design for 

commercial buildings. First, they provide good cost/benefit returns due to maximum 

site coverage. In cities, land cost is expensive, and individual lots are often small. For 
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maximum return on investment, developers build upwards and more intensively on a 

given piece of land. Secondly, they satisfy the requirement of large quantities of space 

at the same level by building tenants. Modern businesses prefer their offices to be all 

on the one level and with normally open plans to facilitate communication and 

collaboration within the organization.  

Electrical lighting and mechanical ventilation has promoted the growth in deep plan 

building design and construction. Electrical lighting has replaced daylighting as 

means of illumination as good daylighting is usually not possible in these buildings. 

In central business districts, many office buildings are built with maximum site 

coverage, resulting deep plan buildings with little perimeter zone to acquire natural 

light. The proximity of other high-rise buildings also causes shadow effects limiting 

the amount of direct natural light reaching building facades. The building form and 

orientation, and also the building location and surroundings are therefore important 

considerations with respect to utilising daylight. Other reasons for the use of artificial 

light in deep plan buildings include: 1) large differences in illuminance levels between 

perimeter and central areas due to side lighting creating problems of bright and dark 

zones; 2) large window areas resulting in glare problems, hence the need for blinds 

and therefore decreasing daylight in interiors, and 3) the placement of small offices 

along the perimeter that block light from side windows to the interior (Figure 1.5).  

 

Figure 1.5: Perimeter offices and their partitions limit the amount of natural illumination 

reaching the core of a building. 
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It is clear that to naturally illuminate a deep plan building is not an easy task. They are 

completely reliant on electrical lighting that has several direct and indirect detrimental 

effects (i.e., energy inefficiency, the use of non renewable resources and production of 

greenhouse gases, and unhealthy and unproductive environments for the occupants of 

the building). The question is: How to bring natural light in to deep plan buildings to 

improve energy efficiency and the workplace conditions for building occupants? 

1.2.4 Innovative daylight systems 

Innovative daylight systems are optical devices capable of bringing natural light 

further into the interior zones of large buildings than is possible with simple 

daylighting strategies such as windows or skylights. There are two major groups of 

innovative daylighting devices, light guiding systems and light transport systems. 

Light-guiding systems send direct and diffuse sunlight to the interior of the room 

without the secondary effects of glare and overheating. There are several different 

systems, and they have similarities in their general performance, position in the 

building, or means of directing the light. Light guiding systems can be grouped as 

vertical elements (e.g. laser cut panels, prismatic panels), horizontal elements (e.g. 

light shelves) and parabolic collectors. Most of the light guiding systems can improve 

daylight illumination levels at the back of the room. However, these systems are 

incapable of illuminating the core of deep-plan buildings; therefore other daylighting 

systems are required. 

Light transport systems collect and transport sunlight over long distances within a 

building, and are usually referred to as light pipes or light guides. Light transport 

systems generally have three elements: 1) a collection head, which tracks sun light, or 

simply redirects it inside the pipe, 2) the pipe itself that transports the light to where it 

is needed, with the method of transportation dependent on the material selected for the 

pipe (i.e. lenses, mirrored light pipes, prismatic pipes and solid core systems); and 3) a 

distribution system that includes extractor devices, which extract light from the pipe 

to the exterior, and diffusers that spread light uniformly across the space. Light 

transports systems are explored in detail in Chapter 2.   

Light guiding systems can only reach distances up to 8 to 10m, therefore light 

transport systems are required when the core of the building is at more than 10 metres 
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from the windows. Much research is being done to improve the efficiency of light 

transport systems, focusing on the collection, transport and distribution of light. 

Collection is the major problem, and expensive and structurally complicated heliostats 

have been developed to collect and redirect the light into the guide. To be the most 

efficient and give the highest performance, all daylighting systems require 

complicated and expensive sun tracking and collimating as daylight collector devices. 

Passive daylighting systems have simpler and cheaper collection devices, but may 

also have lower performance. Mirrored light pipes coupled with laser cut panels are 

studied in this project as they have great potential as totally passive light transport 

systems.  

1.2.5 Light transport systems applications in Architecture  

In terms of the application of light pipes in office buildings, three tendencies have 

been envisaged, 1) as part of an energy efficient and sustainable strategy for a 

building, 2) as an element that connects people to the outside, through the changing of 

light, and 3) as a structural element of a building (column) that combines natural 

lighting and natural ventilation all in one element. The following examples show the 

great possibilities of light transport system technology in current architectural designs.  

Energy efficient strategies 

Architect Ken Yeang has incorporated horizontal and vertical light pipes (designed as 

part of this PhD research) in his design proposals for different buildings in Malaysia, 

Australia and China. This inclusion has been part of a holistic approach to green 

architecture, to bring natural light into buildings and most importantly to reduce 

energy consumption. Chapter 4 and 5 explain the light pipe designs in detail. Figure 

1.7 shows an architectural model for the building in China, Yee-nen Tower, where 

there is intent to integrate the light pipes into the design of the building. 
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Figure 1.7: Architectural scale models of Yee-nen Tower by Ken Yeang. 

Sculptural feature 

A second very interesting example of the application of light pipes is as a sculptural 

feature for a 14 storey building of a Washington-based law firm designed by Davison 

Norris and James Carpenter (Nayar, 2003). The light pipe is a work of functional art 

and a symbol for the firm. It is approximately 60 m long and it brings natural light 

down through the atrium of the building (Figure 1.8).  

 

Figure 1.8: Carpenter Norris light pipe (Nayar, 2003). 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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The system has a heliostat mounted on the roof of the building that tracks the sun over 

the course of a day, and redirects it to a second mirror and then down the pipe made of 

prismatic glass. The tube has a conic form to direct light out the pipe as it travels 

along it. In addition, there is a second skin that covers the pipe, a diffuse fabric that 

softens the light travelling along the pipe.  When it is cloudy or at night, there are two 

artificial lamps that illuminate the pipe. However, when the lamps are on, the light 

from these sources periodically cycles through the spectral colours, so the occupants 

know that is artificial light (Nayar, 2003). Davison Norris stated: “We didn’t want to 

fool people into thinking it was a sunny day outside when it wasn’t” (Nayar, 2003). 

The benefit of the light pipe is that it brings natural light in, without taking up rentable 

space that an atrium would (Nayar, 2003). The main objective of this light pipe is to 

create a connection to the outside for the occupants of the building, for them to be 

informed of the weather conditions, and the time of day. 

Integration of structure, natural illumination and natural ventilation 

An interesting example of light pipe integration is the Sendai Mediateque in Japan, 

from Toyo Ito (Figure 1.9). The building concept has three main elements: 6 

horizontal planes (floors), 13 columns and an external skin. This deep plan building of 

50 by 50 meters was perforated by hollow columns that serve different purposes: 1) as 

the structure of the building, 2) as a natural ventilation mechanism that allows natural 

ventilation to the central parts of various floors, 3) as vertical circulation: some 

columns contain the elevators and stairs, others the ducts of the plant, and 4) as pillars 

of light. Two central columns have computerized systems of rotating mirrors in the 

upper part to reflect natural light down to the lower floors and permit automatic 

control of internal illumination (Maffei, 2001). Although not all the features are 

integrated into one column, the idea of having a structural column that can bring 

natural light and natural ventilation into the deep interior of the building is a very 

interesting and promising idea. 
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Figure 1.9: Sendai Mediateque in Japan (Maffei, 2001). 

1.3 Problem formulation 

Deep plan buildings have a very serious problem in terms of natural illumination, and 

consequently, use more energy for artificial lighting which results in poor conditions 

for workplace health and productivity. One solution to the problem of daylighting 

illumination of deep plan buildings is the introduction of natural light by means of 

atriums or light wells, but this solution takes up rentable space. Light transport 

systems may therefore be a practical solution to bring natural light into the depths of 

buildings when there is space and economical constraints. The problem of natural 

illumination for deep-plan buildings raises several important issues or questions: 

1) Can light pipes enhance illumination of deep plan buildings? 

2) How effective are light pipes in terms of their performance and cost? 

3) How can the efficiency of light pipes be improved? 

4) Can light pipes introduce to buildings the benefits of natural illumination that 

can range from aesthetic, physiological, workplace health and productivity to 

economic and environmental? 

The main aim of this project is the design, testing and further improvement of a 

simple mirrored light pipe solution for the enhancement of daylight in deep plan 

buildings. Specifically, to increase the efficiency of passive mirrored light pipes by 
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improving the light collection, light transport and light distribution. Such a 

daylighting solution, for it to be practical and economic, needs to meet several 

criteria: 1) be able to transport light to the core of the building, 2) to provide a 

connection to the outside for office workers, 3) to increase daylight levels in 

buildings, 4) to contribute to reduced energy consumption, 5) to create a more healthy 

working environment, and 6) be a cost effective solution. 

1.4 Evaluation methods 

The focus of this research is to assess the environmental performance of the light 

pipes by scale model testing, and mathematical analysis. This work is mainly an 

investigation of the possibilities of mirrored light pipes as a technology to bring 

natural light into buildings. It is beyond the scope of this project to investigate other 

aspects that are required for light pipes to be a cost-efficient solution that can readily 

be incorporated into designs and implemented in to building construction or 

refurbishment. Further research is required to assess: 1) the energy performance and 

thermal gains, 2) economic aspects in terms construction and maintenance 

costs/issues, energy and cost savings, 3) building structural aspects such as 

implications for fire safety, and 4) workplace benefits (i.e. psychological, 

physiological and health benefits).  

1.4.1 Scale models  

Scale models are useful because light does not require any scaling corrections (i.e. the 

wavelengths of visible light are so short, relative to the size of models, that light 

behaviour is the same in a scale model as in the building). These are detailed in 

Chapters 4, 5 and 6. Illuminance measurements were taken for environmental 

performance, as well as photographic records for qualitative analysis. Two types of 

testing were performed: under real sunny sky conditions (best possible scenario) and 

under an artificial sky (C.I.E. Standard Overcast sky) (Appendix 2), which represents 

the worst possible daylight conditions. Two monitoring instruments are described in 

Appendix 5. 
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1.4.2 Mathematical models 

Simple mathematical models of light pipe performance are developed and explained 

in Chapter 3. The mathematical models provide validations of the results obtained 

from scale model testing, as well as to make estimates of light pipe performance with 

different characteristics and under different lighting conditions and locations. 

1.5 PhD thesis outline  

Light transport systems are described further in Chapter 2, which summarises existing 

and state of the art technologies. A critical assessment is given on the benefits and 

limitations of the available systems, and the problems of light pipe technology 

discussed. From this review, a new passive solution consisting of mirrored light pipes 

coupled with laser cut panels is proposed and forms the basis of the research. Chapter 

3 discusses the theory of laser cut panels, mirrored light pipe light transmission, and 

developed mathematical modelling for further light pipe assessment. The next three 

chapters detail the research and analysis of the new technologies that have been 

incorporated into two building designs and thus form two case studies. Chapter 4 

introduces the first case study, a design of horizontal mirrored light pipes coupled 

with laser cut panels for the illumination of a deep plan building project in Malaysia. 

The analysis includes scale model testing and mathematical analysis. Scale-model 

testing results are validated with theory calculations, and both are then used to further 

refine the design of the technology. The second case study is given in Chapter 5 

where vertical light pipes are assessed via scale model testing and mathematical 

analysis as a possible solution for a middle rise deep plan building. Chapter 6 focuses 

on two improvements to the design to enhance performance of the light pipes. In 

particular, two collection systems as alternative solutions to passive laser cut panels 

are assessed. These technologies are luminescent solar concentrators and rotating 

LCP’s. Chapter 7 summarises the important points of this research and their 

implications for future research. 
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CHAPTER 2 - LIGHT TRANSPORT SYSTEMS  

2.1  Introduction 

To solve the problem of natural illumination of deep plan buildings advance 

daylighting strategies which can bring daylight deeper into the space that is possible 

with windows and skylights are necessary. There are two major groups of innovative 

daylighting devices, light guiding systems and light transport systems. Light guiding 

systems, although very efficient in redirecting natural light deeper into the room 

usually only reach distances up to 10m, and therefore, light transport systems, are 

required when the core of the building is at more than 10 metres from the window. 

The aim of this chapter is to review the available light transport technologies, and to 

critically assess the light transport techniques by defining their benefits and 

limitations from which a new passive solution is proposed for further investigation. 

The chapter presents a brief description of light guiding systems, followed by the light 

transport systems assessment. 

2.2 Light-guiding systems 

Light-guiding systems send direct and diffuse sunlight to the interior of the room 

without the secondary effects of glare and overheating. There are several different 

systems and they have similarities in their general performance, position in the 

building, or means of directing the light. Light guiding systems can be grouped as 

follows (Figure 2.1): 

 

Figure 2.1: Light guiding systems; A) Vertical element, B) Horizontal element and C) Parabolic 

collectors. 
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Vertical elements: This group includes devices that are usually placed in the top of 

windows (vertical or with some angle of inclination). They redirect the light deeper 

into the room by means of reflection and refraction. They consist of acrylic panels 

(e.g. laser cut panels, prismatic panels), acrylic elements stacked vertically within a 

double-layered glass (e.g. sun directing glass), or polymeric films laminated between 

two glass panes (i.e. holographic optical elements). One of their most important 

advantages is their simple integration in to the building design. These systems can 

reach depths of up to 10m (Ruck and Smith, 1982, Ruck, 1985, Ruck et al., 2000, 

Edmonds, 1993a). 

Horizontal elements: This group includes devices formed by one horizontal baffle 

(e.g. light shelves, sun scoops), or systems form by multiple horizontal or sloping 

slats (e.g. louvres and blinds). Their most important benefit is the protection against 

glare, but they have problems with dust accumulation, and therefore require 

maintenance. These systems can redirect sunlight to the back of the room, depending 

on their position, but have the best performance at distances of 3m to 5m from the 

window. However, due to their static position, performance varies throughout the 

year. To increase their performance, their inclination could be changed seasonally, 

and optically treated light shelves can reach distances from 5m to 10m (Ruck et al., 

2000). 

Parabolic collectors: the principle behind these devices is a compound parabolic 

collector. A specific geometric form (internally covered with reflectance material) 

accepts light from a specified angular range of the sky, and light is then redirected 

deeper into the room. They have been designed for sunny places, such as light guiding 

shades (Edmonds, 1993b, Ruck et al., 2000) or for overcast sky conditions such as 

anidolic systems. This last system can collect and redirect light up to 6m into the 

building (Scartezzini and Courret, 2002). One of these systems major disadvantages is 

their integration to the building architecture if they are not considered earlier in the 

design process. A system that has tried to overcome this problem is the ‘micro light 

guiding shade panel’, which integrates inverted compound parabolic collectors into a 

thin panel (Greenup, 2004). 

In summary, most of the light guiding systems can improve daylight illumination 

levels at the back of the room. The most successful systems can illuminate depths up 
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to 10m. Most of them work with the direct component of daylight, whereas the 

anidolic collectors can collect and redirect diffuse light. Consequently, their 

orientation is very important. Additionally, for optimal performance throughout the 

day and year, they may need to track the sun position, or at least change the position 

seasonally. However, these systems are incapable of illuminating the core of deep-

plan buildings, and other daylighting systems are required. 

2.3 Light transport systems 

For deep plan buildings, with depths greater than 10m from the window, natural 

illumination can only be practically achieved by light transport systems. Light 

transport or remote source systems are devices capable of channelling sunlight to 

areas in buildings that receive inadequate natural illuminance and usually remote from 

the building envelop. These systems consist of three major components (Figure 2.2): 

1) light collection; 2) light transportation, and 3) light distribution: extraction and 

emission (Ayers and Carter, 1995).  

 

Figure 2.2: Light piping system diagram 

A variety of light transport systems have been investigated, built and tested for 

numerous building projects, and many studies have shown their beneficial use 

(Tsangrassoulis et al., 2005, Aizenberg, 2000, Aizenberg et al., 2003, Audin, 1995, 

Ayers and Carter, 1995, Bennett and Eijadi, 1980, Canziani et al., 2004, Carter, 2001, 

Cates, 1996, Littlefair, 1990, Rosemann and Kaase, 2005, Shao et al., 1998). In 

addition to the general benefits of daylighting outlined in Chapter 1, benefits of light 

piping systems include: 1) the possibility of a centralized building lighting system that 

pipes natural and artificial light to distribution devices replacing electrical cabling and 

fixtures; 2) elimination, or reduction of infrared and ultraviolet radiation from 

sunlight, although further study is required to quantify this reduction, particularly for 
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ultraviolet radiation; 3) economies of scale with large light sources; 4) removal of an 

electrical connection for workplaces with explosive materials; and 5) reduction of heat 

(from electric lighting) in air-conditioned areas. However, illumination from light 

pipes has four problems: 1) light collection; 2) the dependence of power transmission 

on solar elevation; 3) the extraction of desired fractions of the light along the pipe as 

required; and 4) producing a uniform distribution of light in the space from a small 

concentrated output. Consequently, research on light piping technologies has been 

focused on the development and improvement of each section of the light transport 

systems (collection, transportation and distribution devices), and of more efficient, 

and cost- effective solutions.  

The majority of light transport systems rely primarily on the direct component of 

sunlight as the light source (Mirkovich, 1993), and some authors therefore consider 

that they are best suited to climates where partly cloudy conditions are rare (Littlefair, 

1990, Sweitzer, 1993). However, research is being carried out for solutions for 

overcast type climates (Courret et al., 1998, Molteni et al., 2000) or devices that 

collect and transport direct and diffuse sunlight (Smith et al., 2001).  

Light transport systems are generally defined by the device that channels the light, as 

for example mirrored light pipes, prismatic pipes, fibre optics or lens systems. The 

combination of these light channelling devices with different daylight collector 

systems (e.g. anidolic concentrators, heliostats, luminescent solar concentrators, etc.) 

creates a diverse number of solutions. A review of current technologies for collection, 

transportation and distribution of daylight in light transport systems is discussed 

below. 

2.4  Light collection for light transport systems 

Collection systems generally consist of reflective or refracting devices. Their main 

objective is to capture sunlight and direct it through a small aperture into the interior.  

Collecting and conveying daylight to a specific location can be achieved by active or 

passive systems (Audin, 1995). Light collection is achieved either by redirection of 

sunlight by, for example, flat mirrors, or by concentration of light (e.g. anidolic 

systems, fluorescent panels). Concentration describes the increase of illumination on a 

surface above the incident solar level. Concentration is achieved by the geometrical 



Light Transport Systems 

 
2-5 

optics (imagining or non-imaging optics) of the collector or by fluorescent systems 

(Smestad et al., 1990). Following is a brief description of passive and active light 

collection systems, which includes either concentration or redirection systems. 

2.4.1 Passive collection systems 

A passive collection system implies no mobile parts. Passive collectors have a single 

orientation and are fixed during installation to maximize redirection down a shaft-way 

(Audin, 1995). A fixed system requires a larger area for light collection to compensate 

for the lack of a tracking system which can improve sun collection efficiency during 

the day and year. Consequently, passive collectors result in larger transport 

components that can use considerable floor area (e.g. a light well) (Mirkovich, 1993). 

Performance increases are therefore correlated with increasing size of system 

components (collection and transmission). Passive solutions for the collection and 

redirection of daylight can generally be grouped into those that concentrate (e.g., 

anidolic concentrators, luminescent solar concentrators) or redirect (e.g., laser cut 

panels) sunlight. The major advantage of passive systems is the simplicity of the 

devices, which results in less cost, and less maintenance than tracking systems. 

Although the size of passive collectors and transport systems is a major drawback, 

this can be overcome if architectural integration of the collectors in the building 

design is undertaken during the early design phases. 

2.4.1.1 Anidolic concentrators  

Non-imaging optics have been applied, with great success, to the design of solar 

concentrators (Welford and Winston, 1989). A compound parabolic concentrator 

(CPC) is used for the collection of sunlight falling on to the entry aperture of the 

device and concentrates it on a smaller exit aperture, where the receiver is placed (e.g. 

solar cell) (Compagnon and Scartezzini, 2005). CPC’s are built with highly reflective 

material and solar radiation concentration is achieved by the parabolic form of the 

device. Currently, non-imaging optics principles have been used for the design of 

daylighting collectors, and they are defined as anidolic concentrators (anidolic is 

synonymous of non-imaging). The light concentrators accept light from a certain 

section of the sky (acceptance sector) that is then transmitted with a moderate number 

of internal reflections, allowing the concentration of the light flux (Courret et al., 
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1998, Molteni et al., 2000). Figure 2.3 shows an example of an anidolic collector for a 

mirrored horizontal light pipe. In this case the collector is coupled to another CPC that 

disperses the light flux and redirects it into the pipe.  

 

Figure 2.3: Cross-section of an anidolic collector (Courret et al., 1998). 

The CPC acceptance sector is chosen by defining the part of the sky that is considered 

as a light source, depending on the requirements of the system. For example, if the 

system is in an area where cloudy conditions are common, the acceptance section is 

bigger, but the concentration is smaller, requiring the system components to be of 

greater size. Rays entering the collector with an inclination included within this range 

will be transmitted through the CPC whereas all the others will be reflected back.  

There are two types of light concentrators: 1) a two-dimensional CPC, consisting of a 

CPC profile enclosed with flat mirrors, where the light output aperture is reduced in 

one direction; and 2) a three-dimensional CPC, which is a CPC profile made through 

the rotation of a 2D profile around its symmetry axis. Wide angular acceptance 

minimizes rejection of sky light even if the light is diffuse, resulting in a good 

solution to collect light for overcast skies. In a 3-D CPC, the light output area is 

reduced in two directions. Figure 2.4 shows the two different types of CPC collectors 

(Molteni et al., 2000).  

Currently, anidolic collectors are coupled to specular light pipes that are placed above 

the ceiling plane. Such devices are called anidolic ceiling systems. The system 

transports light to the back of a room by multiple specular reflections and then 

distributes it downward by a parabolic reflector placed at the duct’s exit aperture. The 
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design seeks to provide adequate daylight to rooms under predominantly overcast sky 

conditions (Courret et al., 1998). Direct sunlight penetration is controlled by a blind 

place over the entrance glazing. The system is mainly designed for side lighting of 

commercial buildings with facades that are located in predominantly overcast 

conditions. No controls or special maintenance are required. Tests have shown that 

the illuminance levels in the workplace increase with the system, and better luminance 

distribution results in office buildings under cloudy sky conditions (Ruck et al., 2000). 

 

Figure 2.4: A- Sections of  2-D and 3-D CPC collectors (Molteni et al., 2000). B-axonometric 

views (author). 

Figure 2.5 shows the application of anidolic collectors for a building in Brussels, and 

shows how the system can be integrated into the architecture and aesthetics of a 

building. Studies of this particular system have been done for high latitude zones 

(>40°) with cloudy conditions, with the aim of increasing illumination in the back of 

rooms up to six meters from facades.  

In general, the advantages of anidolic collectors include: 1) a reduced pipe size due to 

the concentration of daylight; and 2) the passive light collection resulting in cheaper 

construction and maintenance costs than active systems. However, specific geometries 

and forms of anidolic collectors are required for each building case as the 

concentration of light flux is dependent on the angles of light collection, and these 

A 

B 
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angles are dependent on geographic location. Consequently, anidolic systems could be 

more expensive than a simple redirecting system (see Section 2.4.2.3). 

 

Figure 2.5: Anidolic concentrators for the collection of natural light of Caisse-Gonges building in 

Brussels (Samyn, 1998). 

2.4.1.2 Luminescent solar concentrators  

A luminescent solar concentrator (LSC) is another system designed to concentrate 

sunlight. It consists of a thin plate of a highly transparent material (e.g polymethyl 

methacrylate-PMMA), that it is doped with fluorescent dyes. The dye molecules 

absorb part of the solar radiation incident on the plate and re-emit fluorescent 

radiation that is transported to the edges of the plate by total internal reflection (Figure 

2.6).  

 
 

Figure 2.6: Cross-section of a fluorescent concentrator. Source: Zastrow (1986). 
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For white light production, the stack requires at least three colour plates (blue/violet, 

green, and red/orange/pink). Figure 2.7 shows one of the LSC systems. The collectors 

generally consist of plates of 120mm width, 2mm height and 1m to 2m long to 

provide sufficient area to supply enough output light, about 1000 lumens, for a 

standard domestic room size (Smith and Franklin, 2000). Mirrors added along the 

base and edges of the LSC collector redirect any rays that have not been absorbed by 

any of the panels back towards the panels, improving the overall efficiency of the 

collector.  

 

Figure 2.7: Luminescent Solar Concentrator (Smith and Franklin, 2000). 

The extraction edge of the LSC collector is then connected through an optical joint to 

a light transport system such as flexible light guides, fibre optics or prismatic pipes 

(Bornstein and Friedman, 1985). The benefit of this system is that since absorption of 

the incident light is not dependent on the elevation angle of the sun, the system can 

operate at all incidence angles (Smestad et al., 1990). Therefore, they offer the 

advantage of concentrating diffuse light as well as direct sunlight, in contrast to 

optical imaging concentrators (lenses, spherical mirrors) (Zastrow and Wittwer, 

1986).  The main limitation of LSCs is their low optical efficiencies with less than 

10% of incident light converted to output light. Other problems include the 

degradation of the dyes (particularly blue/violet) by U.V radiation, and the efficiency 

of light transport in the dyed material. Studies by Earp et al. (2004) showed that the 

individual panel efficiencies for a LSC with violet, green and pink panels were 0.29%, 

5.8%, and 1.5%, respectively. Consequently, due to the low efficiency and stability 

problems with blue dye molecules, the difficulty of obtaining white light is a major 
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shortcoming of the technology. To provide white light, at least a moderate lumen 

output of red or pink and blue or violet light is required. Research is being done to 

improve: 1) the stability of the fluorescent dyes under UV exposure, 2) the overall 

efficiency of the system, and 3) light mixing to achieve white light. New solutions 

involve a hybrid system (Figure. 2.8), with one or two panels for the absorption of 

solar light (green and red panel), and an electrically powered blue light emitting 

device that supplements output of the light collector to provide light of the right 

spectral characteristic (white). Alternatively, electric light provided to the lamps may 

be sourced from solar panels (Smith and Franklin, 2004).  

 

Figure 2.8: Hybrid lighting system (Smith, 2004). 

Although LSC provides a viable passive solution for light transport systems 

(especially for domestic use) in collecting and concentrating direct and diffuse 

sunlight without the need of sun tracking systems, further studies are required to 

achieve the right light spectral quality, and to improve system efficiency.  

2.4.1.3 Light redirection collectors 

In contrast to the light concentration collector systems, light redirection systems 

operate on aligning sunlight with the light transport system. The efficiency of light 

transportation in light pipes depends strongly on the angle at which sunlight enters the 

light pipe.  Sun rays that reach the input aperture of a light pipe with an angle closest 

to that of pipe orientation will undergo fewer reflections; thereby a collector system 

that redirects the sun rays more axially along a pipe will increase the performance of 

the system. Consequently designs of passive collector systems have focused primarily 

on improving the incidence of the sun angle reaching the aperture of the light pipe. 

However, geographic location (i.e. latitude), changes to the sun elevation throughout 
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the year and pipe/collector orientation are critical environmental considerations that 

will strongly affect system performance. The main examples of light redirecting 

systems used with light transport systems are reflective devices and laser cut panels. 

Reflective collectors 

Reflective devices are made of high reflectance material and are designed to redirect 

the maximum amount of daylight falling on the collector to the light pipe aperture. 

These devices do not concentrate daylight, and can be flat or curved mirrors. 

A representative working example is the Heliobus system developed for a school in 

St. Gallen, Switzerland (Aizenberg et al., 1996, Aizenberg, 1997b, Aizenberg, 1997a). 

The Heliobus (Figure 2.9) system consists of a concave mirror (2.25m high, 1m 

diameter, and 95% reflectance) to collect natural light, a unit containing an artificial 

light source, a vertical hollow prismatic guide (9.1m high and 0.65m wide), and 

extractors (further description of transport system in Section 2.5.3.1). The design is 

the result of intersecting two cylinders. The collector is in a fixed position facing 

south, and the inclination of the collector corresponds to the sun inclination at noon on 

summer solstice for that location (approx. 66ºN). Aizenberg et al. (1996) explained 

that on this date the solar rays are parallel to the axis of the sloping cylinder and fall 

on the entrance end of the guide. As sun altitude at noon decreases before and after 

the summer solstice, more light flux is captured by the specular reflector and directed 

into the light guide, until the autumn and spring equinoxes when the solar altitude at 

noon is at 48º. At the equinoxes, the reflected rays are directed vertically downward 

and the captured flux is increased by 80% compared with the summer solstice. From 

the equinoxes to the winter solstice, the performance of the collector decreases 

because at low sun elevation angles, less sun light is captured due to the inclination of 

the collector and consequently, light flux is reduced. Maximum performance of the 

system is therefore at noon. The flux collection is reduced before and after noon, due 

to the azimuth dependence of the system. The reason is that the projected area of the 

collector surface decreases with higher sun azimuth angles. Aizenberg et al. (1996) 

stated that the total time of seizing solar radiation at summer solstice is equal to 9 

hours, while at spring and autumn days of equinox it is 12 hours. 
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Figure 2.9: Heliobus sun collector (Aizenberg, 2003) 

Limitations of reflective collectors usually include: 1) collection of mainly the direct 

component of daylight, and inability to collect light from the whole sky vault; 2) the 

large size of collectors that creates difficulties in integrating the device into the 

architecture of buildings, 3) the fixed position of the collector means that the 

performance of the system varies during the day due to the azimuth and altitude 

dependence of the system. However, as with other fixed passive systems, there are no 

mobile parts, and less maintenance. 

Laser cut panels 

Laser cut panels (LCP) are another light redirection system that has been utilized for 

the improvement of daylight collection in domestic scale mirrored light pipes 

(Edmonds et al., 1995, Shao and Riffat, 2000). Depending on their inclination, LCP 

helps to improve daylight collection when sun elevation is low in the sky, and can 

reject sun rays at high solar elevations to reduce problems of overheating (Theory of 

LCP presented in Section 3.5). Figure 2.10 illustrates how a LCP redirects light more 

axially along a mirrored light pipe. Benefits of this passive system are: 1) its relatively 

low cost, 2) the potential to collect light from the whole sky vault; and 3) the ability to 

deflect both direct and diffuse components of daylight. As with all passive systems, its 

performance will be less effective than any active tracking systems.  
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Fig 2.10: Left- Light pipe with clear glazing. Light at any angle coming into the pipe will be lost 

due multiple reflections. Right- Light pipe with LCP. The LCP ideally redirects light along the 

pipe diminishing the number of reflections and therefore losses of light intensity. 

2.4.2 Active collection systems  

An active collection system implies some kind of tracking device that continually 

orientates the collector system towards the sun. The advantage of an active system is 

the potential to collect the maximum daylight available at any time and deliver a large 

quantity of daylight through a smaller cross section of the transport network. An 

optimised tracking system requires software and hardware support using data for each 

location to follow the location of the sun. Disadvantages of active systems include: 1) 

increased costs due to the need of more complicated designs, sensors, softwares and 

hardware, and 2) an increase in maintenance due to mobile parts of the system, which 

will also contribute to operating costs. As with passive systems, collectors for active 

systems either collimate or concentrate light. Some examples of active systems 

include heliostats, curved reflectors and Fresnel lenses. 

2.4.2.1 Light redirection systems 

Heliostats are flat mirrors usually placed on the roofs of buildings that track the 

position of the sun and then redirect it into light transport devices to be guided to 

interior spaces in buildings. A mechanical system allows the mirror to track the sun 

motions. The tracking is automatically controlled by software and hardware. 

Depending on the collector assembly, the optical axis may be designed for altitude or 

azimuth tracking, combined altitude/azimuth tracking, or polar axis/azimuth tracking.  

The light ray is redirected to a second reflector placed in a fixed position that then 

directs the light to the aperture of the light pipe. The second element can consist of 

lenses, curved mirrors or Fresnel lenses that concentrate or focus light into the light 

pipe aperture. Figure 2.11 shows a schematic design of a flat heliostat comprising 
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tracking and focusing mirrors. Construction and maintenance costs are the main 

disadvantages of Heliostat systems. The size of heliostats may also have an influence 

on the aesthetics and structure of the building and therefore require considerable 

planning in the early design stages. 

 

 Figure 2.11: Heliostat. Source: (Mirkovich, 1993). 

A working example of a heliostat (Figure 2.12) has been installed on the roof of the 

Semper lux headquarters, a three storey building in Berlin (Rosemann and Kaase, 

2005). The heliostat is part of a light transport system used to illuminate the staircase 

of the building. The heliostat is a two-axis controlled flat mirror system with an area 

of 6.25m2 that follows the altitude and azimuth sun angle. The focusing devices are 

Fresnel lenses that focus the light into a curved reflector that then guides the light into 

a hollow prismatic light pipe.  

Figure 2.13 shows how the system looks on the building. Although the optical 

focusing devices are protected from the environment and integrated better with the 

building architecture, the heliostat mirror is unprotected and its performance will be 

reduced due to dirt/pollution build-up. Regular cleaning and maintenance of the 

mirror is required to maintain optimal performance of the system. 

 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Figure 2.12: Schematic design of flat heliostat, focusing fresnel lenses and curve reflector 

(Technical Committee 3-38, 2006). 

 

Figure 2.13: Heliostat and optical system for the Semperlux building (Rosemann and Kaase, 

2005). 

2.4.2.2 Light concentration systems  

Concentration of light in active systems can be obtained by image forming optical 

devices such as curved reflectors or Fresnel lenses, and non-imaging concentrators 

such as CPC, explained in Section 2.4.1.1. 

Curved reflectors are tracking systems consisting of an image-forming parabolic 

mirror that concentrates the light into a small input aperture of the light transport 
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guide (e.g. optic fibres). An example of a curved reflector is the Honeycomb system 

shown in Figures 2.14. These systems can track the sun in the same way as a flat 

mirror, where the optical axis may be designed for altitude or azimuth tracking, 

combined altitude/azimuth tracking, or polar axis/azimuth tracking. The major benefit 

of curved reflectors is the concentration of light, requiring only small diameter pipes, 

thereby reducing the foot print of the pipe. However, manufacturing costs will be 

higher for this type of system to ensure the precise alignment of the optical 

component systems and optimal performance. Any slight misplacement of the 

reflectors during manufacture and installation will result in decreased performance of 

the system.  Studies on how to integrate the system into the aesthetics and architecture 

of a building are also necessary. 

 

Figure 2.14: Left: Honeycomb and optical fibres daylighting distribution system. Source: 

(Mirkovich, 1993).  Right: Honeycomb heliostat. Source: (Mirkovich, 1993). 

A simpler way of concentrating light is by means of Fresnel lenses. Figure 2.15 shows 

a collecting head unit for a vertical light pipe system installed in a large storage 

building of the 3M Company in Carpiano, Italy. This collector only rotates around the 

vertical axis. This is feasible because of the 3M-21X Fresnel lens acceptance angle, 

which enables the sun’s rays to be focused for almost every sun elevation angle from 

the typical sun path at the latitude of installation. The focused rays are then reflected 

by an anidolic mirror surface into the vertical duct, as close as possible to its axis. The 

anidolic surface has a special shape in order to allow the capture of as much of the 

diffuse daylight component as possible (Mingozzi et al., 2001). The most important 

benefit of this system is that by using the Fresnel lens, the tracking system only needs 
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to rotate around the vertical axis, making the whole system simpler, and less 

expensive.  

 

Figure 2.15: Collecting head unit for the Arthelio prototype in Carpiano Italy (Mingozzi et al., 

2001). 

2.4.3 Conclusions of light collection systems 

The previous section has outlined some of the collection devices currently available or 

under research, and illustrates the diversity in light collection solutions. Light 

collection is one of the most important factors in determining the performance of the 

light transport system. Therefore, considerable effort is required to select the most 

appropriate solution. The selection of an active or passive system will depend on the 

space available in the building, lighting conditions of the location, budget, and 

limitations on the angle of acceptance of the material used as a light pipe. Although a 

passive system is cheaper in theory, they require larger light guides, which will use 

more material, and the light guides may occupy more rentable space. Passive system 

performance will depend on sun elevation, which will not be even throughout the day 

and the year. An active system will be more expensive due to its complexity and 

mobile parts, and will also require more maintenance. The major disadvantage of 

active systems is explained by Cates (1996): 

“Trackers are electromechanical devices that have moving parts. Moving parts wear out 

much more often than static systems. They require energy and some sort of 

microprocessor to keep them going. They can fail or get out of alignment. They can be 

blown over or away in a storm; be damaged by hail; or get their mechanisms clogged 

with leaves, dirt, twigs, pine needles, or whatever”. 



Chapter II 

 
2-18 

However, tracking system will offer a more even and better performance under 

different conditions. The concentration of light in active systems also permits a 

reduction in the diameter the light pipe.  

The following section describes light pipe materials currently available, and assesses 

their benefits and limitations. 

2.5 Light guidance for light transport systems 

The transport component of beam lighting systems has evolved from large atriums 

and open overhead air space to light guides the size of conventional mechanical ducts 

(Mirkovich, 1993) and even to the point of only a few millimetres width with fibre 

optics.  

The general classification of light transport systems depends on the material used to 

transport the light (e.g. mirrored light pipes, lenses, prismatic guides, fibre optics, 

etc.). Different materials have different optical properties and depending on the 

material, light can be transported by: 1) multiple specular reflection (mirrored light 

pipes), 2) total internal reflection (fibre optics and prismatic pipes); 3) converging 

refracting surfaces such as lenses (Figure 2.16).  

In addition, the optical properties of the material define the best angle of acceptance 

for the optimal performance of the light pipe. Light transport materials that require a 

collimated beam will result in more complicated collection systems. Some of the 

current light transport technologies and their angles of acceptance are shown in Figure 

2.17 and described below. 
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Figure 2.16: A: Specular reflection, B: Total internal reflection and C: Converging refracting 

surfaces (Tunnacliffle and Hirst, 1996). 

 

Figure 2.17: Different methods of light ray transmission. A: Lenses, B: Hollow prismatic pipes, 

C: Light rods, D: Mirrored light pipes and E: Fibre optics. 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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2.5.1 Lens systems 

In beam systems, light from the source is transported via an arrangement of lenses 

(Figure 2.18). A lens system initially requires an active collector to concentrate and 

collimate light. The converging refracting surface of the first lens converges the light 

to a focal point (Figure 2.16C), from where the light can diverge again. Successive 

lenses will be spaced at distances so as to capture the diverging light and re-converge 

it to a focal point, thereby maintaining a collimated light. Each individual lens 

transmits an image of the preceding lens to the next. An explanation of how this 

system works has been given by Bennett and Eijadi (1980): 

“The first lens is lit uniformly by the sun and transmits an enlarged image of the sun 

onto the second lens. The second lens projects an image of the uniformly lit first lens 

onto the third lens. Each even numbered lens has an enlarged image of the sun on it and 

each odd numbered lens has an image of the first uniformly lit lens on it.”  

 

Figure 2.18: Engineering building at the University of Minnesota (Bennett and Eijadi, 1980). 

The number of lenses required and their spacing is a function of the focal lengths of 

the lenses. The distance that they could reach depends on their efficiency. Light loss is 

caused by optical processes (lens light transmittance is 92%), lens absorption and 

scattering. Light lost by absorption or scatter due dust accumulation can also become 
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significant. In theory, the system does not need a pipe, but to keep the dust 

accumulation to a minimum, it may be necessary to install the lens system within a 

pipe.  Considerable precision is required to mount and space the lenses for the system 

to work efficiently. If lenses move from their position, either during mounting or in 

service, then the overall system efficiency is affected (Ayers and Carter, 1995). 

Consequently, lenses and their associated mounting equipment and maintenance tend 

to be expensive. 

Examples of lens systems are generally from the late 1970’, early 1980’s, and few 

have been built since. An example of this type of system is the integrated daylighting 

lenses device for the Civil/Mineral Engineering building at the University of 

Minnesota, designed by Eijadi for Bennett architects (Eijadi, 1983). This system was 

designed to use ten sun-tracking heliostats of 1.5m2 each, with a system of lenses and 

mirrors to transport and focus the light through small apertures illuminating an area of 

400 m2 with 1000 lux. Eijadi (1983) suggested that the 13 optical processes over the 

total transmission distance of the system may give an efficiency of 28%. Theoretical 

studies by Eijadi (1983) showed that the average efficiency of the system, between 

extremely dirty to freshly cleaned lenses, is approximately 17%. Only two heliostats 

were built and the system is no longer in use due to cost-saving modifications to the 

original design that made the equipment difficult to maintain (Bennett, 2005). 

2.5.2 Mirrored light pipes (MLP) 

The development of light pipes began in the late eighteen hundreds, with the design of 

systems for piping light from a central source into the interior of buildings. The reason 

was that some light sources generated unacceptably high temperatures, and could 

cause fire or explosion (Aizenberg, 2000). Consequently, light sources needed to be 

further away from the working area. The first mirrored light pipes were very 

inefficient, expensive and heavy due to the use of metal on glass mirrors. However, 

the creation of high quality polymeric films with the same specular properties as metal 

on glass was a critical technical advancement making light pipes affordable and 

practical (Whitehead, 1994). 

In hollow mirrored pipes, the light is transmitted inside the tube from the source to the 

output aperture by a number of multiple specular reflections at the inner wall surface 
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of the pipe (Zastrow and Wittwer, 1986). Light transmission depends on the input 

angle of the incident light, the proportions of the tube in terms of the ratio of length to 

cross-sectional area and on the reflectance of the guide (Ayers and Carter, 1995). 

Light entering the pipe at a large angle to the pipe axis, will undergo numerous 

reflections with corresponding light loss that depends to a great extent on the 

reflectance of the wall material (e.g., polished aluminium has 85% reflectance; silver 

coated plastics or aluminium has 95%; and new products have up to 98% reflectance 

such as Miro-silver, an aluminium enhanced with PVD process). Consequently, a 

collimated beam is required to minimize the number of reflections within the pipe. 

Performance can also be increased by enlarging the system components (but 

potentially at the expense of using valuable space), using sun tracking systems or by 

utilizing passive daylight collectors such as laser cut panels (Edmonds et al., 1995, 

Travers, 1998) that redirect sunlight more directly along the pipe. Mirrored light pipes 

of small-scale have been used quite successfully in domestic and commercial 

applications for the enhancement of natural light in rooms with poor illumination 

levels. The technology is also being applied in buildings with a large floor to façade 

ratio that need to be illuminated through the roof such as supermarket, warehouses, 

etc (Figure 2.19). 

 

Figure 2.19: Building with large floor to façade ratio, Sutton Sport Arena-South London, 

(Technical Committee 3-38, 2006). 
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Currently available in the market are mirrored light tubes from different brands such 

as Monodraught, Skydome, Solatube, etc. These commercially available products are 

usually vertical light pipes that comprise:  

1) A Collector: cheaper systems use just a simple acrylic dome. Figure 2.20 

shows some more expensive and efficient solutions that redirect light more 

axially along the pipe, which include for example the prismatic diamond dome 

from Monodraught Sunpipe (Monodraught, 2005), folded laser cut panels in a 

truncated pyramid (i.e. Skytube Intech), designed by Dr. Ian Edmonds in 2004 

for Skydome (Skydome, 2005), or a collector system combining reflective 

material and a prismatic acrylic dome in Solatube light pipes (Solatube, 

2005a);  

 

Figure 2.20: Left: Monodraught SunPipe collector (Monodraught, 2005). Middle: laser cut panels 

Skytube (Skydome, 2005). Right: Prismatic dome from Solatube (Solatube, 2005a). 

2) A Transport Guide: Pipes are made of highly reflective material such as 

polished (85%) and silvered (95%) aluminium, silver coated plastic film 

(95%) and new reflective materials such as aluminium enhanced with PVD 

process called Miro Silver (98%) from Alanod (ALANOD, 2005) and a 

polymeric aluminium called Spectralight infinity (99%) from Solatube 

(Solatube, 2005b); 

3) An Emitter: At the output end of the light pipe, usually a diffusing device is 

placed to avoid direct sunlight, and to obtain a more uniform light distribution.  
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The size of commercially available light pipes usually varies from 200 mm to 400 mm 

in diameter, with lengths up to 5 metres (two floors). The most common use for these 

commercial solutions is usually to traverse complex roof spaces to reach rooms that 

are not easily accessible to skylights. Compared to skylights they transmit less solar 

heat (Shao et al., 1998, Zhang and Muneer, 2000). In addition, there are some 

products that integrate natural light with mechanical or natural ventilation, such as 

Solatube VS-versions, which couple a light pipe with a tube for either mechanical or 

natural ventilation (Solatube.com.au, 2005). Monodraught has a system (SunCatcher) 

that provides passive stack ventilation using wind power and the thermal rise of warm 

air as the only driving force (Monodraught, 2007). Both systems are shown in Figure 

2.21. Further information on light pipes and natural ventilation in section 2.5.2.1. 

 

Figure 2.21: Left- Mirrored light pipe and ventilation system, Vs 1000 vent/ skylight 

(Solatube.com.au, 2005). Right- SunCatcher from Monodraught (Monodraught, 2007). 

Performance studies of commercially available light pipes have been undertaken by 

numerous research groups especially in the United Kingdom. Shao et al. (1998) 

performed a study of light pipes used in four different types of buildings (commercial, 

residential, education and health). The light pipes varied in diameter (330 mm and 530 

mm), length (0.6 m to 12 m), aspect ratio (2 to over 30), and in the number of bends in 

the pipe (0 to 4). Light collection was by a simple acrylic dome, and the pipe 

reflectance was 95%. That study showed that light pipes with aspect ratios up to 6 

gave internal/external illuminance ratios around 1%. However, the performance 

decreased for light pipes with large aspect ratios or an increased number of bends. 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Several other studies have confirmed the dependence of performance on aspect ratio 

and number of bends of the light pipe (Oakley et al., 2000, Carter, 2002).  

In conclusion, the performance of a light pipe is strongly dependent on the incident 

external illuminance and the pipe configuration. The quantity of light entering the 

pipe depends on the illuminance incident on the collector, the type of collector, and 

the cross section area of the pipe. Light loss will occur at each optical process in the 

passage of light through the collector, straight pipe lengths, diffuser and bends 

(Carter, 2002). 

2.5.2.1 Current research in Mirrored light pipes (MLP)  

Major research into MLP technology includes: 1) the integration with natural 

ventilation, 2) the development of higher reflectance materials (by commercial 

manufacturers), 3) the combination of MLP with passive collection devices to 

increase the overall performance of the system, and 4) mathematical modelling of 

mirrored light pipe technology. Mathematical modelling of mirrored light pipe 

performance is discussed further in Chapters 3 and 4. This section assesses in 

particular, the integration of MLP with natural ventilation, and applications of MLP 

outside of commercially available technologies, such as horizontal light pipes and the 

coupling of MLP with different passive collectors. 

Mirror light pipes integrated with natural ventilation  

Natural ventilation is not the scope of this PhD study; however, integration of light 

pipes with ventilation vents makes the use of the technology more attractive by 

optimizing the space occupied by a MLP. This section summarises the research 

undertaken to assess the feasibility of a new design of light pipe and natural 

ventilation system (Shao and Riffat, 2000, Varga and Oliveira, 1999, Oliveira et al., 

2001, Elmualim et al., 1999). The design consists generally of two concentric light 

pipes (Figure 2.22). Natural ventilation is achieved by two driving forces: 1) the 

temperature difference between indoor and outdoor, which results in pressure 

difference, and 2) the pressure difference due to wind flow around the pipe outlet 

(Varga and Oliveira, 2000).   
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Figure 2.22: Mirror light pipes integrated with natural ventilation (Shao and Riffat, 2000). 

Research on a light pipe/vent system has usually focused on the following: 1) the 

design and assessment of different ventilation pipe terminals (i.e. open channel, 

umbrella type and H-pot type) (Varga and Oliveira, 2000, Oliveira et al., 2001), 2) 

assessing new materials such as dichroic material that allow the infrared part of the 

solar radiation to be transmitted to the stack but the visible light is guided by the light 

pipe (Elmualim et al., 1999); and 3) the combined assessment of performance of the 

system, including experimental and modelling (Elmualim et al., 1999, Shao and 

Riffat, 2000). Experimental and simulation studies on light pipe/vent systems have 

found that: 1) the umbrella-type terminal has a better ventilation performance, up to 

5% higher than a H-pot type for low wind speeds, and is easier to manufacture and 

consequently cheaper than the H-pot (Oliveira et al., 2001); 2) Dichroic material light 

transmittance was similar to that of a pipe with a 95% reflectance, and the infrared 

radiation transmitted through the dichroic material into a passive stack was found to 

enhance the natural ventilation flow by up to 14% (Elmualim et al., 1999); 3) light 

pipes/vent systems with dichroic material perform well with aspects ratios less than 

10 and studies also have shown that they perform better in summer when they are 

most needed; and 4) light pipes built with reflectance material Natralux Spectralight 

2000 (reflectance 95%) and an aspect ratio of 10 had transmission ratios (the ratio 

between internal and external illuminance) in the order of 1.6% to 2.4% for cloudy 

days, and 1.3 to 1.7% on sunny days (Shao and Riffat, 2000). Ventilation ratios were 

in the order of 8 air changes per hour. Although these studies have shown the 
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possibility of integrating light pipe for illumination and ventilation into one system for 

commercial applications, further research is required to assess the technological 

capabilities of the system to serve more than one floor. 

Horizontal light pipes 

Examples of light transport systems described above collect natural light from the 

roof of the building for distribution into designated interior spaces. However, due to 

the strong dependence of light pipe performance on its aspect ratio, the most efficient 

systems will have the shortest pipe distances from the building envelope. 

Consequently, for multi-storey buildings, light cannot always be collected from the 

roof, so that when the shortest distance is to the building façade, horizontal light pipes 

will be the most efficient to illuminate the deep core of a building.  

Most horizontal light pipe examples in the literature are based on theoretical studies 

where computer simulation, full-scale models or scale models have been used to 

assess their performance. Generally, the aim of these systems are to: 1) increase the 

illumination of a room at distances further from the daylight source (window), and  2) 

provide a uniformity of daylight distribution without problems of glare that is 

sometimes present in light guiding systems placed on windows. In addition, a trend in 

tropical building design is the use of glazing with low visible transmissivity to reduce 

radiant heat gain and glare that reduces daylight in air-conditioned buildings 

(Chirarattananon et al., 2000). Consequently, the horizontal light pipe proposal of 

Chirarattananon et al (2000) for buildings in the tropics (see Table 2.1) aims to 

decrease the size of the window thereby reducing the thermal gain, and increasing 

deep room illumination without thermal gain by means of piping light. As suggested 

by Beltran (1997), the main problem with horizontal light pipes is that they usually 

need to be small enough to fit with other building subsystems (mechanical ducts, 

lighting, structure, etc.) within the ceiling plenum. This width of the plenum space (up 

to 0.5 m wide) limits the diameter of the pipes and can make the transportation of 

light to deep spaces difficult. Consequently, the design of collection devices is critical 

to ensure plenum-constrained horizontal light pipes are a viable daylighting solution.  
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Table 2.1: Comparison of horizontal light pipe solutions for mirrored pipes. L=lengh; H=height, 

W=width; ρ= material reflectance; NH= north hemisphere; CPC= compound parabolic collector 
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Figure 2.23: A- Anidolic ceiling (Courret et al., 1998); B- CPC light pipes (Beltran et al., 1997); 

C- Light pipes with glazed collector in the tropics (Chirarattananon et al., 2000); D- Horizontal 

light pipes with mechanic collector (Canziani et al., 2004). 
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Table 2.1 shows a comparative analysis of the horizontal light pipe systems found in 

the literature: 1) anidolic ceiling (Courret et al., 1998, Scartezzini and Courret, 2002), 

2) Berkeley light pipes (Beltran et al., 1997), 3) light pipe with glazed collector 

(Chirarattananon et al., 2000) and 4) horizontal light pipe with active collection 

(Canziani et al., 2004). Figure 2.23 shows the schematic design of these four different 

light pipe configurations. 

Two examples use a compound parabolic collector (CPC) for the concentration and 

collimation of light (Beltran et al., 1997, Scartezzini and Courret, 2002), whereas the 

Canziani et al. (2004) example (Figure 2.23D) uses an active system for better 

collection and redirection of light along the pipe. A reflector system is needed to 

partially collimate incoming sunlight to minimize inter-reflections within the transport 

section, and to maximize the efficiency of the system. Generally, the azimuth 

dependence of these systems and its affects on light collection has not been examined. 

For light transportation along the pipe, some examples (Figure 2.23B, C and D) show 

a gradual decrease of the cross section of the light pipe. For light extraction, most 

examples have one aperture for the output of the natural light while in the light pipe 

system with an active collector, light is extracted in an even manner along the 9 m 

length of the pipe by: 1) the tilted design of the walls of the pipe, 2) redirection of 

light by the collection system to the diffuse ceiling of the pipe, and 3) the extraction 

openings having different transmittance to compensate for the differences in light 

intensity along the pipe. 

All the examples of Table 2.1 confirm viability of horizontal light pipes as a solution 

for increasing daylight illumination deep into buildings, and to save energy 

consumption of buildings by up to 20% (e.g Canziani project). These examples also 

show that the longer the pipe, the more complicated the collection system needs to be. 

Further studies are necessary to assess the possibilities of this technology in terms of 

how far the light can be transmitted, lighting distribution, energy savings and 

architectural and structural integration. 

Mirror light pipes and collection systems  

Since the performance of a light pipe depends on the number of reflections the light 

undergoes in the pipe, one way to improve the directional properties of the light is to 
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combine laser cut panels (LCP) as collectors with the mirrored light pipe (MLP). By 

placing the inclination of LCP in accordance with the sun angles, the redirection of 

the light along the pipe is improved, and therefore the overall performance of the 

system enhanced. Different studies have assessed the benefits and limitations of this 

innovative solution as a collection system for mirrored light pipes (Edmonds et al., 

1995, Edmonds et al., 1997b, Travers, 1998, Shao and Riffat, 2000). 

Edmonds et al. (1995) first proposed this solution to enhance the performance of 

vertical light pipes. The vertical system consisted of a simple LCP panel tilted at 20º 

(Figure 2.24). Testing was done with full-scale light pipes, one with an LCP and the 

other one without. The pipes had an aspect ratio of 7 (length of 1.8 m and diameter of 

0.255 m) and a reflectivity of 95%. The results showed that when the LCP is facing 

the direction of the sun, performance of the pipe is increased on average by about 

100% for sun elevation angles under 60º. Other tests performed with a fixed position 

of the LCP (facing north) showed that the system performance is dependent on the 

sun azimuth. A good performance of the LCP/MLP system was still achieved for 

winter months when sun reached the panel at low elevation and azimuth angles. The 

enhancement is reduced at other times except during winter when direct light from the 

sun at low elevations falls more obliquely on the LCP and the collection area 

decreases sharply. Edmonds et al. (1995) concluded that the best way of improving 

this system is to have a tracking system or an LCP with a pyramid form so that a 

significant area of LCP is projected towards the sun at all time. 

 

Figure 2.24: Vertical light pipe coupled with LCP. Source: Edmonds (1995).  
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Edmonds et al. (1997b) first suggested the use of a tracking 24 hour rotating LCP 

system as a collector for mirrored light pipes in domestic buildings at high latitudes in 

the northern hemisphere. At high latitudes, close to the polar axis, the path of the sun 

is close to a simple constant 24 hour rotation so that tracking the sun about a vertical 

axis can be attained with a simple 24 hour clock mechanism (Edmonds et al., 1997b). 

In his comparison of the performance of a LCP/MLP with a tracking system and an 

open MLP (both pipes having an aspect ratio of 8) the performance of the first system 

would be more than doubled.  

Theoretical and experimental studies were undertaken by Travers (1998) of a 24 hour 

LCP tracking system, who compared three MLP’s with an aspect ratio of 25 and 

reflectance 95%, configured with different collection systems. The first MLP was 

coupled to a 24 hour LCP tracking system, the second had a fixed LCP (facing north) 

and the last pipe was open. All systems were tested as vertical and horizontal light 

pipes. Although the fixed LCP improved the performance of a MLP in the middle of 

the day (when the sun is normal to the panel), a tracking system provided a much 

more steady output over a much greater period of time. Furthermore, the improved 

performance of the LCP tracking system allowed the aspect ratio of the mirrored light 

pipe to be extended by up to three times. However, development and operation of the 

tracking system remained outstanding problems. 

Shao and Riffat (2000) also tested the LCP for London climate. The MLP had an 

aspect ratio of 10.2 and a fixed LCP fitted at an angle of 30 degrees above the 

horizontal plane and facing south. The results were similar to those of Edmonds et al. 

(1995) where performance was only dramatically increased at the solar noon.  

The LCP technology has been applied to numerous buildings in Queensland, 

Australia. One new product that tries to improve the performance of a fixed LCP has 

been designed by Dr. Edmonds for Skydome, and is now commercially available 

(shown in commercially available MLP section- Figure 2-20). The new fixed system 

comprises an LCP moulded into a truncated pyramid with a hexagon plan. This new 

form allows more area of LCP to be projected towards the sun at all time. Further 

studies are required to assess the applications of LCP for illuminating multistorey 

buildings with light pipes of greater aspect ratios, and extraction of light at different 

points along the pipe.  
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Other applications of the LCP technology for mirrored light pipes as extractors and 

distribution systems are discussed further below in the Light extraction and 

distribution section.  

2.5.3 Hollow prismatic pipes (HPP) 

A hollow prismatic pipe (HPP) is a light transport device developed by Lorne 

Whitehead (Whitehead et al., 1982, Ayers and Carter, 1995). This device was aimed 

at combining the low material content of a mirrored light pipe and low attenuation of 

air transmission of light with the efficiency of the total internal reflection of fibre 

optics (Whitehead et al., 1984).  

The system consists of a hollow structure, made of transparent acrylic plastic, with 

prism-shaped external facets on the walls (Figure 2.25). The external facets behave 

like mirrors by the process of total internal reflection. Whitehead et al. (1982) 

explained that when a light ray strikes the inner wall of the pipe, some of the light will 

be reflected back to the air space and some transmitted into the wall material. Light 

rays that continue into the wall material will, by total internal reflection, strike the 

facets of the outer wall, and be redirected back to the inner tube and air space (Figure 

2.25 top right). Light trapped within the pipe material will continue to propagate down 

the pipe (Whitehead et al., 1982).  

 

Figure 2.25: Hollow prismatic light pipes (Audin, 1995). 

However, for the light to travel down the pipe with few losses, the incident light 

should be between the acceptance angles for the prismatic material, which is 27.6º 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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(half angle) on the longitudinal direction of the light (Whitehead et al., 1984). Figure 

2.26 shows light reaching the prismatic pipe from a source, and the angle of 

acceptance (half angle θ). 

 

Figure 2.26: Light source of arbitrary shape coupled to prism light guide, based on Kan et al. 

(2000b). 

When the light is collimated within the acceptance angle, the pipe can have an overall 

reflectance in the order of 98%. Imperfections in the material result in light leakage 

from the pipe, the effect of which makes the pipe glow, and for this reason, the 

prismatic guide could act as both a transport and emission device or luminare (Ayers 

and Carter, 1995). 

The precision required for the prisms in the walls of the prismatic light guide resulted 

in excessive manufacturing cost and quality control problems. However, since 1985 a 

new 3M technology known as micro-replication has replaced the prismatic pipe. The 

new solution consists of a film that has the same properties as the prism created by 

Whitehead et al. (1982) but in a 0.5 mm thick sheet (Whitehead, 1994). This has 

facilitated more affordable hollow prismatic guides.  

The properties of hollow prismatic pipes make the technology an ideal system for the 

transportation of light. The technology has been used for the transportation of both 

natural and/or artificial light. However, the need of a highly collimated beam results 

in complicated heliostats or collection systems when the system is used for the 

transportation of natural light. Some examples are described below that use this 

technology in buildings. 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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2.5.3.1 Hollow prismatic pipes and Natural light  

Numerous applications of prismatic pipes are found in the literature. Some have 

passive collectors such as the Heliobus developed by Aizenberg (Aizenberg et al., 

1996, Aizenberg, 1997b), however, most examples of prismatic guide applications do 

have some sort of active collector for the collimation of natural light (Whitehead et 

al., 1984, Whitehead et al., 1987, Signer, 2001, Aizenberg et al., 2002, Aizenberg, 

2003, Rosemann and Kaase, 2005). In addition, most of these examples integrate 

natural and artificial light in the one system. 

The passive prismatic system, ‘heliobus’ (Figure 2.9) has been discussed in Section 

2.4.1.3. The system consists of a passive collector coupled to a prismatic guide. 

Figure 2.27 (left) shows a schematic drawing of the design. The passive collector is 

connected to an intermediate device that collimates natural light further and 

incorporates the artificial lamps. The system is then connected to a prismatic light 

pipe of 9.9m length, which illuminates 4 floors. The light guide has a square section, 

and its dimensions are 0.65m by 0.65m. The guide is used simultaneously as a light 

transport system and luminaire by integrating light transport and distribution. The 

transparent guide is made of PMMC, lined with prismatic film named SOLF and 

fabricated by 3M. In addition, to help extract the same amount of light at each floor, 

light diffusing tubes made from PMMC with 2m length and 0.1m and 0.2m diameters 

are placed in the interior of the pipe. Any light that reaches these extractors changes 

direction and leaks through the pipe making it glow (Figure 2.27-Right).  All the 

remaining light is extracted at the end of the pipe through a diffusing material to 

illuminate the underground room.  

In terms of performance, the solar transmission factor of the systems is 30% 

(Aizenberg, 1997a), achieving, on average, illuminance values over the 100lux (value 

of design) over five hours a day. The light distribution in the space ranged from 1.5 to 

3 times higher at the centre of the room and 2 to 3 times higher at the near walls than 

without a light guide. However, the distribution of the light in the horizontal plane 

was still greater in the centre of the room than it was at the walls. Additionally, the 

system could create problems with glare, since the light source is at the eye level. In 

this case, the space is a recreational hall and task illumination is not important. In the 

vertical plane, under natural light, illuminance in the first floor is around 480lux 
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(summer-midday) whereas at the bottom floor it is only 220lux, indicating that a 

better light distribution at each floor is necessary. However, a more even distribution 

is achieved with artificial light (top floor has 822lux, the bottom floor 671lux), the 

reason being that artificial light has a predetermined angle that is mostly within the 

angle of acceptance of the prismatic pipe (less than 30º). 

 
 

Figure 2.27: Left: Section of Heliobus system (collector + prismatic light guide) (Aizenberg, 

1997b). Right: view of the transport and luminare device, (www.heliobus.com). 

Most prismatic light guiding systems are connected to active collector systems, 

because of the need of a highly collimated beam for a good performance of the 

system. An example that has been monitored after its construction is the Arthelio 

prototype built for the Semperlux building in Berlin (Rosemann and Kaase, 2005). 

The system was designed for the illumination of three-level stairwell. The aim of the 

design was to achieve at least an average of 100lux of natural light through the day 

and year. The active collection system comprising a heliostat and Fresnel lenses is 

described above (see Figure 2.12). The collection head components also include: 1) a 

coupling system to mix the available amount of daylight with artificial light, 2) 
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intelligent electronic devices for the heliostat and lamp operation, and 3) an interface 

for adaptation to the building management system. The light collection system 

supplied two hollow light pipes of 12.5m in length and 0.3m in diameter (Figure 

2.28).  

 

Figure 2.28: Schematic design of the light transport system for Semperlux building, Berlin 

(Rosemann and Kaase, 2005). 

 

Figure 2.29: Arthelio Project Berlin (Rosemann and Kaase, 2005). 

As in the Heliobus example, the hollow light guides are used as both a light transport 

system and distribution or luminaire (Figure 2.29). White diffusing reflecting bodies 
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have been hung in the middle of the light pipes to extract the light. Any light that 

reaches the base of the pipe is reflected back up the pipe by a mirror.  

To assess the performance of the Arthelio project in Berlin, measurements were taken 

from 8am to 5pm for sunny, partly cloudy, and overcast conditions. The 

measurements showed that on sunny days, the system reached illuminance levels well 

over the 100lux required, reaching values that ranged from 165lux to 465lux. For 

measurements taken on partly cloudy and overcast conditions, the sulphur lamp was 

activated, and therefore, light levels (artificial plus daylight) always reached the 

100lux. Monitoring of this project showed that the system only really works when 

direct sunlight is available. During overcast days, no natural light collection was 

possible. Importantly, energy savings on sunny days were around 64% and on partly 

cloudy days approximately 39%. 

Only theoretical studies have been undertaken to apply this system to the illumination 

of deep plan office buildings. One example is the proposal of Whitehead et al. (1984) 

designed to illuminate a deep plan multistorey (flour floors) office building of 7.6m 

by 30.5m. The design comprised: 1) a heliostat (7.5m2) and concentrating mirrors (7m 

by 7m and radius of curvature of 28m) for collection of the natural light, 2) a mirrored 

light shaft to direct the light downward and mirrors to redirect the light from the 

vertical shaft to the horizontal prismatic pipes, and 3) a system of horizontal prismatic 

pipes to distribute the light in the office space (Figure 2.30). The design also 

integrated artificial light sources with natural light, with artificial light activated by 

sensors when the natural light dropped below 500lux. Computer modelling for the 

system gives an overall efficiency of 30%.  

Despite being only a design, the very complicated and large scale collection system 

would be very difficult to integrate into the architecture of the building. Importantly, 

however, Whitehead et al. (1984) first introduced the idea of an integrated lighting 

system of natural and artificial light in the same device. 
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Figure 2.30: The integrated daylighting system of Whitehead et al. (1984). 

2.5.3.2 Hollow prismatic pipes and artificial source 

Numerous commercial companies offer hollow prismatic guides coupled to artificial 

sources. Aizenberg et al. (2003) suggested that the main applications for hollow light 

guides coupled to artificial light are to provide: 1) indoor general uniform lighting; 2) 

outdoor lighting of open areas and streets; 3) lighting of tunnels and bridges; 4) 

decorative, architectural and spectacular dynamic lighting; 5) road lighting guides, 

and 6) distribution of solar or electric light within buildings. 

These systems integrate distribution of the light and source in the one system. Figure 

2.31 shows a system developed by Whitehead for TIRSystems (Whitehead et al., 

1984, Whitehead et al., 1987, Whitehead, 1994, TIRSystems, 1994, Kan et al., 

2000a). These pipes can either have a single light source at one end (single endfeed; 

Figure 2.30), which can illuminate distances up to 13.4 meters, or have a dual 

endfeed, with distances reaching up 26.8m long. 

 

Figure 2.31: Prismatic light guide connected to an artificial light source (Philips Lighting, 2005). 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library



Chapter II 

 
2-40 

The length of the systems will depend of the quality of the artificial source. Leading 

companies (VNISI, 3M, TIR, Se’lux) use mainly 1000W metal-halide lamps in the 

designs of the large light guides.  

An interesting example of the use of hollow light guides coupled to artificial light is 

the Arthelio project in Carpiano, Milan-Italy. In this project, the light guides are part 

of an illumination system that integrates natural and artificial light to serve a storage 

area of a 3M distribution Centre building (Mingozzi et al., 2001). Figure 2.32 shows 

the conceptual daylight-artificial light design. The active daylight collector unit 

comprising Fresnel lenses and anidolic mirrors are described above in Section 2.4.2.2 

(see also Figure 2.15). The collector is connected to a vertical mirrored light pipe of 

15m in length, and 0.9m diameter, built of 3M visible mirror film with a reflectivity 

of 99%. At the output end the light pipe is a diffuser that illuminates an area of 14m2. 

To illuminate the long corridor, two 3M hollow light guides of approximately 19m 

and 15m length on either side of the light pipe are used, and connected to sulphur 

lamps (specification: Sulphur lamp Light drive 1000 dimmable with electronic 

ballast). Figure 2.33 shows one section of the integrated system in detail. The idea of 

this project was to keep natural and artificial light in different system so not to deceive 

the workers about what kind of light is getting from each device. The aim was to keep 

the light pipe with natural light as a window, which will communicate the lighting 

conditions of the exteriors to the users of the space (Figure 2.34). The artificial light 

was used for the illumination of the working space.  

 

Figure 2.32: Schematic design of Arthelio illumination system in 3M building in Carpiano 

(Mingozzi et al., 2001). 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Figure 2.33: Functional units of Arthelio system. 1- Collecting head unit (single axis rotation), 2- 

duct unit (length = 12.5 m), 3- diffuser unit, 4-sulphur lamps , 5- Hollow light guides, 6- Coupling 

and diffuser unit, 7- Electronic control system to manage integration between daylight and 

artificial light (Mingozzi et al., 2001).  

 

Figure 2.34:  Diffuser unit (natural light) and hollow light guides (artificial light) (Mingozzi et al., 

2001). 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Measurements of the performance of the system showed that under sunny sky 

conditions, the mirrored light pipe could reach values ranging from 100lux to 2000lux 

depending on the time of day. The hollow light guides coupled to the artificial light 

have an even distribution along the pipe with lux levels averaging 200lux. 

Current research in to hollow prismatic pipes is focussing on the monitoring of light 

transport prototypes that integrate artificial and natural light, and the assessment of 

luminance characteristics of hollow light pipe materials by a light pipe 

goniophotometer constructed in the University of Berlin. The aim is to create a 

standardised system of evaluation, simulation and measurement methods for assessing 

light pipes (Rosemann et al., 2005). 

In conclusion, prismatic pipes have the advantages of: 1) being used as both transport 

and diffusing (luminaires) systems, 2) the aesthetic characteristics of the material, 

providing the opportunity to create very interesting solutions, and 3) the possibility of 

integrating daylight and artificial light in the same system. Limitations of the 

prismatic pipes include: 1) the material cost, 2) the required dimensions, and 

particularly for long pipes as problems arise in coupling the sheets, 3) the requirement 

of complicated daylight collector systems to achieve the necessary acceptance angles, 

and 4) glare problems, especially for vertical light pipes. 

2.5.4 Solid core systems 

Solid core systems are light transport devices where light travels through the material 

by total internal reflection. Examples include fibre optics, solid core fibre optics and 

other more affordable but less efficient materials such as PMMA flexible guides and 

acrylic rods.   

Fibre optics transport light from a remote point through thin flexible solid fibres with 

high efficiency and distribute it with standard light fixtures. Fibre optics comprise an 

inner core that acts as the light transport medium and an outer cladding of lower 

refractive index that prevents leakage of light from the core. The process of total 

internal reflection in optic fibres is extremely efficient and light transport efficiency is 

a function of length, and not diameter, in contrast to mirrored or prismatic transport 

systems. Fibre optics was first created for the transportation of information over long 

distances in a glass medium (The International Engineering Consortium), and 
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applications have included telecommunications, medical imaging, microscopes, 

cameras, etc (Ghisi, 2002). For these precise applications, fibre optics are made of 

silicate glass or plastic, with diameters of 50-125 µm, and a large number of fibres can 

be clustered together to form a flexible bundle (Ayers and Carter, 1995). The diameter 

of fibre optics can reach up to 1mm. Fibre optic cables with larger diameters (up to 

10mm) are called solid core fibre optics. They are usually made of plastic or a core 

gel, and they were developed for the transportation of light (Jutta Schade, 2002). 

Other new fibre optic materials that can be used for light transport include ultra-clear 

solid polymer light guides (cylinders or flat ribbons), and multi-core glass or polymer 

fibre, which is costly, or cheaper single-core ultra-clear flexible polymer (Smith, 

2004).  

Light transmission through fibre optics depends on the optical properties of the 

materials (Audin, 1995), specifically: 1) line loss (measured in dB/km, which records 

how much energy is lost passing through the material, so that a fibre optic with 

attenuation values ranging from 0.1 dB m-1 to 0.6 dB m-1, will lose half of the light 

intensity after a distance of 18m to 30m; 2) the acceptance angle, which indicates the 

maximum beam spread of light that will successfully enter the flat end of a fibre, and 

where the most efficient fibres have lower acceptance angles; and 3) the numerical 

aperture, which indicates the beam spread of light that the fibre will accept (i.e. sine 

of the acceptance angle).  

Advantages of fibre optics are: 1) the light source can be remote from the living space 

and infrared and a substantial amount of ultraviolet radiation can be removed before it 

enters the fibre; 2) the flexible nature of optic fibre makes it more accommodating 

within a building, in new designs and particularly in retrofit construction; and 3) the 

relatively small size does not impinge on rentable space areas (cf. atria design) to 

provide good daylighting. In addition, Mirkovich (1993) outlined the possibility of an 

integrated remote light distribution (IRLD), such as fibre optic to integrate electrical 

light and sunlight as an illuminance source transmitted and distributed through a 

common network. However, the major problem of optical fibre is the coupling of the 

light source to the optical fibre. Light is required to be tightly focused (collimated) 

and confined to a certain acceptance angle to increase transmission efficiency. 

Consequently, large light sources require very large focusing collectors.A schematic 

design of a fibre optic-based illumination system is shown in Figure 2.35.  
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Figure 2.35: Fibre optics system (Mirkovich, 1993). 

 

Figures 2.36: Commercially available fibre optics: A- Decorative use of fibre optics. B- End light 

fibre, C- Extraction light fibre and D- High luminance fibre. Source (3M, 2002). 

The most common application of fibre optics technology in lighting includes 

decorative lighting (Figure 2.36-A) and in traffic systems such as markers and path 

finders. Previous studies on the cost of fibre optics for the illumination of buildings 

defined them as “prohibitive” (Littlefair, 1990). Nowadays, with the new materials 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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available and more affordable, fibre optics are becoming more common, and 

numerous companies are offering integrating systems that collect natural light, 

transport the light by fibre optics, and emit by luminaires. One example is the 

Japanese system Himawari (www.himawari-net.co.jp) that consists of: 1) an active 

tracking collector comprising 36 to 198 lenses that feed 6 to 33 terminals (Figure 

2.37), 2) optical fibre cables, with fibre core sizes of 1 mm (number of cores: 6) and 

lengths of up to 15m, and 3) a cable terminal and light appliance. Each cable can 

illuminate an area of 3.8m2 with an average of 420lux at a distance of two metres from 

the luminaire.  

 

Figure 2.37: HIMAWARI 198 lenses collector to supply sunlight at 33 terminals (www.himawari-

net.co.jp). 

 

Figure 2.38: Parans light collector fibre optic system (www.parans.com).  

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Another example is the system offered by the Swedish company Parans Daylight 

(www.parans.com). For the Parans system, the collector (called Skyport) is a device 

with lenses that concentrate natural light and transports it to a bundle of optical fibres 

(Figure 2.38). The optic cables are connected to a luminaire as seen in Figure 2.46, 

which distributes the light into the space. The system can reach up to 15m. Even 

though no there is no published information on the performance of this system, the 

Parans system is a good example of how optic fibre technology is becoming more 

mainstream, enabling more aesthetic products to be developed.  

Considerable research is currently directed towards using fibre optics in a hybrid 

system with integrated natural light and artificial light in the same device (Muhs, 

2000, Earl and Muhs, 2001, Tsangrassoulis et al., 2005). The design from Oak Ridge 

National laboratory (Muhs, 2000), as shown in Figure 2.39, consists of five elements: 

1) light sources (both natural light and artificial light); 2) a two axis sun-tracking 

parabolic concentrator for the collection and collimation of natural light; 3) light 

distribution systems (one for artificial and one for daylight); 4) a control system, and 

5) hybrid luminaires. Figure 2.40 illustrates the collector head with large core fibre 

optics for daylight illumination. Muhs (2000) suggested that losses of the system will 

be 50% for a single-storey application and an additional 15 to 20% for second-storey 

applications. For a single storey application, consisting of a 2m2 collector that fed 12 

luminaires, covering close to 90m2, such a system could cost an estimated $3000 (US 

dollars) in commercial quantities (Muhs, 2000). 

 

Figure 2.39: Hybrid system from Oak Ridge National Laboratory (Earl and Muhs, 2001). 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Figure 2.40: Large-core optical fibre ends (Muhs, 2000). 

A study conducted by Tsangrassoulis et al. (2005) on hybrid systems showed that 

having artificial and natural light in a common fibre was not efficient because the Y-

couplers required to merge artificial and natural light into the one optic cable results 

in a loss of overall system efficiency of about 40% per coupling. As in the Oak Ridge 

National Laboratory example, it is only the luminaire component that is hybrid (i.e. 

supplied with both natural and artificial light); two different systems are required for 

the transportation of natural and artificial light. A further issue raised by 

Tsangrassoulis et al. (2005) is that direct normal illuminance can vary from 10,000 to 

100,000 lux in a few seconds when a cloud passes in front of the sun, and no control 

system using metal halide lamps can compensate in real time such rapid natural 

variations in flux. Although metal halide lamps provide a suitable luminous flux for 

transport by optical fibres, full dimming (0–100%) in response to the daylight 

situation of the lamps is not possible without a serious penalty in expected lamp life 

and colour (Tsangrassoulis et al., 2005). Energy savings are potentially considerable 

but are outweighed by the hybrid system cost. Additionally, the system only works 

under direct sunlight conditions (Tsangrassoulis et al., 2005). 

From the optic fibre examples presented here, such light transport technology 

generally requires complicated active light collection systems. Some new 

technologies attempt to simplify the collection system by having bigger core fibre 

optics, however, these technologies, which include flexible light guides and acrylic 

rods, compensate simplicity with less efficiency.  

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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For flexible light guides, the problem of light collection in fibre optics is addressed by 

using luminescent solar concentrators (LSC) as light collectors (Figure 2.7; see 

Section 2.4.1.2). Flexible light guides consist of rectangular flat fibre optics made of a 

cheaper material (PMMA) connected to a LSC stack through an optical joint (Smith 

and Franklin, 2000). This device attempts to reduce the number of optical joints, and 

have a collector stack and guiding system with the same cross-sectional area. The 

stacks of the LSC dimensions are relatively thin (2mm high, 120mm wide, and 1 or 2 

metres long), and the aspect ratio of the system is in the order of 4.0 to 8.0 such that 

the light guides could reach up to 20 metres long. Testing suggested that the system 

output could reach 1000 lumens (Earp et al., 2004).  

 

Figure 2.41: Flexible light guides coupled with L.C.S (Smith et al., 2001). 

The simplest of the solid core systems are acrylic rods (Figure 2.42). This light 

transport system uses the same principal of transmission as fibre optics (total internal 

reflection). The guide consists of an acrylic rod made out of an optical quality 

polymer and clad by air. The system has been tested at the University of Nottingham 

(Callow and Shao, 2002, Callow and Shao, 2003, Shao and Callow, 2003). Although 

the acrylic rods were tested with no collectors, the preliminary testing of a 50mm 

diameter and 1200mm long rod has shown a transmittance similar to a mirrored light 

pipe of 300mm diameter and equal length (transmittance of 0.55). Further testing 

showed that light rods with 75mm in diameter and 6m in length could give outputs up 

to 400lm (Shao and Callow, 2003). 

Solid core systems, in conclusion, have the benefit of being very efficient systems for 

daylight distribution over long distances, and occupy minimal space, which make 

them perfect for the retrofitting of buildings. However, light collection remains very 

complicated with active collector systems required. Other problems include the 
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complications arising from having artificial and daylighting in the same transport 

device, the inefficiencies of optical joints, light distribution from a small output and 

the need of luminaires, and system cost. 

 

Figure 2.42: light rod (Callow and Shao, 2003). 

2.6 Light Distribution from light transport systems 

The final component of light transport technology is the light distribution system that 

directs light from the guide to illuminate a space. Distribution of light requires 

extraction of light from the light guide and emission of light into the space.  

Depending on the light transport system and the scale of the device, light can be 

extracted at the end of the pipe, at numerous points along the pipe, or in a continuous 

manner along the pipe. Additionally, since transportation of light over long distances 

usually means the light is collimated, to achieve good illumination of all the space, a 

device that distributes and spreads the light is required. The type and complexity of 

the emitter or luminaires will depend on the type of pipe used for light transportation. 

The following section reviews some of the light distribution devices and technologies 

available. 

2.6.1 Light Extraction  

As the light traverses the pipe (especially mirrored light pipes) a certain proportion of 

light must be extracted at intervals along the light pipe to illuminate several floors for 

a vertical light pipe, or a uniform distribution across a space for horizontal light pipes. 
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A principle of a light extraction system was developed by Edmonds et al. (1997a) and 

illustrated in Figure 2.43. In this example, the same amount of light is extracted at 

each aperture. To achieve this, the first extractor panel is made sufficiently reflecting 

to deflect one quarter of the light. The second deflects one third of the remaining light, 

the third panel deflects one half and the final extractor deflects all of the remaining 

light. More complicated ratios may be derived to account for transmission loss in the 

pipe that occurs between each extractor. Edmonds et al. (1997a) developed this theory 

for the use of laser cut panels with different spacing cuts as extractors. Further 

information on extraction theory and application in light pipes is found in Chapter 3, 4 

and 5. 

 

Figure 2.43: Light extraction in the light pipes.  

Other examples are shown in Whitehead et al. (1984) where a system of diverting 

mirrors directs the light from an vertical shaft to an horizontal guide and then a  

system of solenoid-activated rotating mirrors redirects either natural light or artificial 

light to an arrangement of prismatic guides (Figure 2.44). 

 

Figure 2.44: Mirror extractor for a hollow prismatic guide system (Whitehead et al., 1984). 

The Heliobus project (Aizenberg et al., 1996, Aizenberg, 1997b, Aizenberg et al., 

2002), and in the Berlin Arthelio project (Rosemann and Kaase, 2005) described 
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earlier in this chapter are other examples of systems with multiple light extraction 

points. In both cases, vertical light pipes made of prismatic material were utilized, 

with light to be extracted at different floors in an even manner. In the Heliobus 

project, light diffusing tubes made from PMMC with 2m length and 0.1m and 0.2m 

diameters are placed in the interior of the pipe in the second and third floor, whereas 

the first one (top) does not have any extractor. Any light that reaches these extractors 

changes direction and leaks through the pipe making it glow. All the remaining light 

is extracted at the end of the pipe through a diffusing material to illuminate the 

basement. Good distribution is achieved in the first three floors; however, in the 

basement the illumination drops by half. In the Arthelio project, white diffusing 

reflecting bodies have been hung in the middle of the light pipes to extract light, but 

no further information is given about their design and performance. 

Further studies are needed to improve this principle and obtain and integrated solution 

for hollow light pipes. In the case of fibre optics, different cables are used if light is 

needed at different places. 

2.6.2 Light Emission  

Ayers and Carter (1995) described emitters as devices that basically distribute and 

spread the light coming out the light transport system. Their characteristics are 

influenced by the system to which they are connected. Ayer and Cater (1995) 

described two types of emitters: 1) those that combine transport and emission, in 

which light is extracted from the remote source system continuously along its length, 

and 2) a discrete emitter, which operates in a manner similar to conventional 

luminaires to redistribute light delivered by the transport system.  

2.6.2.1 Combined transport and emission 

Examples of combined transport and emission are the hollow prismatic guides, slit 

light guides (e.g. 3M optical lighting film) and optic fibres. Hollow prismatic guides 

have a loss of approximately 2% per 300mm of pipe length and the effect is to cause 

the pipe to glow, giving diffuse light with few shadows and little glare. Slit light 

guides are tubes made of elastic polyethlemephate film, which has an internal coating 

with a high reflectance. Optic fibres (line sources) are used as a linear emitter simply 

by removing the outer, low-refractive index cladding. Line source optic fibres operate 
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as a linear illuminated strip. Typical applications of line source fibre optics are, for 

example, contour or edge lighting of buildings, guidance systems on pathways, and 

signage (Ayers and Carter, 1995). 

2.6.2.2 Discrete emitters 

Discrete emitters are conductalite, fibre optics, solar light flux emitters (Figure 2.45) 

and lumiduct. Conductalite is a commercially available product consisting of a 

tapering polished aluminium mirrored pipe with prismatic panel emitters. The 

luminaire is currently used for sports, industrial and warehousing buildings, and for 

road tunnel lighting (Ayers and Carter, 1995).  

.  

Figure 2.45: Solar light flux emitter (Ayers and Carter, 1995). 

Fibre optics can also be used as discrete emitters, but the light output from the end of 

a cable will be confined within the acceptance angle of the fibre. Light output can be 

modified by placing a fresnel lens, or shaped plastic or glass diffuser over the cable 

end to give a variety of beam widths. This type of emitter is used for numerous 

display applications, such as art lighting, or special applications for general lighting. 

The solar light flux device has a concave lens to divert light on to a fresnel lens for 

distribution. Other possibilities are to direct light on to a mirror to reflect light on to 

the ceiling. The “lumiduct” system uses semi-transparent mirrors to divert light from 

the collimated transport beam on to diffusers at the point of delivery (Ayers and 

Carter, 1995). Other luminaires have been designed for solid core fibre optics such as 

those designed by Parans for the distribution of only natural light (Figure 2.46), or the 

combination of artificial and natural light from fibre optics (Muhs, 2000, Earl and 

Muhs, 2001, Tsangrassoulis et al., 2005). 
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Figure 2.46: Parans luninaires (www.parans.com). 

2.6.2.3 Other emitters 

When piping light from the exterior to the interior of a building through horizontal 

guides, the area directly below the emitting aperture is often brightly illuminated 

whereas the rest of the room is comparatively darker (Edmonds et al., 1997a) 

Therefore, extractors to redirect the light in different positions along the tube and 

emitters that help to distribute inside the room are needed. Laser cut panels can also 

be potentially used as an emitter within a light pipe system (Figure 2.47).  

 

Figure 2.47: Laser cut panel as an emitter. Light is deflected to the ceiling. ββββ= base angle of the 

LCP emitter, i= angle of incidence of the light, f= fraction of the light deflected, 1-f= fraction of 

the light undeflected, E= elevation of the light deflected E=90-2ββββ (Edmonds et al., 1997a). 

In summary, those transport devices that need highly collimated light (e.g., fibre 

optics) require also complicated devices to distribute the light into spaces. For larger 
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transport systems, such as mirrored light pipes, light distribution is easier, requiring 

only a diffuser at the end of the pipe. However, prismatic pipes represent the best 

solution in terms of transport and distribution of light, since both actions are 

combined, resulting in a simpler solution that will require less maintenance. 

2.7 Comparison of light transport systems 

In this Chapter, light transport systems and their components have been reviewed. The 

systems are defined in terms of the light guiding materials as lens systems, mirrored 

light guides, hollow light guides and solid core systems. A comparative analysis 

showing how the different systems respond to various aspects of light transport design 

is shown in Table 2.2.  The aspects of assessment include the: 1)  aspect ratios of the 

light guide; 2) efficiency of the system; 3) daylight collector required; 4) light 

transport medium; 5) light distribution system required; 6) principle of light 

transmission; 7) space requirement; 8) potential to integrate artificial and natural light 

in the same transport guide; 9) scale of buildings (single storey or multistorey) that the 

system can serve; 10) cost and commercialization; 11) major benefits and 12) major 

limitations of the system. 

General benefits and limitations of the different systems are discussed further below. 

Lenses: one of the major benefits of lenses is that, in theory, they do not need a pipe 

for light transportation, since light is guided by the lenses. As a result, they could be 

easily integrated into the building, as they occupy no space. However, the efficiency 

of optical processes in the system will be reduced by dirt accumulation and 

misalignment of lenses, and thus, a pipe is required to mount and protect the lenses. In 

addition, highly collimated light requires complex active collectors to concentrate 

light. Lenses have a 92% transmittance and the spacing of lenses depends on the lens 

focal length. Studies have shown an efficiency of 28% for the system after passing 

light through 13 lenses (Bennett and Eijadi, 1980). This type of technology has not 

been installed since the 1980’s. 

The benefits of mirrored light pipes include: 1) its availability and cheap price due to 

mass production, especially for domestic use; 2) the potential of collecting daylight by 

passive simple collectors, such as anidolic systems or laser cut panels; 3) the 

flexibility in extracting light along the pipe, either at specific points (Edmonds et al., 
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1997a), evenly along the pipe by diffusers (Canziani et al., 2004) or by a slit in the 

pipe (Aizenberg, 2000) for better lighting distribution; 4) the potential to integrate 

artificial and natural light into the same piping system; and 5) the integration with 

natural ventilation ducts. However the size/diameter of the pipe system, especially if it 

is passive, could be considered a limitation, due to difficulties in integrating the 

device into the architecture of a building, and inconveniences in building retrofitting. 

The pipes are not flexible, and bends reduce performance. Efficiency in mirrored light 

pipes depends on: 1) area and geometric form of the pipe, 2) the reflectivity of the 

material, and 3) directional properties of the light source. New materials developed 

such as Miro Silver and Spectralight infinity with reflectance over 98% are 

stimulating the design of more efficient mirror light pipes. Well-collimated light could 

increase the efficiency of a pipe to 50% (Ayers and Carter, 1995).  

The major benefit of hollow light guides is that the guide could be used as both a 

transport and emission device, they have good aesthetics qualities, and they can easily 

integrate artificial and natural light in the same device. In addition, when light is 

collimated, they have relatively high efficiency. However, the low angle of 

acceptance (half angle 27.6º) requires collimated light, resulting in complicated, 

usually active collectors, although some examples with passive collectors are present 

(Aizenberg, 1997b). Additionally, the system does not permit bends, and thus the 

flexibility of the material is reduced. Furthermore, because of the difficulty of 

coupling the sheets of material performance of long light pipes is reduced. Research 

has shown efficiencies in the order of 30% for pipes of aspect ratios of 15 when used 

as a daylight solution (Whitehead et al., 1984, Aizenberg, 1997b). The efficiencies are 

higher when used with artificial light sources. 

The main benefit of fibre optics is their flexibility and efficiency in a small diameter 

pipe; this permits easy installation, and the possibility of retrofitting in existing 

buildings. Distribution of light is in a similar manner to artificial light (i.e. cables and 

luminaires), making integration into the building services much easier. New materials 

have made the fibres more affordable, although solid core fibre optics used for 

lighting are not as efficient as those used in telecommunications. The main limitations 

of fibre optics include the need of very complicated daylight collectors, due to the 

fibre acceptance angle (half angle between 10° to 40° (Jutta Schade, 2002). Higher 

quality fibres have smaller acceptance angles. In addition, difficulties occur in 
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integrating natural and artificial light into the same optical fibre device 

(Tsangrassoulis et al., 2005), with significant efficiency losses in the coupling of 

fibres. This can be reduced if light mixing is done in the luminaire (Muhs, 2000, 

Tsangrassoulis et al., 2005). Since light is travelling highly collimated through the 

fibre, special luminaires are necessary for light dispersion and wide distribution. Fibre 

optics are becoming more economical by using less efficient materials, and by doing 

so, their performance approaches that of other light transport systems. 

New research is addressing the problem of light collection associated with solid core 

fibre optics. A system developed by Smith and Franklin (Smith and Franklin, 2000, 

Smith and Franklin, 2004) has LSCs connected to rectangular flexible light guides. 

The guides are not as flexible as fibre optics, but are smaller and more flexible than 

hollow prismatic pipes or mirrored light pipes. Their flexibility will increase their 

appropriateness for building retrofitting. However, the efficiency of the LSC 

collection system is the major problem of this technology, in addition to colour 

mixing. New designs are incorporating LED lamps (powered by solar panels) to 

provide the blue and red spectrums required to achieve white light, and the system has 

evolved to become a hybrid device.  

Acrylic rods (PMMA) are an alternative to commercially available mirrored light 

pipes. The benefits of this technology include their smaller diameter (50 to 75mm), 

when compared with commercial mirrored light pipes (200mm to 400mm diameters) 

of similar length (1.2m to 6m). Due to the relatively wide angle of acceptance (44º) 

for the acrylic rods, daylighting collectors are not necessary. Acrylic rods have good 

aesthetics and the potential to use the material as both a daylight transport system and 

a light emitter. Limitations of acrylic rods include a lack of flexibility (as with pipes, 

bends reduce the performance), their applicability only to small-scale buildings, and 

the difficulty of integrating daylight and artificial light into the same system.  

2.8 Conclusions 

This literature review has sought to explore the innovative daylighting transport 

systems that are being developed, studied or applied. There are four major groups of 

devices that seek to illuminate the core of spaces: lenses, mirrored light pipes, hollow 

prismatic guides and solid core fibre optics. Much research is being done to improve 
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the efficiency of light transport systems, focusing on the collection, transport and 

distribution of the light. General conclusions and key points arising from the literature 

review are:  

1) The material selected for light transportation defines the light collector required. 

Normally, any system will work better with a sun tracking and concentration system. 

As a general rule, the smaller the diameter of the guiding device, the more complex 

the collector. Additionally, highly efficient materials such as prismatic pipes and fibre 

optics only perform as expected with highly collimated light which requires complex 

collectors.  

2) Complex active collectors can supply light to more than one pipe, as for example 

fibre optics, and the Arthelio project in Berlin (Rosemann and Kaase, 2005), which 

supplies two light pipes, whereas passive collector systems are usually coupled to one 

transport system. 

3) As pointed out by Cates (1996), the problem with complex active collectors are that 

they have mobile parts, and mobile parts wear out quicker than stationary parts. 

Active collectors need some kind of software to make them work properly and 

efficiently, but such systems can break down or get out of alignment. Resulting in 

high maintenance costs, or ultimately failure of the system. On the other hand a 

passive system will require less maintenance, and will perform for longer time, 

making its life cycle more comparable to that of the building (at least ten years). 

4) Because light transport systems collect and transport natural light over long 

distances, they generally work with the direct component of sunlight. The 

performance of all systems is reduced when only the diffuse component of daylight is 

the only one present (overcast conditions). 

5) Advances in all the available technologies such as materials with higher reflectance 

for mirrored light pipes, flexible prismatic films and more affordable fibre optics, 

have made the technologies more equal in terms of performance and cost. However, at 

present, mirrored light pipes remain popular, and therefore a cheaper solution. 

6) All studies on the application of these technologies as horizontal light pipes have 

been theoretical, and usually incorporate a mirrored light pipe. Anidolic ceilings have 
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been tested as full-scale models. These devices integrate compound parabolic 

collectors with a highly reflective guide to redirect light deeper into a room (up to 

6m). They have been designed to improve illumination in buildings placed in zones 

with predominately cloudy conditions.  

7) A major conclusion of the literature review is that obtaining an even light 

distribution from light transport systems is difficult and requires further study. Two 

examples that extract light at different points along the pipe are the Heliobus 

(Switzerland) and the Arthelio project (Berlin), but both have imperfect ratios of light 

extraction and uneven spatial light distribution. A theory of light extraction for 

mirrored light pipes has been developed by Edmonds et al. (1997a). 

8) The benefits and limitations of all the different systems have been assessed, and 

although fibre optics have the greatest flexibility to incorporate natural illumination in 

existing or new buildings, primarily due to their size they require the most 

complicated active collectors. In terms of light collection technologies, it is concluded 

here that a passive system has more long-term benefits than an active systems, which 

despite their higher efficiencies, have greater initial cost outlays, and maintenance and 

replacement costs. Hollow mirrored pipes that transport the light by multiple 

specular reflections are less complicated to build than other light transport systems, 

are currently, relatively cheaper and potentially have a wide application in building 

design. Previous work has suggested that laser cut panels or LCP can be a simpler, 

more cost-effective daylight solution to improve the performance of mirrored light 

pipes (Edmonds, 1995).  

QUT has expertise in LCP and has been undertaking cutting edge research into the 

applications of this material. Simplicity in light collection, transportation and 

distribution, in addition to cost-effectiveness are critical factors in making natural 

daylighting an acceptable illumination strategy in buildings. Mirrored light pipes, both 

in horizontal and vertical orientations, coupled with laser cut panels have the potential 

to meet these criteria. The following chapters and this thesis therefore explore the 

benefits and limitations of mirrored light pipes (horizontal and vertical) coupled with 

laser cut panels as a simple solution for the enhancement of natural illumination of 

deep plan buildings. 
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CHAPTER 3- THEORY: PREDICTION MODELS FOR 
LIGHT PIPE SYSTEM  

3.1 Introduction 

To predict the output illuminance levels of any daylight system it is necessary to 

know the available daylight and the transmission of light through the system under 

different daylight conditions. There are numerous methods in the literature to estimate 

the daylight availability in a particular location as well as models to calculate the 

performance of the daylight system, light pipes in this specific case. This chapter 

describes the general theory for modeling daylight availability, and predictive models 

of performance of light pipes used in this study (mirrored light pipes coupled with 

laser cut panels).  

The objective is to obtain estimates of performance of the light pipes under different 

sky conditions and locations. This permits better prediction of light pipe system 

performance in buildings. However, the mathematical models are not perfect because 

approximations and assumptions have been made in order to obtain workable models 

as discussed in this Chapter. 

This chapter presents the theories of daylight availability, light transmission through 

laser cut panels, light transmission through mirrored light pipes, and light extraction 

from pipes. All of these are necessary to estimate system performance and 

mathematical model development.  

3.2 Mathematical modeling  

The models for the calculation of performance of light pipes presented in this Chapter 

are shown in schematic form in Figure 3.1 and 3.2. In general the mathematical model 

includes:  
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1) Selection of the sky type and calculation of daylight available (lux) at the 

entrance aperture of the system,  

2) Determination of area of collection (this depends on the sun elevation angle),  

3) Input luminous power (daylight available through the collecting area),  

4) Light deflected and undeflected by the laser cut panels (laser cut panel theory),  

5) Light transmission through a mirrored light pipe,  

6) Light extraction from the light pipe to the building at different levels or 

openings (light extraction theory). 

 

Figure 3.1: Calculation scheme of light pipe performance.  
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Figure 3.2: Light pipe modeling theory. 

The light pipe performance models have been implemented in Matlab (list and copies 

of the programs showed in Appendix 4- Attached CD), calibration of the 

mathematical models have been made and are described in Appendix 3, and 

comparisons between modeled and measured results are discussed in Chapter 4, 5 and 

6. 

3.3 Available daylight 

For daylight design and performance analysis of daylight strategies, the designer 

needs to know the available daylight, which can be determined from measurements of 

hourly global horizontal illuminance, direct and diffuse illuminance, or from the 

distribution of the luminance in the sky vault. This section describes the means of 

obtaining daylight data, which includes the direct measurement of daylight or solar 

radiation, models based on measured data, and theoretical models. In addition, models 

for sky luminance distribution used in this particular research such as the CIE 

standard overcast sky, the CIE clear sky and the uniform sky models and 

determination of theoretical values of solar irradiance by Bouger’s law, are described 

(Section 3.4). 
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3.3.1 Solar radiation and daylight 

3.3.1.1 Measurement of daylight 

The most direct way to determine the daylight available is to record the horizontal and 

vertical illuminance at the location. However, most meteorological stations measure 

irradiance rather than illuminance. For this reason in 1991 the Commision 

Internationale de l’Eclairage (CIE) instigated the “International Daylighting 

Measurement Programme” to establish daylight measuring stations (CIE, 1994a). 

Presently, there are over fifty stations globally, specialized in high frequency and high 

quality daylight and solar radiation measurements, and fifteen stations measuring the 

distribution of light over the sky vault. The majority of these stations are, however, 

located in the Northern Hemisphere. For Australia, one measurement station operated 

from 1991 to 1994 in Sydney, and another is currently operating in Darwin (CIE, 

1998).  A significant problem is that illuminance data cannot be readily interpolated 

from one location to another, since daylight not only depends on the solar altitude but 

also on the sky conditions of the site. 

Photometric sensors (illuminance meters) are used to measure daylight. 

Measurements of daylight availability for a location are taken in areas with 

unobstructed sky (e.g., airports). When measuring illuminance on vertical surfaces the 

sensors are screened from ground-reflected light by a matt black screen forming an 

artificial horizon. To measure diffuse illuminance, the sensors are shaded from direct 

sunlight by a standard shade ring, whereas to measure normal illuminance (normal to 

the direction of propagation of sunlight) the sensors are mounted on solar tracking 

devices (CIE, 1994a). 

For the measurement of the sky luminance distribution, sky luminance scanners are 

required. These instruments consist of a number of photocells that take near 

simultaneous measurements of sky luminance over the sky vault (Hayman, 1996, Li et 

al., 2005). In scanning the sky the CIE recommends dividing the sky vault in 145 

measurement points (CIE, 1994a). 

 



Theory: Prediction Models for Light Pipe System 

   
3-5

3.3.1.2 Illuminances computed from meteorological radiation 

measured data  

In the absence of adequate measured illuminance data, daylight availability can be 

correlated to standard meteorological data such as monthly means of daily irradiation 

or daily sunshine duration. Solar radiation measurement stations are more common, 

and therefore information on solar radiation is more readily available. National 

meteorological offices usually undertake routine measurements of diffuse solar energy 

from the sky and the global (total) radiation incident on a horizontal surface. 

Therefore, it is common practice to correlate the illuminance values against irradiation 

figures (Muneer, 1997). This correlation is possible because solar radiation is energy 

from the sun and daylight is the visual component of this energy (Robbins, 1986), and 

part of the solar spectrum (Figure 3.3). What it is perceived as light is a band of 

radiation in the wavelength range from 380 nanometers, which is deep violet, through 

blue, green, yellow, and orange to 760 nm, which is deep red. Visible light makes up 

to 46% of the total energy emitted from the sun; 49% of the total energy emitted is 

infrared radiation that is experienced as heat, and the remaining portion of the sun’s 

radiation (5%) is emitted in the ultra violet band at shorter wavelengths than the violet 

end of the visible spectrum (Mazria, 1979).  Sunlight is the direct component of light 

whereas daylight is the total light from the sky dome including the sunlight. 

 

Figure 3.3: Electromagnetic radiation: (d) ultraviolet rays; (e) visible light; (f) infrared (IR) 

waves (Robbins, 1986). 

Solar radiation or irradiance is measured in W/m2, and illuminance is measured in 

(lm/m2 or lux). Irradiance measures the total radiation over the entire solar spectrum, 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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whereas illuminance measures the energy contained within the visible part of the solar 

radiation spectrum (Muneer, 1997). While irradiance and illuminance measure 

radiation incident on a surface, radiance (W/m2.sr) and luminance (cd/m2) measure 

energy flux emitted by the source (e.g. sun). Radiant flux is measured in Watts and 

luminous flux is measured in lumens (CIE, 1987). In addition, irradiation (W h/m2 or 

J/m2) and illumination (lm h/m2) are the cumulative energy and cumulative visual 

energy incident on a surface in a given period of time (Muneer, 1997).  

Algorithms based on luminous efficacy models, allow the prediction of illuminance 

when solar irradiation is provided as an input parameter. Luminous efficacy, K, 

measured in lm/W, is the ratio of illuminance to irradiance:  

K= illuminance/irradiance lm/W      (3.1) 
 

K can be solved through the integration over the spectrum of a particular source as 

(Muneer, 1997): 
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Where V(λ) is the spectral sensitivity of the human eye define by the CIE and IG(λ) is 

the solar spectral irradiance. 

When the sun is the source many authors recommend a single averaged value of beam 

luminous efficacy of between 93 and 115 lm/W (Littlefair, 1985). Muneer (1997) has 

recommended the average value of 104 lm/W for beam luminous efficacy. This value 

has been used throughout this work.  He also suggests average values for global 

luminous efficacy (110 lm/W) and diffuse luminous efficacy (120 lm/W).  

3.3.1.3 Illuminances obtained from satellite images  

Another way of acquiring illuminance data is the use of satellite images. The SATEL-

LIGHT program from Europe is developing and validating algorithms used to produce 

irradiances and illuminances and sky luminances from satellite images (Dumortier 

and Van Roy, 2003). 
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3.3.1.4 Solar radiation and illumination values obtained from 

theoretical models 

Finally, in the absence of measured solar radiation data, or daylight data, it is possible 

to estimate the solar radiation reaching the earth’s surface by using a model that starts 

with extraterrestrial solar radiation and then seeks to model the attenuation processes 

that occurs in the atmosphere (Section 3.4.3.2- Clear Sky). Furthermore, to predict 

luminance distribution of different types of skies theoretical sky models are required. 

3.4 Sky models 

Since there is little measured illuminance data, and even less data on luminance sky 

distribution, designers rely on sky models to calculate the luminance distribution of 

the sky for assessment of different daylight solutions. This section describes some of 

the available sky models and those used in this project.  

 

Figure 3.4:  Daylight availability calculation scheme (γs= sun altitude angle; γp=sky patch’s 

altitude angle. 
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Figure 3.4 shows the general calculation scheme for the daylight availability. To 

calculate the sky luminance distribution it is necessary to locate the position of the sun 

in the sky vault (solar position) and to find the geometry suitable to describe the sky 

vault (sky types). Having found the luminance of the sky this is then converted to 

illuminance at the light pipe aperture (Section 3.5). 

3.4.1 Solar Position  

The sky luminance distribution depends on the position of the sun in the sky. The 

position of the sun in the sky is described by two angles: azimuth and elevation 

angles. To calculate these angles, it is necessary to know the solar time, which is 

calculated from the equation of time as the difference between the solar and local 

clock time and solar declination. The algorithms that calculate these values are 

obtained from Muneer (1997) and explained in Appendix 1.  

3.4.2 Sky geometry 

Hayman (1996), in his work on the “Daylight Climate of Sydney” stated that a 

standard nomenclature for the description of sky luminance distributions is important 

due to the diversity of terminology in the literature (Hayman, 1996.). He 

recommended the method suggested by Kittler et al. (1992), which is also adopted for 

this work and it is shown in Figure 3.5.  

 

Figure 3.5: Sky luminance distribution geometry (Hayman, 1996.). 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Where: z = zenith; P = arbitrary luminous patch of the sky; S = sun; γp and γs =angles 

above the horizon, H; ζp and ζs = angles from the zenith, Z, to the patch and sun 

respectively; αp αs = azimuth angles for the patch and the sun (note that γs ≡ SOLALT 

and αs ≡ SOLAZM from Equation of time- Appendix 1); χ= is the sun-patch angle 

defined by OS and OP, χ is defined by: 

Apsps cossinsincoscoscos ζζζζχ ++=                (3.3) 

Where A is the difference in azimuths αp and αs. 

3.4.3 Sky types and Sky luminance distribution models 

The next step in the prediction of the performance of light pipes is to determine the 

distribution of the luminance of the sky. Sky illuminance is dependent on solar 

altitude and the degree and type of cloud cover, which are defined basically by 

latitude and climatic conditions (Ruck, 1982). Real skies vary from clear to overcast 

skies (totally cloud covered) passing through an array of cloud-blue mixed or hazy 

cloud skies (partially covered) (CIE, 1994b). For the modeling of these skies, the CIE 

have defined three basic reference skies: 1) CIE standard clear sky, 2) CIE standard 

overcast sky and 3) Intermediate sky. 

In addition to these three basic sky types, the CIE standard General Sky defines 

another thirteen sky types (i.e. sixteen in total), from heavily overcast to a cloudless 

clear sky. However, it has been shown that some climates can be efficiently 

characterized by only three or four types (Tregenza, 2004).  

The studies made in this project were located in Kuala Lumpur (Malaysia) and 

Brisbane (Australia). The type of skies for these places can be defined as 1) tropical 

skies (Malaysia) and 2) subtropical skies (Brisbane-Australia). The understanding of 

the type of skies in these locations is important to find the most appropriate sky model 

for calculations. 

1) Tropical Skies 

Kuala Lumpur, the Capital of Malaysia, is at 3.13º N latitude and 101.7º E longitude. 

The Zain-Ahmed et al. (2002) study revealed that the real sky condition in Malaysia is 
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the average or intermediate sky-type, where 85.6% of the time the sky is 

predominantly intermediate (2.3% intermediate overcast, 66.0% intermediate mean 

and 16.3% intermediate blue) and 14.0% overcast. Due to proximity to the Equator 

global illuminance levels are generally very high in Malaysia. Theoretical models 

used by Zain-Ahmed et al. (2002) showed that illuminance values at noon are over 

80,000 lux for the months of higher radiation. At noon, even in months were the solar 

radiation is not at its highest peak, illuminance values can reach 60,000 lux. Field 

measurements showed values exceeding 100,000 lux (Zain-Ahmed et al., 2002). 

2) Subtropical Skies 

Brisbane is on the east cost of Australia at 27.5ºS latitude and 153º E longitude. Ruck 

(1982) has studied the sky light availability in Australia. For Brisbane, the 

measurement site was located at a meteorological station at the airport to ensure an 

unobstructed sky. Measurements were limited to a few months of a year; however the 

data remain important (Ruck, 1982). Ruck (1982) classified skies according to 

cloudiness by three degrees of cloud cover: 1) Clear (below 2/8 cloud); 2) Partly 

cloudy (2/8 to 6/8 cloud) and 3) Partly Overcast (over 6/8 cloud). Ruck (1982) 

concluded that skies in Brisbane normally range from sunny, clear sky (23% of the 

time) to partially cloudy (57% of the time), which is close to the CIE classification of 

CIE  intermediate sky. Importantly, Ruck (1982) showed that cloudy skies (20%) in 

Brisbane are considerably brighter than those described in the North hemisphere 

literature by Nakamura and Oki (1979) as a normal cloudy sky. She found that values 

for the clear sky at Brisbane are clearer (less turbid) than those measured by 

Nakamura and Oki (1979) in India and Japan. In addition, overcast skies are 

extremely bright in Brisbane and this type of sky seldom occurs in the temperate 

regions (Ruck, 1982). Hayman (1996) also stated “the assumption that the CIE 

overcast sky distribution corresponds to minimum design condition over time is not 

tenable in climates that are not dominated by dark overcast skies”.  

The scope of this study is not daylight availability; therefore, for the purpose of this 

research, models that are readily available in the literature are used. Additionally, 

because of the complex optical properties of the light pipe systems coupled with laser 

cut panels, models for both diffuse and direct component of daylight are required. The 
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models selected for the calculation of daylight availability for the locations of the 

study include:  

1) CIE standard overcast sky: This model is for the calculation of sky distribution for 

overcast conditions. Despite the problems of this model as stated by Hayman 

(1996) and Ruck (1982), the CIE standard overcast sky is easy to use in 

calculations and is still widely use. Furthermore, the School of Design at QUT has 

a mirrored box artificial sky, the luminance distribution of which closely 

resembles that of CIE standard overcast sky (Appendix 2: Calibration of the 

Artificial sky). This permits a closer validation of theoretical models and 

measured values in scaled models.  

2) Clear sky model: This model consist of two components: a) direct component of 

daylight is found by estimating the solar radiation reaching the earth’s surface; 

and b) the diffuse component in this project is calculated by first finding the sky 

luminance distribution with the CIE standard clear sky model, and then correlating 

the luminance values to a uniform sky distribution to find the light reaching the 

light pipe. The correlation between CIE standard clear sky and Uniform sky 

distribution greatly simplifies the calculation of the diffuse component that 

reaches the light pipe system. Diffuse component on a clear day can be treated as 

a secondary effect, in the calculation of the performance of light pipes, because 

the direct beam component of sunlight is much stronger than the diffuse light 

coming from the sky. 

Finally, the literature has suggested that the typical sky for tropical and subtropical 

areas is the intermediate sky (Hayman, 1996., Ruck, 1982, Ruck, 2001, Zain-Ahmed 

et al., 2002), and even though there are numerous luminance sky distribution models 

for intermediate skies described in the literature (Tregenza, 2004, CIE, 1994b), these 

models are not very efficient when used for modeling the performance of light pipes. 

Light pipe performance depends strongly on the presence of direct sunlight.  For 

example, in an intermediate sky condition, clouds block direct sunlight, and the 

performance of the light pipe drops enormously. Cloud movements can dramatically 

alter light pipe performance. This situation is difficult to model theoretically; 

therefore, theoretical studies of intermediate skies have not been undertaken in this 

project.  
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Consequently, overcast sky and clear sky with sun are therefore considered the 

extreme conditions, so that modeling will represent the performance of the system 

under the worst and best conditions, and all intermediate situations will be bounded 

by these two extremes. The next sections describe the models chosen for luminance 

distribution of the sky. 

3.4.3.1 CIE overcast sky 

In the CIE overcast sky luminance at the zenith is three times greater than at the 

horizon, as shown in Figure 3.6.  

 

Figure 3.6: CIE overcast sky distribution. 

The luminance at an angular height γp is expressed by the formula: 
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The horizontal illuminance due to the CIE overcast sky is obtained by integration over 

the entire sky: 
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Where γp is the angle of altitude above the horizon in the range 0 to π/2, and αp is the 

azimuth angle in the range 0 to 2π. 

Example: The zenith luminance (Lz) of the artificial sky at the School of Design at 

QUT at the time of measurement had an average of 3185 cd/m2 (measured with a 

Minolta luminance meter). So, by utilizing the Equation 3.5, then the horizontal 

illuminance is:  

luxE m
cd

CIEh 7778318514.3 29
7

_ =××=  

The illuminance value measured in the artificial sky was 7590 lux, as expected for an 

artificial sky luminance distribution that is close to the CIE overcast sky (See 

Appendix 2 Calibration of the artificial sky).  

To incorporate the CIE sky in the modeling of vertical cylindrical light pipe 

performance, the sky vault is divided into luminous bands (Figure 3.7). In this case all 

illuminance coming from one luminous band can be for the purpose of this work 

considered as one normal component (dEn) incident on the horizontal surface with 

inclination of angle Eh: 

Band area,                                 pppp dRRRdA γγπγπγ ×××=××= sin2sin2 2  

Solid angle associated with band,          pp d
R

aread γγπω ××== sin22   

Normal illuminance due to the band,     ωdLdEn ×=  

Horizontal illuminance due to a band,   pnh dEE γcos×= ∑               (3.6) 

Example: If the angular width of a band, dγp, equals 5º or 0.087 radians (5 multiplied 

by π/180), and γp (elevation) as an example in this case equals 52.5º, then 

dω = 0.434 
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Thus the component of normal illuminance from the band of sky at the elevation of 

52.5º can be considered as single light beam from elevation “γp” that contributes a 

normal illuminance at the aperture equal to 1191.85lux.  It is then possible to continue 

with the modeling of the light pipe performance with the next step which is the 

transmission and redirection of the incident light beam through the light pipe collector 

system (laser cut panels) explained in Section 3.5. 

 

Figure 3.7: CIE sky modeling. 

3.4.3.2 Clear sky 

Under a clear sky, diffuse (illumination from the sky) and direct (sunlight) 

components of daylight are present. The CIE standard clear sky model for the 

luminance distribution of a clear sky is based on values of diffuse horizontal 

illuminance only and therefore, to determine the total daylight availability for a clear 

sky it is necessary to incorporate a calculation of the direct component of daylight as 

well. Hence, for the luminance distribution of the sky, the CIE standard clear sky is 

used to obtain the diffuse illuminance related to sun altitude, and then to simplify the 

calculations for the performance of vertical cylindrical light pipes the model is 

correlated to a uniform sky. The direct component of daylight, the solar radiation 

reaching the earth’s surface is estimated using Bourger’s Law. Finally, the results 

from both components of diffuse sky and sunlight beam are combined to obtain the 

daylight availability of a clear sky. The models are explained below.  
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Calculation of Illumination from the sky (diffuse component of daylight) 

1) CIE standard clear sky 

The CIE has standardized a “cloudless sky” define as CIE standard clear sky. The 

clear sky has a complex non-uniform luminance distribution (CIE, 1970), that 

depends on the position of the sun in the sky and varies with altitude and azimuth, as 

shown in Figure 3.8. 

 

Figure 3.8: Clear sky luminance distribution. 

 

Figure 3.9: Clear sky (nomenclature). 
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If the sky vault is divided into sky patches, then the luminance of a patch (Lp) of sky, 

as shown in Figure 3.9, of altitude (γp) and azimuth (αp) of a clear sky with relatively 

low atmospheric turbidity (such as for the case of Brisbane) is given by: 
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where Lp is the luminance at the element P of the sky, Lz is the zenith luminance, 

define by Gillette and Kusuda (1982) as: 

22 /3611514 mcdL sz γ+=                                                                                      (3.8) 

where γs is measured in radians. 

ζs is the angle between the zenith and the sun, ζp  is the angle between the zenith and 

the element p, χ is the angle between the zenith and the element p defined Equation 

3.3. Once Lp is known, the normal illuminance on the aperture of the pipe is found by 

first finding the solid angle, dω, subtended by the patch at the aperture where: 

p

sp

N
d

d
γζπ

ω
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dγs is a constant, in this case 12º, which is the band angular width and Np is the 

number of zones or patches in a band. Then, the normal illuminance due to patch is: 

ωdLdE pn ×=                                                                                                          (3.9) 
 

Finally, the horizontal illuminance of a clear sky from the diffuse component of the 

sky is given by:  

snClearh dEE γ
π

cos
2/

0
_ ×= ∑                        (3.10) 

                   

In Figure 3.10 it can be observed the correlation of Horizontal diffuse illuminance 

plot against sun altitude (Calculated by matlab program clear sky.m, Appendix 4). 
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Figure 3.10: Horizontal diffuse illuminance for a clear sky (CIE standard clear sky luminance 

distribution model) plot against sun altitude. 

Direct measurements with a Minolta illuminance meter of Global horizontal 

illuminance and Diffuse horizontal illuminance were taken in Brisbane on May 28th 

2004, at 2:15pm to check the effectiveness of the CIE standard clear sky. The values 

obtained were as follow (Table 3.1): 

Table 3.1: Measured and calculated values for a Clear sky 

 γs (sun 
altitude) 

Global Horizontal 
illuminace (lux) 
(diffuse+direct) 

Diffuse 
Horizontal 
illuminace (lux) 

Sky 
ratio 

Lz 
cd/m2 

Measurements 38.5º 50600 
  

6420 0.126 1143  

Calculations 38.5º 52457 
48622 (beam) + 3835 (diffuse) 

3835 0.07 1220 

Equation of time (Appendix 1) calculates the sun altitude angle for May 28th at 2:15 

as 38.5º and sun azimuth angle as 319º. The comparison of measured results with 

values calculated with the CIE standard clear sky (for diffuse illuminance) and solar 

radiation model (for beam illuminance) for the same sun altitude, shows very close 

results, with a very small difference for global horizontal illuminance of 4%, and 40% 

difference for the diffuse illuminance. Due to the complexity of integrating CIE clear 
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sky model to the calculations of the vertical cylindrical light pipe performance, the 

CIE clear sky is correlated to the uniform sky. 

2) Uniform sky 

The uniform sky is defined as a perfectly diffusing hemisphere of uniform 

luminance. It is the simplest sky luminance distribution, because it has a constant 

luminance distribution over the sky vault, consequently the luminance at the zenith 

equals the luminance at the horizon. 

zLL =                   (3.11) 

 

Figure 3.11: Uniform sky. Comparison of uniform sky distribution with CIE clear sky and CIE 

overcast sky. 

The illuminance due to the uniform sky at a point on the horizontal plane (Eh) can be 

found with the following formula: 

LddLE pppppuniformh ×=××= ∫ ∫ πγαγγγ
π π
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where αp is the azimuth angle. 

Finally, by correlating Eh_uniform to Eh_clear a value of luminance, L, of uniform sky that 

will give the same horizontal illuminance as a clear sky is found (Figure 3.12): 

π/_ clearhEL =                 (3.13) 
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Figure 3.12: L values of a uniform sky correlated to Eh_clear. 

To conclude, in the modeling for clear skies the influence of the direct component of 

the sun on the final results is of a lot more importance than the diffuse component 

from the blue vault. The influence of the diffuse component on the final global 

illuminance can be found by sky ratio method. The sky ratio is the ratio between the 

diffuse horizontal illuminance (DHI) and the global horizontal illuminance (GHI) 

form by diffuse plus the direct beam (DBI) explain in equation 3.16. For clear sky this 

ratio is ≤ 0.3 (Rea, 1993, Chirarattananon et al., 2001): 

GHI
DHISkyRatio ==

h

hd

E
  E                (3.14) 

As the sky ratio approaches 1 when the solar altitude approaches zero (regardless of 

the sky condition) this method is not accurate for low solar altitudes (Rea, 1993). 

Figure 3.13 shows the sky ratio and diffuse and direct beam ratio for sun altitude of 7º 

to 90º. It can be observed that for the low sun angles (<10º) the contribution of the 

diffuse light is greater than for higher sun angler (>10º). For angles greater than 10º 

the diffuse light contribution to the global illuminance is less that 15%. 
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Figure 3.13: the sky ratio and diffuse and direct beam ratio for sun altitude of 7º to 90º. 

Consequently, since the diffuse component contribution to the global illuminance on a 

clear sky is less that 15% for sun altitude greater than 10º, and light pipe performance 

is directly associated with the direct component of the sun, it is considered that the 

approximation of using the uniform sky for the calculation of the diffuse component is 

appropriate to make predictions of performance for this research. 

Calculation of the direct component of daylight (sunlight) 

Due to the lack of measured global horizontal illuminance data for the two locations 

where the research has been conducted, Brisbane and Kuala Lumpur, illuminance has 

been determined from the solar radiation reaching the earth’s surface, derived from 

Bouger’s law, and the luminous efficacy of sunlight. The first step is to calculate the 

terrestrial solar irradiance by modeling the attenuation processes that occurs in the 

atmosphere, and to convert the solar irradiance into illuminance by the luminous 

efficacy of sunlight model. 
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Figure 3.14: The scattering of sunlight by the atmosphere (Baker and Steemers, 2002). 

Figure 3.14 illustrates the attenuation through the atmosphere suffered by 

extraterrestrial radiation. The beam illuminance reaching the earth’s surface is given 

by: 
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Where SIo is the extraterrestrial irradiance, a solar constant of 1353 W/m2, m is the air 

mass ratio or number of atmospheric depths associated with the sunlight path, SI is the 

solar intensity reduced by absorption in the atmosphere according to Bouger's Law, 

and K is the luminous efficacy of the beam radiation (104 lm/W). Finally, once the 

beam and diffuse illuminance for sun elevation angle of γs is known, the global 

horizontal illuminance reaching the aperture of the pipe can be found by adding these 

two values together: 

sshEs DHIDBIEGHI γγγ +==                 (3.17) 

Where DBI is beam horizontal illuminance and DHI is diffuse horizontal illuminance.  

3.5 Laser cut panels 

Laser cut panel (LCP), shown in Figure 3.15, is a daylighting device consisting of an 

acrylic panel in which parallel cuts are made with a laser (Edmonds, 1993a).  
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Figure 3.15: Laser cut panel. 

The laser cuts work as mirrors and by total internal reflection at the surface of the cuts 

a fraction of light is deflected (Figure 3.16). Another fraction of the light passes 

through undeflected (Edmonds et al., 1996). LCP have numerous applications that 

have been previously explained in Chapter 2.  

 

Figure 3.16: Schematic drawing of light deflection and undeflection by the LCP. 

This section will focus on the mathematical models used to understand the 

performance of this device when working as a collector for a light transport system 

under different sky conditions. The objective of this section is to calculate the fraction 

of light deflected and undeflected by the LCP for any given angle of incidence, and to 
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obtain the deflection and undeflection angles once the light passes through the LCP. 

When the angle of the light (deflected and undeflected) is known, the transmission of 

these components through the mirror light pipe can be calculated (Section 3.6). To 

understand how LCP works the theory of LCP and its optical properties (Edmonds, 

1993a) are briefly discussed below.  

3.5.1 LCP Theory (optical properties) 

When light is transmitted through a laser cut panel, total internal reflection occurs. 

Light reaching the exterior surface of the element at an incident angle i1 is refracted at 

an angle r1 within the element. The light ray is then reflected at the internal cuts made 

by the laser. The number of reflections inside the element, between the cuts, depends 

on the angle of incidence of the incoming light and the design parameters of the LCP, 

such as the width of the panel, W, and the spacing within the cuts, D (Figure 3.17).  

 

Figure 3.17: Angles of incidence and refraction at interior and exterior surfaces of LCP.  

In addition, the performance of the LCP also depends on the refractive index of the 

material, n, and the angle of the cuts, θ. Once a light ray is refracted into the element 

would be deflected (ray fd), if the ray gets reflected by the laser cut or, may pass 

through undeflected (ray fu) (Figure 3.17). The amount of light deflected or 

undeflected also depends on the angle of incidence and the LCP parameters. 

The angle of the cuts, θ, presents two different situations, when θ = 0 and θ > 0. 

These two cases are described next. 
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Case 1: laser cuts at an angle θ = 0. 

When θ = 0 there is an angle of incidence i0 at which all the incident light is deflected 

(Figure 3.18). To find i0, the angle of refraction, r, is calculated as: 

)/(tan 1 WDr −=                 (3.18) 

 

Figure 3.18: angle i0 at which all light passes through deflected. 

Then the angle of incidence, i0, at which all incident light is deflected, can be found 

through Snell’s Law (“the ratio of the sine of the angle of incidence to the sine of the 

angle of refraction is a constant for any pair of media (Tunnacliffle and Hirst, 1996)”),  

then n
r
i
=

sin
sin 0  

Where n is the refractive index of the material. Finally i0 is given by 

)sin(sin 1
0 rni ×= −                 (3.19) 

For example, for a LCP of W=6mm and D=4mm, the angle at which all the incoming 

light is deflected is: 

o69.33)6/4(tan 1 == −r ; oo 30.56)69.33sin5.1(sin 1
0 =×= −i   

From elementary geometrical optics (Edmonds, 1993a), the fraction of light deflected 

when the angle of incidence, i, is greater than i0 is: 

( ) DrWfd /tan2 −=  
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when i<i0                 (3.20) 

fd = (W tan r)/D 
 

Case 2:  laser cuts at an angle θ > 0. 

When θ > 0 there is an angular range defined by imax and imin at which all light is 

deflected. If a light ray incident on the upper corner of the parallelepiped, formed by 

the LCP internal faces and the cuts, is refracted inside the element at an angle rmin in 

such a way that the light ray reaches the lower opposite corner, as shown in Figure 

3.19 (left), then all incident light at an angle imin is deflected. Thus, the angles imin and 

rmin correspond to the minimum angles of incidence and refraction at which all 

incident light is deflected by the LCP.  Then rmin is given by: 

( )
( )θ

θθ

tantan
tan//tantan

1
min

min

+=

+=+=
− WDr

WDWWDr
             (3.21) 

 

Figure 3.19: Angles imin and imax at which all light is deflected when θ < 0. 

As the angle of incidence is increased all incident light continues to be deflected by 

the element until the ray incident on the external lower corner is refracted through the 

acrylic and reflected internally to the upper corner of the element as shown in Figure 

3.19 (right). The maximum angle of refraction, rmax, is found by the following formula 

from Edmonds (1993a): 

( )
θ

θθ
2

)2tan(tan/tan

2max

max2

+=
−==−

ir
riWWD

             (3.22) 
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Once rmin and rmax are known, the minimum and maximum angles of incidence, imin 

and imax, at which all light is deflected, can be found through Snell’s Law. For 

example: 

when D/W= 4/6, θ = 5º and n= 1.5 

rmin = 36.77º ; imin = 63.90º; i1 = 30.39º; rmax  = 40.39º;  imax=76.40º; 

and all the light incident within this 13º angle range is deflected.  

By elementary geometrical optics the fraction of light defected for i < imin and i > imax 

can be found (Edmonds, 1993b). When i < i min the fraction deflected, fd is given by: 

( ) ( ) DWtarDWrWfd /tan/tantan 11 θθ −=−=             (3.23) 

For  i > i max  the fraction deflected is given by:  

( )[ ]( ) ( ) ( )( )111 cos/2costan2tan1 rDrDrWfd θθθ −−+−=               (3.24) 

In each case, for θ= 0 and θ>0, the fraction which is not deflected, fu, is  

du ff −= 1                 (3.25) 

When laser cut panels are coupled with mirrored light pipes it is important to know 

the angle, r2, at which the light is leaving the panel (deflected and undeflected angles), 

for the calculation of transmission through the mirrored light pipe. In this way, the 

angle of incidence on the exit face, when θ = 0, is:  

i2 = r1 

The angle at which deflected light leaves the exit face, r2, is:  

)sin(sin 2
1

2 inr ×= −  

When θ> 0, the angle of incidence on the exit face, i2, and the angle of light deflected 

are found by: 

( )( )θ
θ

2sinarcsin
2

12

12

−=
−=

rnr
ri

                                               (3.26) 
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(Note that r1 is replaced by rmin when seeking for i2min and by rmax when seeking for 

i2max) Finally, the total angle through which incident light is deflected is i1 + r2.  

It has been tested that the light spread of the deflected and undeflected rays is around 

8º either side of the predicted specular direction (Edmonds, 1993a), this is because of 

the imperfections in the laser cuts. But for the next calculations of this study, r2 is 

considered as the angle for the mathematical model for simplification. 

To conclude, the performance of the LCP depends on the geometry of the panel, 

which is determined at the design stage (Pearce, 1999). LCPs cannot be adjusted for 

changing sky conditions without the help of mechanical tracking systems. If the 

system is to be a passive one, then calculations are needed to approximate the best 

overall performance (best possible solution) of the system when in a fixed position. 

LCPs as collectors in this project are modeled at different tilts and at different cut 

inclinations of the cuts, θ.  

The next section of this chapter explains the transmission through an LCP when 

utilized as a daylight collector system for a mirrored light pipe. 

3.5.2 Transmission of daylight through a LCP as a sun collector 
system – Prediction models  

In the present project two different configurations of light pipes have been studied, 

vertical light pipes and horizontal light pipes. The different location of the pipe in the 

building needs different LCP collector systems.  For vertical light pipes with light 

collection on the roof of the building, two different LCP arrangements were 

considered, first a pyramid form LCP collector and secondly a rotating system that 

comprises one sheet LCP collector, with a tilt angle that tracks the sun by rotating 

around its vertical axes. In the case of the horizontal light pipes a one piece tilted LCP 

was designed. How these collection systems work is explained in Section 3.5.2.1 to 

3.5.2.3. 

The general mathematical models scheme for the performance of the LCP as 

collectors for light pipes is presented in Figure 3.19. 
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 Figure 3.19: Calculation scheme of light transmission through the LCP. 

3.5.2.1 Pyramid LCP for vertical light pipes (daylight collection from 

the roof) 

Pyramid LCP were designed as daylight collectors for vertical light pipes in 

multistory deep plan buildings. These pyramid systems were designed to be placed on 

the roof over the input aperture of the vertical light pipe.  



Theory: Prediction Models for Light Pipe System 

   
3-29

Pyramid LCPs have been used previously as angular selective skylights and the 

performance theory described in Edmonds et al. (1996). The theory of the 

transmission of sunlight through a pyramid of laser-cut panels is very complex due to 

the multiple paths taken by the light rays. To simplify modeling, Edmonds et al. 

(1996) studied two cases, first case is when light is incident in the vertical plane 

normal to the base line of the pyramid and, second case is light incident in the vertical 

plane containing a diagonal (at 45º to the base line). It was found that the transmission 

for these two cases is not greatly different, and therefore the research suggested that it 

was possible to extrapolate between the symmetrical orientations to find the 

transmission for other orientations of the pyramid relative to the sun direction. Finally 

Edmonds et al. (1996) concluded that:  

“the elevation dependence of transmission is not strongly dependent on the azimuthal 

orientation of the skylight. The difference in transmission occurs between sun 

elevations of 20º and 50º when the diagonal orientation to the sun direction has a 

slightly higher transmission. For this reason, it is reasonable to extrapolate between the 

transmissions of the two symmetric orientations to determine the transmission of the 

skylight for any general orientation relative to the azimuth of the sun”  

Thus the theory developed by Edmonds et al. (1996) calculates only the light 

transmission at the input aperture of the angular selective skylight; however the 

present work seeks to find the light transmission through a light pipe at different 

points (Figure 3.2). As a result, the deflected and undeflected angles of the light after 

passing through the LCP are necessary to estimate the light transmission through the 

pipe. A new model was utilized for light transmission through a pyramid LCP that 

includes the calculation of the light deflected and undeflected angles. The geometry 

associated with the pyramid collector is very complex and therefore the model 

simplifies the design of the LCP collector for the calculations. The model considers 

the system as two sheets of LCP in a triangular form or gable form, as shown in 

Figure 3.21, as a reasonable approximation. In this simplified model light is 

considered as having no azimuth angle. 
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Figure 3.21: Pyramid form LCP and gable form LCP. 

 

Figure 3.22: Nomenclature for gable form LCP. 

Light transmission through the gable form of LCP depends primarily on the 

inclination or tilt angle of the LCP, b, and the sun elevation angle, E. Figure 3.22 

shows the parameters defined by b and E which are needed in order to estimate the 

light transmission. These parameters are:  

1) The angle between the horizontal and the perpendicular plane to the LCP, J, 

given by: 
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J =180-(90+b);                               (3.27) 

2) The angles between the perpendicular plane to the respective face of the gable 

LCP  and the sun inclination angle, I1 for face 1 and I2 for face 2, where I1 is 

given by: 

I1= 
2

)( JE −                                                                                            (3.28) 

and I2 presents two different situations. If the angle of the sun elevation, E, is 

equal or less than the tilt angle of the LCP, b, then I2 is not considered, but if E 

is greater than b, then I2 is given by: 

 I2=180-(J+E)                                (3.29)        

3) a is the angle between the LCP panel and the fraction of light deflected, fd, for 

face 1. When the sun elevation angle is smaller than J, (E<J), then a is given 

by: 

a=90+I1 

If the sun elevation angle is equal or greater than J, (E>J), then a is given by:     

a=180-(90+I1)                                              (3.30) 

4) q is the angle formed between the LCP sheet and the fraction deflected for the 

face 2. q is given by 

q= E-b                                                                                                        (3.31) 

Calculation of the area of collection for the direct component of daylight 

For the calculation of the fraction of light deflected and undeflected it is necessary to 

find the area of collection for each fraction. The area of collection is the projection of 

the surface of the LCP onto the plane normal to the direction of the sun and it is 

defined by the projection of the height of the LCP onto the plane normal to the sun, y, 

shown in Figure 3.23, and CB (length, L, of the LCP). 
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Figure 3.23: Calculation of the area of collection. 

For each face of the LCP arrangement (face 1 and face 2) there is a y for the fraction 

deflected (yd1 and yd2) and a y for the fraction undeflected (yu1 and yu2). These values 

depend on E and b, and the relation between E and b present three different cases: 

1) Case 1. E=b 

When E equals b all the incoming direct sunlight is incident only on the face 1 of the 

LCP collector system (Figure 3.24). The amount of light deflected or undeflected that 

goes down the pipe depends on the relation between E (sun altitude angle) and J, and 

three situations could arise, when E is equal to, or greater or less than J. Finally, 

through trigonometry yu1 and yd1 are found. 

When E is less than J all the deflected and undeflected light goes down the pipe. Then 

yu1 and yd1 are given by: 

bCByu sin1 ×=                                                                                                       (3.32) 
 

b

CB
byd cos

2)290cos(1 ×−=                                                                                       (3.33) 

If E is greater than J, then all the fraction of light undeflected, yu1, goes down the pipe 

and it is given by:  
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b

CB
bEyu cos

2)90cos(1 ×−+=                                                                                  (3.34) 

The fraction deflected, yd1, when E is greater than J present two conditions, first, when 

a is greater than b, then a fraction of the fraction deflected goes down the pipe, 

second, when a is less or equal b, in this case no light deflected goes down the pipe. 

Then yd1 is given by: 

 CBbayba d ×−=⇒> )sin(1  

 01 =⇒≤ dyba                                                                                                      (3.35) 

Finally when E equals J, all the light undeflected, yu1, goes than the pipe, however, 

none of the deflected light, yd1, gets into the pipe.  When E = J, yu1 and yd1 are given 

by: 

b

CB
yu cos

2
1 =                                         (3.36) 

01 =dy                                                                                                                    (3.37) 

 

Figure 3.24: Case 1. E=b. Estimation of yu1 and yd1 when E equals b. 
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2) Case 2: when E<b 

If the sun altitude angle, E, is less than the tilt angle of the LCP, b, then all the 

incoming direct sunlight hits the gable on the face 1 (Figure 3.25). The majority of the 

deflected light goes down the pipe and only a part of the undeflected light goes down 

the pipe. When E<b, yu1 and yd1 are given by: 

ECByu sin1 ×=                                                                                                      (3.38) 

b

CB
Ebyd cos

2)90cos(1 ×−−=                                                                                  (3.39)      

 

Figure 3.25: Case 2. E=b. Estimation of yu1 and yd1 when E is smaller than b. 

3) Case 3: when E>b  

When the sun elevation angel, E, is greater than the tilt angle of the LCP, b, then both 

sides of the LCP gable arrangement receive direct sunlight (Figure 3.26). Therefore in 

this case we have deflected and undeflected light for each side, which are designated 

as yu1 and yd1 for the face 1 and yu2 and yd2 for face 2. 

When E is greater than b, all the light hitting the face 1 that goes undeflected is 

transmitted down the pipe. In this case yu1 is given by: 

)90cos(
cos

2
1 −+×= Eb

b

CB
yu                                                                                 (3.40) 
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The amount of direct sunlight deflected yd1 that is redirected down the pipe depends 

on the relation between b and J-I1. If the tilt angle of the LCP, b, is less than the 

difference between J and I1, then yd1 is given by: 

( )11 90cos
cos

2 IbJ
b

CB
yba d +−−×=⇒>          

01 =⇒≤ dyba                                                                                                      (3.41) 

where a is the angle between the LCP panel and the fraction of light deflected for face 

1 (Equation 3.30). 

If the tilt angle of the LCP, b, equals or is greater than the difference between J and I1 

then yd1 is given by:          

( )
⎟
⎠
⎞⎜

⎝
⎛ −

×−−−×−+
=⇒>

21
cos

90sin)90cos(
2

JE

CBJEbbEyba d             

01 =⇒≤ dyba                                                                                                      (3.42) 

When the sun elevation angle is greater than the tilt of the LCP, light reaches the face 

2 of the LCP arrangement. Then, yu2 is given by: 

q
b

CB
yu sin

cos
2

2 ×=                                                                                                   (3.43) 

where q is defined as the angle between the face 2 of the LCP and the direction of the 

light deflected (Figure 3.37). 

Finally yd2 is defined by the relationship between the angle, q, and the tilt of the LCP, 

b.  Then if:         

02 =⇒< dybq  

 ( )bqCBybq d −×=⇒≤ sin2                                                                                (3.44) 
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Figure 3.26: Case 3. E>b. Estimation of yu1, yu2, yd1 and yd2 when E is greater than b. 

Once the projections of y on the plane normal to the sun are found for all the different 

situations (e.i. fraction deflected and undeflected for each face of the LCP), it is 

possible to calculate the area of collection of the LCP for each fraction of each face 

(undeflected: areau1 and areau2; deflected: aread1 and aread2). In general the area for 

the different fractions is given by:             

 
CByarea
CByarea

dd

uu

×=
×=

                   (3.45) 

From Equation 3.26 the actual fraction of light deflected and undeflected for a 

particular sun altitude and designated LCP parameters are found.  
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Luminous input power for direct component of daylight 

Once we know the area of collection and the fraction deflected, fd, and undeflected, fu, 

the next step is to find the total luminous input power, IP, (for the direct and diffuse 

component of daylight) for each fraction. In the case of the direct sunlight the IPd for 

the deflected light and IPu for the undeflected light are given by: 

ddhEd

uuhEu

farareaEIP
farareaEIP
×××=

×××=
                                   (3.46) 

Where: EhE is the global illuminance reaching the panels at an angle E (equation 3.19) 

and ar is the reflection of the acrylic (10%) 

Calculation of area of collection for diffuse sky 

In the case of the diffuse sky, the input power is calculated by dividing the sky vault 

in four, as shown in Figure 3.26. Then all the illuminance coming from each section 

of the luminous band is considered as one component (deillumn) incident with 

inclination of angle E. The light coming from section 1 and 3 are consider to hit the 

LCP, but when light is considered coming from section 2 and 4, light coming from a 

luminous band with a low E angle, then most of the light will enter the pipe without 

touching the LCP, however, when the angle of the incoming light is higher than the 

angle between the diagonal of the rectangle formed by the section of the LCP and the 

horizontal plane (Figure 3.27, right), only a fraction of the light will enter the pipe. 

This fraction of diffuse light entering the pipe is given by first finding the height, AD, 

of the LCP arrangement:   

2
sin CBbAD ×=  

Then   

( )S
ADa tan=α                   (3.47) 

Where S is the width of the LCP arrangement. Then if E is greater than α, the fraction 

f is given by:  
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)sin(1 Ef −=                                                                                                         (3.48) 

If E is equal or less than α then the fraction f=1  

 

Figure 3.26: Calculation of input power through LCP for diffuse sky. 

 

Figure 3.27: Section of the LCP arrangement and determination of fraction of light that enters 

the pipe. 

The area of collection for the sections 1 and 3 are the same as Equation 3.51, and for 

sections 2 and 4 the area of collection is given by:     

  ERarea sin2
0 ××= π                  (3.48) 
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Luminous input power for the diffuse sky 

Once the area of collection is known for the diffuse sky, luminous input power from 

the diffuse sky, IPd, from the different sections of the sky is given by: 

uuu farareadeillumIPd ×××⎟
⎠
⎞

⎜
⎝
⎛=

2
                                                                      (3.50) 

ddd farareadeillumIPd ×××⎟
⎠
⎞

⎜
⎝
⎛=

2
                                                                      (3.51) 

farareadeillumIPd ×××⎟
⎠
⎞

⎜
⎝
⎛= 00 2

                                                                         (3.52) 

Calculation of deflected and undeflected angles 

For the calculation of the light transmission through a mirrored light pipe the new 

angles of the undeflected and deflected rays are calculated. The undeflected angles for 

face 1 and face 2, iu1 and iu2 are: 

 iu1 = iu2 = E 

The angle of the ray of the fraction deflected, id1, for the face 1 depends on the 

relationship between sun altitude, E, and the perpendicular to the LCP panel, J. Three 

situations can occur for different sun altitudes, or LCP inclinations (e.i. E>J, E=J or 

E<J) as shown in Figure 3.28. By trigonometry id1 is found: 

2

11 90 IbiJE d −−=⇒>  

01 =⇒= diJE  

bIibI
bIibI

JE
d

d

+−=⇒≥
−+=⇒<

⇒<
111

111

90
90

                                                                   (3.53) 

For the face 2 the angle of deflection, id2, depends on how the tilt angle of the LCP, b, 

relates to the incidence angle of the sun, I2. Two cases could occur, when b is greater 

than 90-I2 or when b is equal to or less than 90-I2. id2 is found trough trigonometry as:  
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( ) )90(90 222 IbiIb d −−=⇒−>                                                                           (3.54) 

( ) ( )222 9090 IbiIb d +−=⇒−≤                                                                           (3.55) 

In this first case light is deflected in such an angle that miss the pipe altogether. 

Finally when b is smaller than the different between 90º and the angle of incidence for 

face 2, I2, the deflected light is directed down the pipe as shown in Figure 3.29.               

 

Figure 3.28: Angle deflected for face 1. 

 

Figure 3.29: Angle deflected for face 2. 

The new angles of the rays of the fraction deflected and undeflected for diffuse sky 

components can be found the same way as previously explained. In the end, the 

luminous input power values for fraction deflected and undeflected for direct sunlight 

and diffuse light component, and the new angles for the fd and fu for the different 

components, allow transmission through the pipe to be calculated (Section 3.6).  

Finally, the above description of determination of area of collection, and deflected and 

undeflected angles has been used for the modelling of vertical light pipes with passive 
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systems of collection. The calculations have been incorporated intor the matlab 

program genlux.m (Appendix 4). 

3.5.2.2 Rotating LCP 

Another system studied for light collection in this PhD project was an active device 

that comprised a tilted LCP panel placed on a rotating mechanism which rotates 

around its vertical axes, 15º per hour, completing a 360º circle in 24 hours, and as a 

result following the sun trajectory more closely. Further description of the system is 

presented in Chapter 6 under Section 6.3.  

The major difference when considering a rotating panel as a collector in terms of the 

mathematical modelling of the light transmission through the system is the 

determination of the area of collection. Nevertheless, the general calculation steps are 

the same as the calculation scheme showed in Figure 3.19, however, the LCP 

collectors are considered as the 1LCP design. The main objective of this model is to 

find the deflected and undeflected angles of the incoming light.  

 

Figure 3.30: Determination of id and iu for the calculation of the area of collection for the rotating 

panel. 

The mathematical model considers a tilted LCP long enough to capture all the 

undeflected light, and therefore, even for low sun elevation angles, all undeflected 

light is redirected down the pipe (Figure 3.30). However, for high elevation angles the 

light transmitted through the LCP (fraction deflected) can miss the pipe aperture all 

together (Figure 3.31).  
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The collection area is the aperture area of the pipe multiplied by the sine of the angle 

deflected, id, or undeflected, iu, of the incoming light. As an example, if the pipe is a 

cylinder then the area is given by: 

iRArea sin2 ××= π                                                                                              (3.56) 

Where R is the radius of the pipe, and i represents id or iu.. The angle undeflected, iu, 

equals the elevation angle of the sun, E, and the angle deflected, id, is found by 

trigonometry as shown previously in Equation 3.53 to 3.55 (angle deflected and 

undeflected for gable LCP arrangement). If all the light deflected is redirected down 

the pipe, as shown in Figure 3.30, the model assigns a value 1 to the formula, but if 

the light misses the aperture, such as the case shown in Figure 3.31, then the model 

assigns the value 0. Then the value for the fraction undeflected, yu, is considered as 1. 

For the deflected value the following table shows the different possibilities for the 

fraction deflected: 

Table 3.2: Determination of presence of deflected light 

E, b relation  yd value
E<J 1 

a>b 1 E>J 
a≤ b 0 

E=b 

E=J  0 
a>b 1 b<J-I 
a≤ b 0 
a>b 1 

E>b 

b≥ J-I
a≤ b 0 

E=b 1 

Finally the area of collection for the fraction undeflected, areau, and for the fraction 

deflected, aread, are given as: 

uuu yiRarea ×××= sin2π                              (3.57) 

ddd yiRarea ×××= sin2π                                             (3.58) 

These new values for the area are replaced in equation 3.46 to find the luminous input 

power, IP, for the fraction deflected and undeflected. The calculations presented in the 

above section are incorporated into the matlab program gen1LCP1.m (Appendix 4). 
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Figure 3.31: Deflected light that misses the pipe. 

3.5.2.3 Tilted LCP, sun collection from the facade 

The final collection system studied in this project is laser cut panel sheet utilized as 

sun collector for horizontal light pipes. The simple design comprises a tilted sheet of 

LCP in the exterior face of the light pipe on the façade of the building, as shown in 

Figure 3.32. Mathematical modeling allows finding the most appropriate LCP tilt 

angle depending on the light pipe orientation and sky design characteristics.  

 

Figure 3.32: Tilted LCP collector for horizontal light pipe (nomenclature). 

Transmission through a tilted LCP collector for a horizontal light pipe depends on the 

sun elevation, E, the tilt angle of the LCP, b, and design parameters characteristics of 

LCP such as width of the LCP acrylic sheet, W, and spacing between laser cuts, D. In 

addition, because of the orientation and position of a horizontal light pipe, it is 
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important to consider for this mathematical model the influence of the azimuth angle 

on the overall performance of the system. 

The area of collection of a tilted LCP for a horizontal light pipe is calculated as:  

θcos2
sin

1
××= W

b
Warea        (3.59) 

Where W1 is the height of the pipe, W2 is the width of the pipe, b is the angle of tilt of 

the LCP (Figure 3.33) and θ is the angle between two lines, the normal to the panel 

and the sun direction, and is given by the direction cosines of these lines as: 

bEbaziE cossinsincoscoscos ×+××=θ      (3.60) 

Where azi is the angle between the sun direction and the projection of the normal of 

the panel on the horizontal plane. 

 

Figure 3.33: Nomenclature for tilted LCP for horizontal light pipe with light incident obliquely 

on the panel. 

Angles undeflected, iu , and deflected, id, are found by: 

( )aziEiu sincossin 1 ×= −                                      (3.61) 

( )22
1

d coscossini AE ×= −                            (3.62) 

Where E2 and A2 are the new elevation and azimuth angles of the fraction of light 

deflected by the LCP calculated by vector tracing. The program that calculates E2 and 

A2 has been developed by Dr. Ian Edmonds and is presented in Appendix 4 under the 
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name panel.m and panel1.m. These programs also calculate the new fraction deflected 

and undeflected when considering the azimuth angle. 

Optical properties of light incident obliquely on a LCP are given in Edmonds (1993b). 

Edmonds (1993b) gives the formula for the calculation of the fraction deflected for 

light incident obliquely by calculating the unit vectors of the incident ray and the 

direction of an oblique ray after reflection at the front face of the panel. For oblique 

rays the angle of the refracted ray projected, rp, may be expressed directly in terms of 

the elevation E and the azimuth azi as follows: 

( ) 2/1222 coscos1sin EazinETanrp +−=             (3.63) 

Substitution of tan rp for tan r1 in Equations 3.20 and 3.23 to determine the 

proportion of light deflected. 

Finally, to predict the actual lumen levels that are transmitted through the LCP the 

total is found by multiplying the area of collection (Equation 3.59), by the reflection 

of the acrylic, ar, intensity of the sun (Equation 3.15), and fraction deflected and 

undeflected substituting rp in the equations previously mentioned. 

3.6 Mirror light pipes 

3.6.1 Transmission of sunlight through a mirror light pipe 

Numerous authors have developed mathematical models for the calculation of light 

transmission through mirrored light pipes (Jenkins and Muneer, 2003, Zhang et al., 

2002, Zhang and Muneer, 2000, Carter, 2002, Zastrow and Wittwer, 1986, Swift and 

Smith, 1995). In general these models are for open light pipes (no collection systems) 

and for overcast skies. On the other hand, models for light pipes under clear sky 

conditions have been studied by Edmonds et al. (1995). This section describes the 

mathematical models for the prediction of mirrored light pipe performance, and 

presents different models for different light pipe forms. 

3.6.1.1 Rectangular pipe  

Edmonds et al. (1995) described a simple formula to calculate the transmission of 

sunlight through a cylindrical mirrored light pipe, MLP, for sunlight of intensity I and 
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elevation E, incident on a MLP of radius R and length L. The number of reflections 

that the light goes under inside the pipe is estimated by the calculation of the distance 

that light descends at each reflection, given by 2R tan E, then the number of 

reflections is: 

ER
LN
tan2

=                            (3.64) 

This formula is then modified for one-dimentional propagation for a rectangular pipe, 

by replacing R for the height, H, of the rectangular pipe. Then E is replaced by 

undeflection and deflection angles (Equation 3.58 to 3.60 for vertical light pipes, and 

3.67, 3.68 for horizontal light pipes). 

The determination of incoming luminous flux, measure in lumens, IP, through 

different arrangements of LCP is explained previously in Equations 3.51 and 3.52, for 

direct sunlight, and 3.55 to 3.57 for diffuse light, which represents the incoming light 

through a certain area of collection for the fraction deflected and undeflected. Finally, 

if the reflectance of the mirrored surface of the light pipe is ρ, then the transmission of 

the pipe for any light ray is ρN. Collecting the previous factors together the final 

transmission thought the mirrored light pipe coupled with laser cut panels is: 

NIPP ρ×=                                                                                                             (3.65) 

A more complicated calculation was developed by Edmonds and Garcia Hansen (In 

Press) for rectangular pipes with a cross section W1 and W2 and is given as: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ +×

×= 2
sin

1
cos

tan
11

WWe
L

IPP
θθ

ρ                                                                                        3.66) 

where θ1, azimuth angle of the light ray relative to the side W1 of the pipe, and e, 

elevation angle of the light ray relative to the aperture plane of the light pipe, are 

given by: 

( )22
1

2

21
1

coscossin

tan
sintan

AEe

E
A

×=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−

−θ
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3.6.1.2 Cylindrical pipe 

Transmission for a cylindrical light pipe could be calculated as shown in the above 

section; however, because most light in a cylindrical pipe does not incident normally 

to the reflecting surface, Edmonds et al. (1995) developed a spiral calculation of light 

transmission through the pipe. 

Light incident on the aperture of the pipe at a distance x (from 0 to R) from the pipe 

axis is incident on the reflecting surface, ρ, at an angle β, where β=asin(x/R). Now 

light travels a horizontal distance of 2Rcosβ and descent a distance of 2R tanI, 

therefore the number of reflections is: 

ER
LN

tancos2 β
=                                                                                         (3.67) 

Where E is the elevation angle, if it is an open pipe, or E is replaced by id or iu of the 

fraction deflected and undeflected respectively if the pipe has an LCP collector.  

Figure 3.34 shows how the luminous input power is calculated. The transmission of 

the light pipe, for an angle E, is calculated as a difference between the luminous 

power in, Pin, and the luminous power out, Pout. 

inoutE PPT =)(                            (3.68) 

 

Figure 3.34: Theory of light transmission in a cylindrical mirrored pipe. 

The luminous power in, Pin, is found by first calculating the area ΔA, as shown in 

Figure 3.34, found as xxRA Δ×−=Δ 22 . Lastly the Pin equals the sum of all the 
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ΔPin ( APin Δ=Δ ), multiplied by four because of the four sections of the circle (Figure 

3.34). 

∑Δ×= inin PP 4                   (3.69) 

Then, the luminous power out, Pout, is calculated 4×Δ= ∑ outout PP , where ΔPout is 

N
inP ρ×Δ , and N is calculated through Equation 3.66. 

Finally, collecting all the previous factors the luminous power transmission through a 

cylindrical MLP couple with LCP is:   

)(ETIPP ×=                                 (3.70) 

Where IP is the incoming luminous flux through different arrangements of LCP 

(Equations 3.45 and 3.46, for direct sunlight, and 3.50 to 3.52 for diffuse light) for the 

different fractions of light deflected or undeflected through the collection area. 

3.7 Light extraction 

If a light pipe is to have various extraction points it is necessary to estimate how much 

light is extracted at each point. What it is more important is to determinate the 

reflectance quality of the extraction panels and the light transmission between 

extraction points to be able to extract the same amount of light at each aperture. 

3.7.1 Theory of light extraction 

Theory of light extraction was developed by Edmonds et al. (1997ab) for a light pipe 

coupled with artificial light source. The theory is adopted here for a light extraction of 

a mirrored light pipe coupled with LCP under real sky conditions. 

The aim is to extract equal outputs of light at certain intervals along the pipe. Figure 

3.35 shows the concept of light extraction. Panels along the length of the pipe are 

placed to intercept the light and extract the require amount of light.  
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Figure 3.35: Theory of light extraction. 

Assuming for simplicity that light traveling through the pipe is wholly axial, Edmonds 

et al. (1997b) gives the following formula for the fractions fi extracted at sequential 

extractors to achieve equal outputs: 

1

1

1 +

+

×+
×

=
i

i
i f

ff
τ

τ                 (3.70) 

Here τ is the transmission of the pipe between one extractor and the next (assumed 

constant). For axial light, the light travels with no reflections and the transmission τ 

equals 1. In this simple case, for a pipe with four apertures, the fraction extracted for 

the last aperture, where all the light the remaining light is extracted is f4=1; the 

fractions for the next apertures are given by applying Equation 3.70 to yield: 

( ) ( )( )
( ) ( )( )
( ) ( )( ) 25.01

33.01
5.01

221

332

443

=×+×=
=×+×=
=×+×=

fff
fff
fff

ττ
ττ
ττ

              (3.71) 

However, in practical situations, the light transmission, τ, between extractors will be 

less than 1 depending on the angle of the incoming light. Therefore an average 

transmission factor, usually ranging from 0.65 to 0.75, is required to obtain near equal 

extraction values for most sun elevation angles. To find the amount of luminous flux 

extracted at each aperture, the luminous power transmitted from one extractor to the 

next is given by:     

arPP ii ××= − τ1                    (3.73) 
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and the luminous power extracted is given by:  ρ×+×= )1.0( iiext fPP                                                               

Where Pi is the luminous power, τ is the transmission for the pipe for that section, ρ is 

the reflectance of the mirrored surface (of the extractor), and ar is the transmission 

value of the acrylic (of the extractor). Finally the luminous power that is extracted, 

Pext in lumens, is divided by the area being illuminated to obtain average illuminance 

values in the interior.      

3.8 Light emitters 

Previous studies on light emission have been described in Chapter 2, Literature 

Review. Mathematical modeling of light emission through LCP light emitters have 

been developed by Edmonds et al.(1997a). In this project, modeling of light through 

different solutions for light emitters is studied by observation scale modeling and 

testing under real sky conditions and artificial sky.  

3.9 Conclusions 

The objective of the mathematical models presented in this chapter is to obtain 

approximations of performance of light pipes, coupled with laser cut panels as light 

collectors, under different sky conditions and locations. When compared with the 

measured results obtained from scaled models (Chapter 4, 5 and 6) and calibration of 

the mathematical models in Appendix 3, it is observed that the mathematical models 

are not perfectly accurate, the reason being that estimations are made as follows: 

• approximations for the sky values 

• approximations for the LCP area of collection and performance 

• approximations for the light transmission through the pipe and extraction 

These add to the error with each step through the calculations. Nevertheless, the 

models provide us with preliminary results of how the pipes could perform, thus 

helping in the design process, when deciding size or material of the pipe, and 

collection system. 
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CHAPTER 4  

CASE STUDY 1: HORIZONTAL LIGHT PIPES 

4.1 Introduction 

This Chapter and the following Chapter 5, describe building case studies utilized in 

this research to assess the performance of light pipe strategies for different building 

types and under various sky conditions. This assessment has been done by scale 

model testing and using the mathematical models described in Chapter 3. The case 

studies provided the opportunity to test the light pipe technology as a solution for 

different types of deep building layout, in particular, as horizontal light pipes for a 

high-rise building (Chapter 4), and as vertical light pipes for a middle rise deep plan 

building (see Chapter 5). One of the most important factors affecting mirrored light 

pipe performance is the aspect ratio (pipe length/width), and therefore the shortest 

distance to the exterior (facade or roof) should define the orientation of the pipe. 

Consequently, horizontal light pipes, acquiring daylight from the façade, are most 

appropriate for high-rise buildings, whereas vertical light pipes collecting light from 

the roof are most appropriate for medium-rise buildings. The case study in this 

Chapter is the design proposal for the Waterfront building in Malaysia, and this 

Chapter details the research undertaken in assessing horizontal light pipes as a 

daylighting solution for this building.  

4.2 Case studies 

Research into daylight solutions for deep plan office buildings was prompted by two 

building design proposals from Malaysian architect Ken Yeang. The case study 

examined here is a high-rise (28 floors) office building design in Kuala Lumpur, 

Malaysia (Figure 4.1), with a deep-plan floor plate of 20 m depth and 100 m width. 

The second case study was a proposal for the refurbishment of the Millennium 

Library in Brisbane (Australia), with floor plates of 60 m x 100 m (explained in 

Chapter 5). Both building design solutions result in dark cores that would depend 

entirely on electrical lighting for illumination, unless some means of natural 

illumination is incorporated.  
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Dr. Yeang’s philosophy involves the application of ecological principals in building 

design while addressing the requirements of the ‘triple bottom line’: human society, 

economics and natural environment (Yeang, 1999). Skyscrapers and other major 

urban building types are not presently designed under ecologically responsive 

standards. Dr. Yeang’s justification for the continuation of skyscraper design and 

construction when they are usually not considered a sustainable solution is (Yeang, 

1999): 

 “ Skyscrapers, though hateful they may be to some, will continue to be built as long as 

land prices continue to go up and entrepreneurs conclude that the only way to recoup 

the high cost of urban land is to increase plot ratios – i.e. to build upwards and more 

intensively on a given piece of land. This is unfortunately the reality of the day, and the 

inescapable fact of the economics of urban land economy. On the other hand, some 

might be tempted to claim on the basis of these same facts that skyscrapers are indeed 

the preferred green building form over the low-rise precisely because they have a 

smaller footprint, and the residual portion of the land (because of the lower land 

coverage) can be returned to nature”.  

Yeang (1999) also sees the increase in skyscraper construction as a result of very 

small land lots (often less than 0.25 hectares) in cities, especially in inner city areas, 

where the only design option for such small land lots is limited to simply building 

upward. The high cost and small size of city sites, in addition to higher gross floor 

area (total built-up space consisting of floors stacked one on top of another) of 

skyscrapers are used as a solution to spread the land value over the total net floor area 

(its net rentable or saleable space). The result is taller buildings with bigger plans, 

creating deep plan buildings and all the problems associated with it (Chapter 1).  

Regardless of the justification for deep plan buildings and the rationalization of their 

benefits, the reality is that these major urban building types are very inefficient with 

respect to daylighting, and therefore depend almost entirely on electrical lighting for 

illumination. Deep plan building designs of Ken Yeang experience this problem and 

his support for ecological building design gave us the impetus for trying sustainable 

ideas to reduce energy consumption by introducing daylight into the core of deep plan 

buildings by means of light pipes.  
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4.3 Case study 1: Waterfront Building in Kuala Lumpur. 

Horizontal light pipes 

The objective of this case study was to assess the feasibility of horizontal light pipes 

to enhance the natural illumination of a deep plan high-rise building proposal 

(Waterfront House) in Kuala Lumpur (Figure 4.1), to determine the benefits and 

limitations of this passive daylight solution, and to improve the design of the mirrored 

light pipe technology. The study consisted of scale model testing, and mathematical 

validation. Further assessment of horizontal light pipe technology is done with 

theoretical modelling in Section 4.4. 

4.3.1 Project description 

The Waterfront project is a speculative design for a high-rise office building in Kuala 

Lumpur, Malaysia. The site (Figure 4.2.a) is in Jalan Pinang, adjacent to the world’s 

tallest building, the Petronas Twin Towers and it has prominence in terms of its 

physical position and its architectural iconography (Figure 4.2.b). Architect Ken 

Yeang tried with this project to balance an economically-driven commercial 

development with the environmental and social needs of the international move 

towards sustainability which has created the intrinsic challenges of the design 

problem.  

 

Figure 4.1: Left- Waterfront House building. Right- Section of Waterfront House (source Ken 

Yeang). 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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The construction of the Waterfront building has not started at the time of writing this 

thesis due to financial difficulties. However, the use of a real design project and 

collaboration with the architectural firm that designed it help us in the understanding 

of implementation of light pipe technology in high-rise buildings in the tropics. 

Following there is a description of the research done for this particular case study. 

 

Figure 4.2: Left- Site plan of Waterfront building in Kuala Lumpur. Right- View of the 

Waterfront building in the site. 

Kuala Lumpur is near the equator at 3.1º North and 101.7º West. Kuala Lumpur has a 

hot humid climate with temperatures that vary little from month to month, high 

humidity, and small daily range of temperature between day and night. Wind speed is 

the most important influence in Kuala Lumpur in mitigating the heat. Breezes come 

from the east in the morning, and west in the afternoons, but the worst months are 

March, April and October when there is little wind. 

At the equator the sun rises in the east, passes overhead (through or close to the 

zenith) and sets in the west, therefore the horizontal surfaces receive the highest 

radiation (all throughout the day), and east and west facades (vertical surfaces) receive 

the greatest intensity of solar radiation, in the morning and afternoon respectively, in 

addition, north and south facing vertical surfaces receive little radiation (Koch-

Nielsen, 2002). Because of these factors the best form and orientation for a building in 

the tropics (close to the equator) is a rectangular shape along the east-west axis 

(Hawkes et al., 2002), as shown by the results of running the weather tool software 
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(Marsh, 2000) for Kuala Lumpur location (Figure 4.3), with a split core placed in both 

the east and west facades as thermal buffers (Yeang, 1999). In this way, thermal gain 

is reduced from the east and west façades, and the north and south façades can be 

protected by shading devices to reduce insolation. Additionally, natural ventilation is 

very important in hot humid areas, and the building should also consider the wind 

orientation to maximise air movement. The best orientation is 45º to the prevailing 

winds (Koch-Nielsen, 2002). But all these rules are not always easy to apply.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.3: Optimum orientation for a building in the tropics (Marsh, 2000). 

The biggest problem for the Waterfront building design was its site orientation, which 

did not permit the orientation along the East-West axis. In addition the best views are 

to the Metropolitan Park (Figure 4.2 Left and 4.2 Right). And therefore the building 

was to be orientated diagonally in the north east-south west direction (Figure 4.4). 

This orientation would create considerable problems with heat gain. To fix this Ken 

Yeang decided to take two approaches that will particularly affect, in different ways, 

the natural illumination of the building:  

1) The elevators and services were placed on the west façade as a thermal buffer to 

protect the building from the western sun (Figure 4.5). Although a necessary 

measure for preventing heat gain, this complicates the natural illumination of the 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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building by creating a very deep plan and with accessible daylight only from the 

east. 

2) The floor to floor height (4.6m), larger than normal for these kinds of buildings, is 

to improve natural ventilation for the Waterfront design. The greatest advantage of 

larger floor to floor height is the flexibility for innovation, permitting systems to 

be devised without typical floor height constraints, which, as shown later in this 

chapter, was of great help in the design of a solution to improve natural 

illumination for this building proposal. 

 

Figure 4.4: Orientation of Waterfront building. 

Generally, to meet the prescribed economic criteria in modern buildings a number of 

the physical parameters of the building are minimized, for example, external wall 

thickness, vertical support size, horizontal support, vertical circulation and floor to 

floor height. These economic criteria result in a high energy consumption solution and 

a building that relies on active systems for climate control. Ken Yeang challenges 

some of the economic criteria for the proposal of the Waterfront House design in 

favour of a reduced energy solution through mixed mode design- active and passive 

systems. Accordingly, the design parameters of the Waterfront House building 

include: 1) orientation: south-east, 2) west located services (as a thermal buffer), 3) 

deep plan floor plate of 2000 m2, 4) building height: 28 storeys, and 5) floor to floor 

height of 4.6 m. 6) natural ventilation through wind wall features. In order to make 
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significant savings to the power demand from electric lighting and air conditioning of 

the building solutions were needed to improve daylighting in the building. 

 

Figure 4.5: View of the west façade of the Waterfront building which shows the façade treatment 

of the service core (Richards, 2001). 

Consequently, the major issues with natural illumination for this building proposal 

are: first, how to reduce glare and better distribute light entering the space from the 

east façade in the morning, and secondly, how to illuminate the core of the building, 

especially after noon when the sun is on the west and blocked by the service areas 

(thermal buffer). This first case study has particularly focused on the second issue, 

and the solution is described below. 

4.3.2  Proposed design solution 

The design proposal for the Waterfront house building places the utilities zone of the 

building against the windowless West wall with the workplace zone extending three 

quarters of the way across the building from the Eastern side of the building as 

illustrated in Figures 4.6 and 4.7.  In order to improve daylighting performance of the 

office space in the building four light pipes per floor, coupled with laser cut panels 

were proposed. As it is expected that the Eastern perimeter zone, defined as passive 

zone (Chapter 1) will be well illuminated during the morning and less adequately 

illuminated during the afternoon. The objective of the light piping system is to 

illuminate the inner zone of the work area; more particularly in the afternoon with 

enough lighting levels for ambient lighting, 160 to 240lux (Australian Standard, 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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1990). The light pipes take light incident on the Western facade through the plenum 

area above the utilities zone and distribute light into the inner zone of the building.  

Figure 4.6 shows in orange the passive zone of the building, which is the area located 

on the perimeter that can benefit from the ambient environment (daylight, solar gain, 

ventilation, view). It usually is twice the floor to ceiling height (Baker and Steemers, 

2000). The blue area needs to be served by the light pipes. 

 

Figure 4.6: Light pipes in plan (red), aligned to come through the westerly core.  

The efficiency of a light pipe depends on how the following problems are addressed 

in the design of the pipe:  1) light collection; 2) the dependence of light transmission 

on solar elevation; 3) the extraction of light along the pipe as required; and 4) 

producing a uniform distribution of light in the space from a small concentrated 

output. Accordingly, the proposed design of Waterfront House light pipes (Figure 4.7) 

utilizes: 1) a laser cut panel light deflector at the input aperture to deflect high 

elevation sunlight more directly along the axis of the pipe, 2) a light extraction system 

to extract the required proportion of piped light into the inner zone, and 3) a light 

spreading system to distribute the light away from the area directly below the light 

pipe and more evenly over the space.  
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All systems are described below: 

 

Figure 4.7: Light pipe design proposal. 

1) Light collection: Laser cut panels 

LCP could improve light transmission through the pipe by redirecting light more 

axially along the pipe than, for example, a pipe with a clear glazing at the aperture 

(Figure 4.8).  

 

Figure 4.8: A- Light pipe with clear glazing. Light at any high angle coming into the pipe will be 

lost due to multiple reflections. B- Light pipe with LCP. LCP redirects the light along the pipe 

reducing the number of reflections and therefore loss of intensity. 

Laser cut panels, described previously in Chapters 2 and 3, are produced by making 

parallel laser cuts in transparent acrylic panel (Edmonds, 1993b), each cut becoming a 

thin mirror, which provides powerful deflection of off-normal light as illustrated in 

Figure 4.9a. Incident sunlight is split into a deflected beam or fraction deflected, fd, 

and an undeflected beam or fraction undeflected, fu. For effective light collection and 

deflection of incident sunlight into a horizontal light pipe the LCP should be placed at 

an angle to the input aperture which allows maximum deflection of high sun elevation 

angles, and minimum deflection for low elevation angles, (Figure 4.9) resulting in 

maximum collection for different times of the day. 
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Figure 4.9: Detail of the laser cut panel as light collector, and deflection of incident sunlight into 

the light pipe for high elevation angle (A) and low elevation angle (B). 

2) Light transmission: 

The transmission of light through the pipe is given by T = ρN, where ρ is the 

reflectance of the surface of the light pipe and N is the number of reflections along the 

pipe which bring light to the point of interest (Chapter 3).  

 

Figure 4.10: Transmission of light through horizontal pipes for the deflected and undeflected 

beam of light at different times of the day. 

For example, in the first scale model built for testing in this case study the reflectance 

of the material of the pipe (aluminum) was 85%. If it is assumed that the deflected 

beam makes two reflections before reaching an output aperture, the transmission of 

the pipe can be calculated as T = 0.852, which results in a transmission for the 

deflected beam of 72%, while for the undeflected beam, for example, making 12 

reflections before reaching an output aperture, the transmission is T = 0.8512, resulting 

in a transmission for the undeflected beam of 14%. In the present application the input 

apertures of the pipes are on the Western façade and sunlight enters the apertures from 

12 noon through the afternoon as illustrated in Figure 4.10. It is evident from this 
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illustration that the transmission of light through pipes depends, in a fairly 

complicated way, on the sun elevation angle and, therefore, on time of day. 

3) Light extraction: 

As the light traverses the pipe, specified proportions of the light must be extracted at 

intervals along the light pipe to provide a uniform light distribution below the light 

pipe (Theory of light extraction- Chapter 3). The principle of a light extraction system 

is illustrated in Figure 4.11. In this example (with four extraction points) the same 

amount of light is to be extracted at each aperture. To achieve this, the first extractor 

panel is made sufficiently reflecting to deflect one quarter of the light. The second 

deflects one third of the remaining light, the third panel deflects one half and the final 

extractor deflects all of the remaining light. More complicated ratios may be derived 

to account for transmission loss in the pipe which occurs between each extractor 

(Edmonds et al., 1997). The transmission loss will vary with incidence angle of the 

light and hence with time of day. Therefore it is expected that the distribution of light 

from the light pipe will also vary with time of day. The number of apertures will also 

affect the extraction ratios. 

 

 

Figure 4.11: Light extraction theory in mirrored light pipes. 

4) Light distribution 

As the light is directed near axially and is extracted by reflection off planar extractors 

it follows that the extracted light is emitted into the room as an approximately vertical 

and fairly well collimated beam. As a consequence, only the area directly below the 

apertures is well illuminated. To distribute the light more widely a light spreading 

system comprising a triangular arrangement of laser cut panels was designed. Figure 

4.12 shows a cross-sectional view of the pipe and the light spreading arrangement. A 

high proportion of the downwardly directed light would be deflected by the panels 
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over the ceiling to either side of the light pipe thereby improving the distribution of 

light in the room by spreading the light more evenly over the interior.  

 

Figure 4.12: Laser cut light spreading panel. 

4.3.3  Methodology of study and system optimisation 

To determine the design and dimensions of the system and its optimisation (light 

collection, transmission, extraction and distribution), an iterative analysis was carried 

out, consisting of a series of mathematical modelling and scale model testing under 

sunny and cloudy sky conditions. Early mathematical modelling allowed the 

determination of the size of the pipe capable of supplying the required light inside the 

building, and a number of variables such as: size and reflectivity of pipes, optimum 

tilt angle of the laser cut panel collector, optimum ratios for the reflectance material of 

extractors, etc. Then the scale model testing allowed verifying the system 

performance and visual observation of light behaviour under different sky conditions 

as well as examination of performance of light spreading systems (which is not 

included in mathematical models). This allowed better understanding of light 

performance and helped to further develop the mathematical models. Finally, 

validations of the measured and modelled values were carried out. 

4.3.3.1  Light pipe design parameters 

Due to the building design the pipes needed to be at least 20 meters long to provide 

light to central area of the building. The higher floor to ceiling height allowed pipes of 

as much as 800mm in height. Then, the width of the pipes, the tilt angle of the laser 

cut panel collector, the reflectance of light pipe material and the reflectance of the 
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material of the extractors were determined through analysing mathematical modelling 

and scale model testing. 

4.3.3.2  Scale models  

Two scale models were built for the physical examination of horizontal light pipes. 

The first scale model was to study the feasibility of the technology, and the second 

model, which was an improvement of the first scale model, was a step further to 

optimize the technology. The design of the scale models, construction and testing are 

described below.   

Scale model 1  

A 1/20th scale model of the light pipe system was first built for measurements under 

direct sunny and cloudy sky conditions (Figure 4.14).  

 

Figure 4.13: Area of the building represented by the scale model construction. 

Only one light pipe and the area that the pipe should illuminate were modelled, shown 

in Figure 4.13. The effect of multiple light pipes was simulated by placing mirrors in 

the vertical sidewalls, as shown in Figure 4.15. 
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Figure 4.14: Scale model construction at School of Design workshop. 

 

Figure 4.15: The effect of multiple light pipes was simulated by placing mirrors on the side walls. 

View from the front opening (east window). 

1) Light Collection 

A laser cut panel sheet was placed at the input aperture of the light pipe. From design 

calculations an inclination of 55º was determined. However, measurements on the 

constructed scale model showed that the angle of inclination of the LCP from the 

horizontal was close to 57.5º. 

2) Light Transmission 

The light pipe was made out of an aluminium sheet of 85% reflectivity. 
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3) Light extraction 

The theory of the average transmission factor, τ, was explained in Section 3.7 of 

Chapter 3. At the time of the construction of this first scale model, the mathematical 

models were not in an advanced stage and therefore the theory from Edmonds et al. 

(1997b) was followed for the average transmission factor.  

 

Figure 4.16: View of extraction apertures of light pipes and its light extractor panels. Decrease in 

the light intensity at each extracting panel showing that the ¼ amount of light is not achieved. 

In the first attempt to extract the same amount of light at each aperture by the 

extraction panels it was assumed there were no losses in the pipe between extractors 

and the averaging transmission factor τ=1, resulting in extraction fractions of 25% 

(1/4 of the total incoming light) for the first aperture, 33% of the remaining light after 

the first extraction (or 1/3) for the second aperture, 50% of the remaining light after 

the second panel (or 1/2) for the third one and finally the 100% of remaining light is 

extracted by the last panel. Figure 4.16 shows the extractor panels in the scale model. 

However, the light distribution along the pipe base on an averaging factor of 1 did not 

give the results expected. Figures 4.16 and 4.17 show how the intensity of the light 

coming out of the apertures is not even and decreases towards the last extraction 

points. It was evident that more experimental research was necessary to take into 

account the transmission loss, τ, in the pipe that occurs between each extractor. 
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Figure 4.17: View of same scale model as Figure 4.16 with the inclusion of light distribution 

system (LCP). 

4) Light distribution 

In the observation of the first scale model it was found that the extracted light was 

emitted into the room as an approximately vertical and fairly well collimated beam 

(Figure 4.18), therefore only the area directly below the apertures was well 

illuminated. Consequently, to distribute the light more widely, two light spreading 

systems were studied by observation in the scale models. An artificial light source 

was used for the observation. The objective was to see which of the systems could 

redirect the light to the ceiling of the scale model and which would result in a better 

spread of the light in the space. The systems were: 

• A light diffusing arrangement comprising diffusing acrylic material (Figure 4.19-

left). The picture shows that light is not redirected strongly to the ceiling, and 

although the system shows an improvement of light distribution in the space, it 

still concentrates the light underneath the openings.  

• A light spreading system comprising a triangular arrangement of laser cut panels. 

Figure 4.12 (earlier in this section) shows a cross-sectional schematic drawing of 

the light pipe and a light spreading arrangement. Figure 4.14, shows a picture of 

the scale model observed from the eastern opening, the figure shows how the 

arrangement looks in the space. Figure 4.19- right shows a high proportion of 

downwardly directed light was redirected by the panels over the ceiling to either 

side of the light pipe thereby improving the distribution of light in the room by 
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spreading the light more evenly over the interior. This system was selected for 

testing under real sky conditions.  

Figure 4.18: Distribution of the light without emitters.  

Figure 4.19: Diffuser arrangement (left) and LCP arrangement (right). View of light spread in 

the ceiling. View through the floor of the scale model showed in Figure 4.14 up to the ceiling. 

Scale model 1: testing under real sky conditions 

a) Testing under sunny sky conditions 

Figure 4.20 shows the scale model and the grid of measurement points (60 points) 

within the model interior relative to the light pipe.  
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Figure 4.20: Scale model testing under sunny sky conditions (left) measurement grid (right). 

Measurements were made by tilting the model to obtain various sun elevations (81º, 

57º, 45º and 27º), which represent the hours from around 12:30pm to 4pm in Kuala 

Lumpur (Figure 4.10). The measurements of workplace illuminance are shown in 

Figure 4.21. Measurements were taken with Minolta Illuminance Meter T-10 M 

(Appendix 5). It was verified that the variation between exterior illuminance at the 

beginning and at the end of each set of measurement did not exceed 5%, so as to 

obtain comparable results.  

It is evident that the amount of light delivered, ranging between about 200 and 300lux 

over the time period from 12:30pm to 4pm contributes significantly to the illuminance 

level (design level 300lux) required in the building (Figure 4.21). That the area 

directly below the light pipe receives up to 3 times as much light as areas to the side is 

due to a less than optimal design of the light spreading system. This could be 

improved by using laser cut panels with cut spacing to provide maximum deflection 

of light to the side. The emitted light shows a moderate reduction in intensity with 

distance along the light pipes. This is due, primarily to the fact that transmission 

losses through the pipe were not considered in the earlier mathematical modelling, on 

which this first model was based. 
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Figure 4.21: Measured values for 81º, 57º, 45º and 27º of sun elevation.  

b) Testing model 1 under real overcast conditions 

The testing for overcast conditions was carried out for a full cloud covered day on the 

onset of rain with 10000lux exterior illuminance. The results, as seen in Figure 4.22, 

show that the highest values, 40 to 45lux, are directly under the light pipe openings 

and the average of interior illuminance in the space illuminated by the pipe is around 

22lux.  

The daylighting factor (DF), defined by the interior illuminance Ei, and the exterior 

illuminance Ee as Majoros (1998):   

100×=
e

i

E
EDF  

The daylighting factor for the horizontal light pipe is around 0.22%, which is lower 

than the minimum recommended daylighting factor of 1% (ISO/CIE, 2002), and 

consequently the light pipe performance for overcast conditions performs well under 

the recommended values for illumination in office buildings. 
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Figure 4.22: Measured values for overcast sky conditions.  

 

Figure 4.23: Interior of horizontal light pipe scale model for testing under real overcast sky 

conditions. 

Validation 

An average of measured illuminance under each opening was calculated and then 

compared with the results from running the Matlab programs genHPLCP.m and 

matHPLCP.m, based on the theory developed in Chapter 3, and presented in 
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Appendix 4, for horizontal light pipe performance under the solar elevation angles 

used in the experiment. The mathematical models may be summarised as the 

calculation of:  1- the number of lumens incident on the input aperture, 2- the fraction 

of incident light deflected and undeflected, 3- the transmission of both components to 

each of the four light pipe apertures, 4- the average workplace illuminance obtained 

by dividing the lumen output from each aperture by the area of workplace associated 

with each aperture, 30m2. Given the simplified theory used the fair agreement 

between theory and measurement, shown in Figure 4.24, is encouraging. 

 

Figure 4.24: Comparison of measured values and theoretical calculations.  

Conclusions of Scale model 1 

First testing showed that light pipes coupled with laser cut panels had a good 

performance for deep plan buildings, reaching illuminance values ranging from 200 to 

300lux over a period from 12pm to 4pm thereby contributing to the 300lux required 

for the Water Front House Building during clear sky (sunny) conditions. For an 

overcast sky of 10,000lux (measured) the average illuminance levels was 22lux. The 

best performances, under sunny conditions, were obtained for the higher sun angles 

where the deflected fraction of the incoming light is greater, and is transported 

through the pipes with fewer reflections. For lower angles the performance 
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diminished as a consequence of the reduction of the light deflected and the increase in 

the number of reflections suffered by the off axis beam. Further study is required to 

see if 57.5º tilt angle of the input LCP is near optimum for a fixed system, and to see 

if some form of tracking which adjusts the LCP angle could improve the performance 

of the system. Thus the analysis indicates the use of the light pipes will increase the 

passive zone in the building and hence reduce energy consumption by the use of 

daylight, further study is necessary to improve uniformity of the fractions of light 

extracted at each light pipe aperture.  

Scale model 2 

The second scale model for the horizontal light pipes is an improvement of the first 

scale model. The same 1200mm, 600mm and 200mm wooden box structure (scale 

1:20) was used for the office space representing a portion of the Kuala Lumpur high-

rise building. Changes were made in the light pipe collection panel and extraction 

panels. The number of extraction panels was increased to five in order to improve 

light distribution in the space. Five transparent panels were inserted at a fixed spacing 

(2m) along each pipe with calculated amounts of reflectance material to extract 

approximately one-fifth of the light at each aperture. A triangular arrangement of LCP 

was also used, similar to the spreading system of experiment one (Figure 4.12) to 

redirect the extracted light sideways to achieve a better and more uniform light 

distribution in the floor space. 

1) Light collection 

The laser cut panel collector inclination from the horizontal was corrected from 57.5º 

to 55.5º inclination. 

2) Light Transport 

Material for the pipe is the same type of silver aluminium with an 85% reflectance as 

scale model 1. 

3) Light extraction 

The matlab programs genHPLCP.m and matHPLCP.m (Appendix 4) were run for 

different transmission factors to understand the influence of this factor in the light 

distribution along the pipe. Figure 4.25 shows how as little as ±5% variation in the 

averaging transmission factor could change the distribution and the amount of light 
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extracted at each aperture. An average extractor to extractor transmission factor of τ= 

0.65, was used in Equation 3.70 (Chapter 3) for the construction of the light pipe for 

experiment 2. The reflectance fractions obtained for equal outputs were 7% for the 

first extraction aperture (E1), 12% for second aperture (E2), 20% for third aperture 

(E3), 39% for fourth aperture (E4), and 1 for the last aperture (E5). Figure 4.26 shows 

how these extraction panels looked in the scale model and how the amount of 

reflectance material is increased to obtain the desired extraction fractions. 

 

Figure 4.25: Comparison of influence of the averaging factor on the light distribution along the 

pipe. 

 

Figure 4.26: Light extraction panels for scale model 2. 

4) Light distribution 

A similar triangular LCP spreading system as the one used in experiment 1 is again 

used for experiment 2. Figure 4.27 shows model interior where the LCP triangular 

distribution arrangement can be observed. 
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Figure 4.27:  Interior of horizontal light pipe model tested under sunny sky conditions. 

Scale model 2: Testing under real conditions and artificial sky 

Scale model 2 was tested under real sunny sky conditions and under the artificial sky. 

a) Experimental testing under sunny conditions 

Testing was performed on January 22, 2003 (Figure 4.28), under sunny sky conditions 

for a wide range of sun angles (20° to 74°).  

 

Figure 4.28: Scale model 2 testing. January 22, 2003. 

Figures 4.29 to 4.31 show the illuminance distribution levels measured at the working 

plane resulting from the testing of the scale model 2. Measurements were taken at 42 

points in a measurement grid similar to the one shown in Figure 4.20. 
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Figure 4.29:  Light distribution for horizontal light pipe for sun altitude 20º (top), 29.3º (below). 
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Figure 4.30:  Light distribution for horizontal light pipe for sun altitude 46.7º (top), 57.9º (below). 
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Figure 4.31: Light distribution for horizontal light pipe for sun altitude 70.9º (top), 74º (below). 
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Light distribution along the pipe’s extraction apertures was more even, owing to a 

better understanding of the required extraction ratios. In certain cases, such as results 

from sun altitude 20º (Figure 4.29-top), the greater differences in illuminance levels 

observed resulted from direct sunlight falling on a light sensor.  

b) Experimental testing under artificial sky 

The artificial sky simulator at the School of Design of QUT (Appendix 2) was used to 

test the performance of the pipes under overcast conditions. Daylight factor values 

obtained under overcast conditions (artificial sky) ranged from 0.18 to 0.52 % 

(Average 35%). 

Validation 

In order to compare results from the measurements and the mathematical models an 

average of the measured illuminance level over the area of influence of the apertures 

was compared with the results calculated for the same area. Figure 4.32 shows the 

measured average illuminance level obtained from testing under sunny sky conditions 

and the corresponding calculated values. Note that the distribution is adequately 

uniform along the light pipe in both cases. However, the theoretical calculations 

overestimate illuminance values for higher sun angles and underestimate illuminance 

values for lower sun angles. The measured and theoretical values show a similar trend 

of average illuminance versus sun angle (Figure 4.33). The more extreme values 

obtained in the calculated model may be a consequence of neglecting the roughness in 

the cut surface of the LCP, which diffuses the deflected light with an angular spread 

of +/- 8°. The variation in illuminance values throughout the day (100 to 400 lux) for 

sunny sky conditions, corresponds to varying light transmission along the pipe for 

different sun angles. At lower and higher sun angles, a higher amount of undeflected 

or deflected light respectively, travels axially along the pipe. However, at sun angles 

between 40º-55°, the LCP has little effect. The light passes through the LCP 

undeflected, and then undergoes multiple reflections along the light pipe.  
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Figure 4.32: Comparison of interior average illuminance levels (under each extraction aperture) 

obtained from testing HLP under sunny sky conditions, and from the mathematical models. 

 

 
 

Figure 4.33: Comparison of average illuminance levels of HLP with LCP collectors obtained 

from mathematical modelling and testing under real sky conditions against different sun altitude 

angles. 



Chapter IV 

 4-30

Conclusions Scale Model 2 

This second experiment has shown that horizontal oriented mirrored light pipe (HLP) 

systems coupled with LCP collectors provide a potential solution for the natural 

illumination of deep-plan office buildings, achieving an adequate spatial light 

distribution along the pipe. Illuminance values ranged from 100 to 450lux for the 

horizontal light pipes over a period from noon to 4pm under sunny sky conditions. 

However, illuminance dropped for overcast conditions with daylight factors from 

0.18% to 0.52%, which represent for example, illuminance levels of 18 to 52lux when 

considering an overcast sky of 10,000lux. Thus, whereas a near constant light 

distribution along the pipe can be achieved, it may be necessary to use an adjustable 

light deflector system at the input of the light pipe to reduce variation of light pipe 

collection with time. In addition, further improvement of light distribution devices and 

light emission within the space are needed. 

The performance of HLP depends on the orientation of the available façade and 

shadings by nearby buildings. HLP are easy to integrate in to the architecture when 

false ceilings are available. However, HLP need to be considered in the earlier stages 

of the building design because the pipe area required to achieve the recommended 

values for ambient light may be unacceptable to designers. 

The Kuala Lumpur design has shown good performance of the light pipes with 

average illuminance levels of 300lux over a period from 12pm to 4pm, for clear sky 

conditions, and an efficiency of the system in the order of 25% for a light pipe with an 

aspect ratio of 30 (ratio of the length of the pipe 24m and height of the pipe of 0.8m). 

The system performance falls to about 1/10 of these values for heavy overcast 

conditions. Zain-Ahmed et al. (2002) indicated that the real sky condition in Malaysia 

is the average intermediate sky-type, between the two extremes studied, for 85% of 

the time. Assuming an intermediate value between the measured maximum of 300lux 

and the measure minimum of 18lux is 160lux, one might expect average annual levels 

of these values to be available in Kuala Lumpur for most of the time, which is the 

same as the design values targeted for ambient illumination. This result has indicated 

that the system is potentially feasible and is worthy of further development. 
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4.4 Further studies of horizontal light pipe technology  

The agreement between the mathematical models and the experimental results permits 

extending the analysis of Horizontal Light Pipes (HLP) by using the mathematical 

models (developed in Chapter 3) to estimate performance of the light pipe technology 

under different design parameters such as:   

1) aspect ratio w/H (w, width of the pipe, H, height of the pipe),  

2) reflectance material of the light pipe,  

3) tilt angle of the LCP panel, 

4) D/W ratios of the laser cut panels, where D is the spacing between the laser 

cuts and W is the width of the LCP (Chapter 3, Section 3.5.1),  

5) light pipe orientations.  

This kind of analysis would have been impossible to do with scale model studies due 

to time and economic constraints of this PhD project. Most importantly, the aim of the 

mathematical analysis is to find the most appropriate design according to the building 

location and layout in the most functional and economical way possible. 

4.4.1 Study of horizontal light pipes aspect ratio 

In order to understand the flexibility and limitations of the light pipe design in terms 

of size, aspect ratio and area of collection, the Matlab programs genHPLCP.m and 

matHPLCP.m (Appendix 4) were run for light pipes with same length (24m), 

reflectance material (85%), LCP inclination (55º), and area of collection (1.6m2), but 

different light pipe profiles. The area illuminated is the same for all the cases, 12m by 

12m, and the incoming light azimuth angle is considered as 0º. Table 4.1 show 

dimensions of the light pipes modeled. 

Figure 4.34 shows the lumens collected (luminous input power) versus solar elevation 

for all the cross sections. Since the area of collection is the same, the lumens collected 

are identical for all the different light pipe cases.  The greater luminous input power is 

collected when the sun elevation ranges from 40º to 60º (for a LCP collector tilted at 

55º) since the sunlight is almost normal to the panel. When light reaches the panel 

with a higher or lower elevation angle, the projected area of collection is reduced 

(Figure 4.35). 
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Table 4.1: List of parameters modeled for horizontal light pipes 

 H (m) w(m) Area (m2) 
Pipe 1 2 0.80 1.6 
Pipe 2 1.8 0.89 1.6 
Pipe 3 1.6 1 1.6 
Pipe 4 1.4 1.14 1.6 
Pipe 5 1.2 1.35 1.6 
Pipe 6 1 1.6 1.6 
Pipe 7 0.8 2 1.6 
Pipe 8 0.6 2.7 1.6 
Pipe 9 0.4 4 1.6 
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Figure 4.34: Luminous flux collected by the pipe opening for pipes of various w/h ratios under 

different sun elevations angles. 

 

Figure 4.35: Illustrating the variation of projected collection area with sun elevation. 
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Figure 4.36 presents the average lux levels (performance) obtained from the nine 

different pipes under a range of sun elevation angles from 10º to 90º in steps of 10º. 

The results show a large difference in performance for pipes with same area of 

collection but different light pipe cross section. The lowest performance is for the pipe 

with the shortest height (0.4m), while the best results are obtained from the pipe with 

the largest height (2m).  

 

Figure 4.36: Average illuminance levels for pipes of various cross sections, but same area of 

collection, under different sun elevation angles. 

The efficiency of the system is defined as the ratio between the luminous input power 

(illuminance reaching the area of collection multiplied by the area of collection, 

measure in lumens) and the luminous output power at the extraction aperture of the 

pipe (in lumens). In agreement with the overall performance results shown in Figure 

4.36, an increase in the height of the pipe, keeping the same area of collection, results 

in an increase of the efficiency (Figure 4.37). It can be argued that, when the 

incoming light has an azimuth angle of 0º, the height of the pipe (for horizontal light 

pipes) plays a more important role than the width, in terms of increasing the efficiency 

of a mirrored piping system. The results also showed that when light is deflected 

perfectly axially along the pipe (such as the case for sun elevation at 70º), the light 

does not suffer any reflections and therefore the cross section of the pipe does not 
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affect the result, on the other hand, if light undergoes a large number of reflections 

inside the pipe, the height of the device is what determines the efficiency. However an 

increase in height may not always be possible due to space or height constrains in a 

building. The influence of the azimuth of the incoming light in the light pipe 

performance and efficiency is studied in section (4.4.2) of this chapter.  

 

Figure 4.37: Efficiency of light pipes of various heights under different sun elevations 

4.4.2 Study of reflectance material  

In all the previous studies done in this chapter on horizontal light pipes, either with 

scale model testing or mathematical modeling, the reflectivity of the material of the 

pipe was considered as 85%. With the aim of understanding how the reflectivity of a 

pipe influences overall performance of a horizontal mirrored light pipe system, the 

study on cross section of the pipe was repeated for light pipes with the same 

characteristics as those studied earlier in the previous section but with increased 

reflectivity of the material of the pipe. Mirrored light pipes are constructed with 

highly reflective materials, usually specular aluminum or coated plastic films. 

Reflectivities of the specular materials vary from 80%-85% (polished aluminum) up 

to 98% (new products commercially available). The reflectivity of the material 
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depends on the process performed on the surface of the aluminum. The aluminum 

sheet could be anodized, electropolished, or enhanced with a PVD process (Physical 

vapour deposition). Some examples of commercially available materials and their 

reflectivities are shown in Table 4.2.  

Table 4.2: Commercially available reflective materials 

Spectralight infinity (polymeric  aluminum) 
Miro Silver (aluminum enhanced with PVD process ) 

98% 

3M Siver lux (Silver coated plastic film)  
Silver coated aluminium 

95% 

Anodised specular Aluminium  90% 
Polished aluminium sheet 85% 
Stainless steel 65% 

 

For the purpose of this study the reflectivities considered for evaluation and 

comparison are 90%, 95% and 98%. Figures 4.38 to 4.43 show the results of the 

calculations. It can be seen that the lower the reflectivity of the pipe, the higher is the 

influence of the cross section of the pipe in the overall performance. Light pipes with 

greater heights perform better. However, when the reflectance is increased (Figures 

4.38 and 4.40), the increase in performance is larger for the pipes with very small 

heights, and smaller for the light pipes with greater heights (1.4m to 2m). 

Since horizontal light pipes will be placed between the false ceiling and the slab, the 

smaller their height, the better. Enhanced performance obtained due to the increase of 

reflectance in the pipe material allows pipes of smaller height. Figures 4.41 to 4.43 

show the efficiency of the pipes. It is once again demonstrated that by increasing the 

reflectance of the light pipe the efficiency of the system is improved. Efficiencies 

range between 17% to 47% for pipes with a reflectivity of 90%, between 29% to 60% 

for pipes with a reflectivity of 95% and between 47% to 71% for pipes with a 

reflectivity of 98%. 
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Figure 4.38: Average illuminance levels for Horizontal light pipes with different cross sections 

and light pipe reflectance of 90%. 

 

Figure 4.39: Average illuminance levels for Horizontal light pipes with different cross sections 

and reflectance of 95%. 
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Figure 4.40: Average illuminance levels for Horizontal light pipes with different cross sections 

and light pipe reflectance of 98%. 

 

Figure 4.41: Efficiency of Horizontal light pipes with different cross sections and light pipe 

reflectance of 90%. 
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Figure 4.42: Efficiency of Horizontal light pipes with different cross sections and light pipe 

reflectance of 95%. 

 

Figure 4.43: Efficiency of Horizontal light pipes with different cross sections and light pipe 

reflectance of 98%. 

Horizontal mirrored light pipes and reflectance material. Conclusions  
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Horizontal light pipe performance and efficiency is influenced by the cross section 

and reflectivity of the pipe. For pipes of the same area of collection, the one with the 

greater height will perform better, due to the decrease in the number of reflections 

undergone by the natural light inside the pipe. The form of the pipe is of more 

importance in the performance when the reflectivity of the pipe is lower. The higher 

the reflectance of the pipe, the less effect the form of the pipe has in the overall 

performance and efficiency. In addition, more uniform output is obtained for different 

elevation angles when the reflectance material is 95% or higher. Most importantly, 

when there are space constraints in a building the performance of the pipe could most 

easily be improved by increasing the reflectivity of the pipe. Figure 4.44 shows an 

example. Three different light pipes with heights of 0.4m, 0.6m and 0.8m, and 

reflectivities of 98%, 95% and 85% respectively (width and length of the pipe are kept 

constant- areas of collections are different 1m2, 1.1m2 and 1.6m2 respectively) have 

similar overall average performances (198lux, 241lux and 199lux). However, the 

average illuminance throughout the day varies much more for the pipe with the lower 

reflectance.  

 

Figure 4.44: Comparison of average illuminance levels for pipes width heights of 0.4m, 0.6m and 

0.8m and reflectance of 98%, 95% and 85% respectively. 
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Figure 4.45: Comparison of average illuminance of a horizontal light pipe for sun elevation 

angles from 10º to 90º, for pipes of different heights (0.4m to 2m) and different reflectance of the 

light pipe material. 

Figure 4.44 shows the average illuminance levels obtained in a space of 12m x 12m 

for light pipes with different reflectance and different heights for sun elevation angles 

that range from 10º to 90º. These average results permit to compare the average 

performance of light pipes of different heights and reflective material. Figure 4.45 

shows, for example, that at a light pipe of a height of 0.40 and reflectivity of 98%, 

performs similarly to a light pipe of height 0.6m and reflectivity 95%, or height 0.8m 

and reflectivity 85%. Finally, an increase in the pipe’s reflectivity translates into an 

increase on the cost of the device.  However, the cost of the higher reflective material 

could be justified when the cost of the space saved by the more efficient pipe is 

considered.  

4.4.3 Performance of horizontal light pipes for different 
orientations 

All previous studies, including scale model testing and mathematical models, were 

done for a pipe facing west in the tropics, and considering the azimuth of the 

incoming light as normal to the aperture of the pipe. However, azimuth of the 
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incoming light will vary during the day and the year. For example, in the case of 

Kuala Lumpur, sun azimuth deviation from the normal can vary from 75º around 

noon December 1st at 1:30pm, to 29º at 4pm (Figure 4.46). 

 

Figure 4.46: Sun path of Kuala Lumpur and sun position on December 1st at 1:30pm and 

4:00pm. 

The influence of the azimuth of the incoming light in the performance of the pipe 

needs to be investigated. If a light pipe faces north or south (depending on the 

hemisphere) light will be normal to the pipe around noon, but at any other time it will 

have a direction different from the normal, and the azimuth of the incoming light will 

influence the performance of the light pipe.  In order to understand the impact of the 

azimuth of the incoming light in the performance of the light pipe theoretical studies 

have been carried out. The Matlab programs panel.m, genHPLCP_azi.m and 

matHPLCP_azi.m (Appendix 4) were run for different sun elevation and azimuth 

angles, and different light pipe parameters (i.e. dimensions, material reflectance). 

These programs only consider the direct beam component of sunlight. Further studies 

may be necessary to include the diffuse component of skylight in the mathematical 

models for horizontal light pipes. However, as discussed in Chapter 3 the effect of the 

diffuse component of skylight is expected to be small. 

Figure 4.47 shows the performance under different sun elevations (15º to 90º, in steps 

of 15º) and sun azimuth angles from the normal (0º to 90º in steps of 10º) of a light 

pipe without a laser cut panel collector (dimensions: 0.8m height, 2m width, 24m 
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length and 85% reflectance). Sun paths of Figure 4.46 and those show in Figure 4.55 

can be use to locate sun elevation angles and azimuth angles from the normal for 

better understanding of Figure 4.47, and subsequent figures in this section.  

 

Figure 4.47: Performance of a Horizontal light pipe with no LCP collector 

It can be observed (Figure 4.47) that performance of a light pipe without a LCP 

collector is very low. Little light reaches the extraction apertures when the elevation 

angle is high (over 40º), due to the great number of reflections undergone by the 

incoming light inside the pipe. Only when the sun elevation is low and the light ray is 

normal to the aperture of the light pipe does the system perform well. On the other 

hand, when a LCP is coupled to the light pipe the performance of the system is 

improved as shown in examples 1 to 3 (Figures 4.48 to 4.54). 

Three examples of horizontal light pipes with different cross sections, and same area 

of collection were analyzed to see the influence of the azimuth of the incoming light 

and the width of the pipe on the performance of the device. Example 1 has a 

rectangular section of 0.8m by 2m, example 2 has a rectangular section of 2m by 0.8m 

and example 3 has a square section of 1.26m by 1.26m. In the three examples the 

reflectance of the light pipe is 85%. 
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Example 1 (Figure 4.48) shows lower values of illuminance levels when the incoming 

light is normal to the pipe in comparison to example 2 and 3 where the height of the 

light pipe is greater. The influence of the height of the pipe in its performance is 

explained earlier in this Chapter in Section 4.4.1. For example, if we consider a 

horizontal light pipe facing north in a building in Brisbane, in September 15th at noon 

(solar chart- Figure 4.55), the sun elevation angle is approximately 60º, and the 

deviation angle is 0º. Then looking at Figure 4.48, 4.50 and 4.51 it can be observed 

that in the first case the average illuminance is approximately 225lux, in the second is 

close to 350lux and in the third case is around 280lux. When light is reaching the 

aperture of the pipe with an angle different from the normal, light undergoes multiple 

reflections. For example if a horizontal light pipe in a building in Brisbane is 

considered, in March 1st at 10:30am, the elevation angle will be around 60º but the 

deviation angle (difference between the solar azimuth angle and the normal to the 

light pipe aperture) will be around 50º. Figure 4.48 shows that a rectangular pipe with 

a greater width would accomplish around 250lux, while Figure 4.50 shows that a pipe 

with a rectangular section but with a smaller width will achieve around 125lux, finally 

Figure 4.51 shows that the square pipe would achieved close to 200lux, concluding 

that the wider the pipe the better is its performance if light is reaching the aperture at 

higher deviation angles. In addition the LCP not only deflects the light in the normal 

plane to the pipe but also in the horizontal plane, and thus reduces the azimuth angle 

of the input light. As an example, if a sun ray is reaching the LCP with an elevation 

angle of 60º, E, and an azimuth angle (from the normal) of 50º, A, (e.g. Brisbane, 1st 

of March at 10:30 am), the deflected angles will be 0.33º for the new elevation angle, 

E2, and 22.52º for the new azimuth angle, A2, and thus reducing the number of 

reflections of the incoming light inside the pipe (Fraction deflected = 0.5826). 
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Figure 4.48: Performance of rectangular horizontal light pipe with LCP, cross section 0.8m x 2m.  

Figure 4.49 shows the new azimuth angles of the deflected light for different sun 

elevations and azimuth angles. It can be observed that in general the LCP decreases 

the azimuth angle, and therefore reduces reflections inside the pipe.    

Example 2 (Figure 4.50) shows that a pipe of a section of 2m by 0.8m performs better 

than the other two examples when light is reaching the pipe with no azimuth. 

However, at greater azimuth angles performance drops rapidly due to the greater 

number of reflections suffered by the incoming light due to the small width of the 

pipe. Example 3 (Figure 4.51) shows that for a pipe of square cross section the 

performance of the pipe is better than example 1, and worse than example 2 when 

light is reaching the collection panel normal to the pipe aperture. In addition, the 

performance of the pipe, when the light is reaching the pipe with an azimuth angle, is 

less uniform than example 1. 
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Figure 4.49: New azimuth angles of the light deflected by LCP for different elevation angles 

 

Figure 4.50: Performance of horizontal light pipe, cross section 2m x 0.8m 

In general these three examples show that for pipes with low reflectance (85% 

reflectance) the greater the width of the pipe, the better and more uniform is the 

overall performance of the light pipe when considering the incoming sunlight 

reaching the pipe from different sun elevations and azimuth angles. 
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Figure 4.51: Performance of horizontal light pipe, cross section 1.26x1.26m.  

Previous examples on improvement of the light pipe reflectance have shown that they 

reduce the effect that the multiple reflections inside the pipe have on the overall 

performance of the system. The aim of the next set of mathematical calculations is to 

see the effect of the reflectance material in the performance of horizontal light pipe 

under different sun elevation and azimuth angles. The same three examples of light 

pipe cross sections shown above are now calculated with 95% reflectance. The three 

examples show that by increasing the light pipe reflectance, the performance of the 

pipe under different sun azimuth is more uniform. Example 1 (cross section of 0.8m x 

2m), in Figure 4.52, shows illuminance values ranging from 200lux to 500lux for sun 

elevation angles from 15º to 90º and azimuth angles from 0º (normal to the aperture of 

the pipe) to 40º. Example 2, Figure 4.53, is a pipe with a cross section of 2m x 0.8m, 

shows higher values for azimuth angles closer to the normal, and then drops rapidly. 

Lux values range from 600lux to 150lux for elevation angles from 15º to 90º and 

azimuth angles from 0º to 40º. Finally the example 3, Figure 4.54, a light pipe with a 

square cross section shows higher values for higher elevation angles than example 1, 

but lower values for smaller elevation angles when compared with the same example.   
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Figure 4.52: Performance of horizontal light pipe under different altitude and azimuth sun 

angles. Cross section 0.8m x 2m and pipe reflectance 95%. D/W=0.66 

 

Figure 4.53: Performance of horizontal light pipe under different altitude and azimuth sun 

angles. Cross section 2.0m x 0.8m and pipe reflectance 95%. 



Chapter IV 

 4-48

 

Figure 4.54: Performance of horizontal light pipe under different altitude and azimuth sun 

angles. Cross section 0.8m x 2m and pipe reflectance 95%. 

Finally, these studies on the influence of the azimuth angle of the incoming light on 

the overall performance of a mirrored horizontal light pipe have shown that for pipes 

with lower reflectance, the width of the pipe is very important in maintaining a more 

uniform performance throughout the day. For pipes with higher reflectance, the 

performance is increased; nevertheless, the width of the pipe affects the performance 

of the light pipe especially for low sun elevation angles. On the other hand, when the 

sun is at a high altitude (70º and higher), the impact of the azimuth of the sun on the 

performance is minor. 

Orientation of horizontal light pipes with LCP collectors  

Due to the constant movement of the sun throughout the day and the year, when 

choosing the best orientation for a pipe, it is important to bear in mind the influence 

the azimuth angle of the sun has in the performance of the horizontal light pipe 

system. Orientations where sunlight is reaching the pipe most of the time with large 

azimuth angles, and small elevation angles should be avoided. For example, in the 

case of Kuala Lumpur (Figure 4.55), if the pipe is orientated east, on December at 9 

am the sun has an elevation angle of 25º and an azimuth of 25º, and if the pipe has the 
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characteristics shown in Figure 4.52, then the loss in performance is 20%. However if 

the pipe is orientated south, then the azimuth angle will be 63º, and the loss in 

performance 75%. On the other hand, for west orientation, even though at noon the 

incoming light will have an azimuth angle of 73º, the elevation angle is 64º, the loss in 

performance, due to the greater elevation angle is only 25%, while for the pipe 

orientated south the azimuth angle is only 15º and the loss in performance 12%. 

Consequently, in buildings in tropical locations, the best orientations for the pipes are 

either west, or east (Figure 4.56), because when sun is low in the sky, early in the 

morning or late in the afternoon, the deviation from the normal of the incoming light 

will be smaller than if the light pipe was orientated north or south.  

 

Figure 4.55: Solar Charts for locations at different latitudes (Kuala Lumpur, Brisbane, 

Tasmania, and Rio Gallegos). 

On the other hand, for high latitudes, winter is the time of more concern due to the 

low sun elevation angles. For example, in a place with latitude of 50º south (Figure 

4.55), if a light pipe with the characteristics described previously, is orientated north, 

in winter, July 1st at 10am, the sun elevation is around 10º, and the azimuth 35º, the 
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decrease in performance is 30%, on the other hand, if the pipe is orientated east, the 

azimuth angle is 55º, the decrease in performance is 62%. At midday, for example the 

elevation angle is only 17º, and the azimuth is 0º for the north orientated pipe, 

therefore the pipe will perform its best for that elevation angle, while if the pipe is 

orientated east, the azimuth will be 90º, and the performance will drop almost to 

nothing as a result of the number of reflections suffered by the incoming light due to 

its low elevation angle and great azimuth angle. Consequently, the best orientation for 

horizontal light pipes in buildings at high latitudes is either north or south, depending 

on the hemisphere (Figure 4.56).  

 

Figure 4.56: Horizontal light pipe orientations. 1) Building in the south hemisphere, 2) building 

in the tropics. 

4.4.4 Study of design aspects of the LCP collector for HLP 

The last aspect studied that influences the performance of a Horizontal light pipe 

system coupled with laser cut panels is the parameters of the LCP, such as the tilt of 

the panel or the D/W ratio (D, spacing between laser cuts, W, width of the LCP). 

Description of the laser cut panels, how they work and the theory behind it are 

explained in Chapter 2 and 3.  
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4.4.4.1 Tilt angle of the LCP 

For mirrored light pipes of 24m in length, 0.8m in height and 2m in width, different 

tilts of the LCP (45º, 50º, 55º and 60º) are studied. Studies are done first for pipes of a 

reflectance of 85%, in order to understand how the tilt angle of the LCP influences the 

performance of the pipe. Then the calculations are repeated increasing the reflectance. 

Figures 4.57 to 4.58 show the results for the pipes with a reflectance of 85%. The first 

example, a light pipe with LCP at 45º shows a great range in the performance (50 to 

630 lux) between high and low elevation angles. The performance is improved for 

high sun elevation angles when the azimuth angle is greater than 30º. For low 

elevation angles the performance decreases with the increase of the azimuth angle. 

 

Figure 4.57: Average illuminance levels for a horizontal light pipe; cross section 0.8m x 2m, 

reflectance 85% and LCP tilt 45º for a range of elevation angles (15º to 90º). 

By increasing the tilt of the LCP to 50º a reduction in the performance range is 

obtained (50 to 400lux, when light is reaching the panel normal to the aperture). The 

performance is uniform for high elevation angles, but decreases with greater azimuth 

for low elevation angles. When comparing these results with Figure 4.48 (light pipe 

with LCP tilt of 55º), better results are obtained with a 50º tilt for higher sun elevation 

angles, and similar results for low elevation angles. Therefore the results for a 50º or 

55º tilt are very similar. On the other hand, a LCP tilted at 60º (Figure 4.59) performs 
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better for all elevation angles but for azimuth deviations smaller that 40º, after this 

angle the performance drops rapidly. 

 

Figure 4.58: Average illuminance levels for a horizontal light pipe, cross section 0.8m x 2m, 

reflectance 85% and LCP tilt 50º. 

 

Figure 4.59: Average illuminance levels for a horizontal light pipe, cross section 0.8m x 2m, 

reflectance 85% and LCP tilt 60º. 
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Consequently, since the most critical performance of the light pipes with low 

reflectivity is under low sun elevation, and greater azimuth angles, LCP tilts between 

50º and 55º are the ones that present the best overall performance of the system by 

best maintaining the performance of the pipe for this critical situation. 

By increasing the reflectivity of the light pipe material to 95%, the performance of the 

pipes with different LCP tilts are increased (Figures 4.60 to 4.62). The tendencies 

shown in the previous studies are obvious here. The lower the LCP tilt the more range 

in the performance of the pipe for different sun elevations. LCP tilt between 50º 

(Figure 4.61) and 55º (Figure 4.52) reduce the range in the lux results, and maintain a 

more even performance for all azimuth angles. On the other hand, a LCP tilt of 60º 

reduces the range between the higher and the lower sun elevation angles, but the 

performance decreases rapidly with higher azimuth angles.  

 

Figure 4.60: Average illuminance levels for a horizontal light pipe, cross section 0.8m x 2m, 

reflectance 95% and LCP tilt 45º. 
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Figure 4.61: Average illuminance levels for a horizontal light pipe, cross section 0.8m x 2m, 

reflectance 95% and LCP tilt 50º. 

 

Figure 4.62: Average illuminance levels for a horizontal light pipe, cross section 0.8m x 2m, 

reflectance 95% and LCP tilt 60º. 
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In conclusion, regardless of the reflectivity of the pipe, the best tilt for horizontal light 

pipes is between 50º to 55º. Finally, a close study of the most extreme situations for 

the light pipe are to be considered in order to choose the best solution, for example, if 

the orientation of the pipe results in incoming light reaching the pipe in azimuth 

angles smaller that 40º, then a LCP tilt of 60º can be used due to the smaller range, 

between higher and low sun elevation angles, which will result in a more uniform 

performance throughout the day and the year. However, if the location of the building 

in terms of latitude means that the light reaching the pipe will be in low elevation 

angles and great azimuth angles, then LCP’s with a tilt of 50º to 55º should be 

considered. 

4.4.4.2 D/W ratio 

The D/W ratio is the ratio between the distance between the laser cuts in the LCP and 

the width of the panel. This ratio affects the amount of light that is deflected for the 

different sun elevation angles (Chapter 3). This section aims to establish the role of 

the D/W ratio on the overall performance of a mirrored horizontal light pipe. Since the 

ratio varies the amount of light deflected and not the angle of deflection, the number 

of reflections for each sun elevation and azimuth angle will remain the same. 

Consequently the reflectivity of the material will not play such an important role, 

therefore a 95% reflectivity is chosen for the calculation of the light pipes with 

different D/W ratio.  Three horizontal light pipes of 24m long, 0.8m height and 2m 

width are analyzed. The LCP tilt is 55º. The D/W ratios calculated are 0.33, 0.50 and 

0.66. The results are shown in Figures 4.63, 4.64 and Figure 4.52 of previous section. 

The results show that the ratio has a great affect in the results. The smaller the ratio 

(Figure 4.63), the greater is the variation between the performance (15lux to 640lux) 

under higher and lower sun elevation angles, and azimuth angles. The bigger the ratio 

(Figure 4.52) the less variation in performance (300lux to 500lux) between lower and 

higher sun elevation angles, and the less decrease in performance for light reaching 

the panel with greater azimuth angles. 



Chapter IV 

 4-56

 

Figure 4.63: Average illuminance levels for a horizontal light pipe, cross section 0.8m x 2m, 

reflectance 95%, LCP tilt 55º and D/W=0.33. 

 

Figure 4.64: Average illuminance levels for a horizontal light pipe, cross section 0.8m x 2m, 

reflectance 95%, LCP tilt 55º and D/W=0.50. 
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4.5 Conclusions of horizontal light pipes strategies 

Mathematical calculations have shown how all the different design parameters of a 

horizontal light pipe affect its performance and efficiency. The design parameters 

studied included cross section, reflectance material, LCP characteristics, and 

orientation of the horizontal light pipe. The findings of how each of the of the 

parameters affects the performance of the pipe are listed below: 

1) Aspect ratio 

In general terms the studies have shown that the smaller the aspect ratio, in this case 

considered as the ratio between the length and the height of the pipe, the better is the 

performance of the pipe. Table 4.3 shows the minimum L/H needed to achieve an 

average illuminance of 200lux or 300lux. These ratios are based on the results 

obtained from studies on light pipe cross sections, the influence of the width of the 

pipe in the performance under different azimuth angles is not considered here. 

Nevertheless, the studies have shown that the higher the reflectance of the pipe 

material the greater aspect ratios can be achieved.  

Table 4.3: Minimum aspect ratios of horizontal light pipes coupled with laser cut panels of 

different reflectance of the light pipe material. 

Average illuminance 200lux Average illuminance 300lux Reflectance 
L/H L/H 

85 30 24 
90 34 26 
95 45 34 
98 60 43 

2) Cross section  

Studies in this chapter were done to determinate the influence of the height, width and 

cross section of the pipe in the overall performance of the system. Two major 

conclusions are obtained from the studies: 1) The height of the pipe is the most 

important factor when the reflectivity of the pipe is low, and the light reaching the 

LCP panel is normal or close to normal to the aperture of the pipe; 2) the width of the 

pipe is very important when the azimuth of the incoming light is considered. The 

wider the pipe, the more even is the performance of the pipe during the day, and 

throughout the year, with light reaching the system from all different altitude and 

azimuth angles. 

3) Reflectance of light pipe 
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The mathematical analysis of horizontal light pipes coupled with LCP has shown that 

the most important parameter in the system design is the reflectance of the walls of 

the piping system. The reflectivity of the specular material is what most affects the 

uniformity of the performance for different sun elevation and azimuth angles. The 

lower the reflectivity the greater the difference in performance achieved by the light 

pipe especially for low sun elevation angles and different azimuth angles. The higher 

the reflectance of the pipe, the less effect the form of the pipe has in the overall 

performance and efficiency. In addition, more uniform results are obtained for 

different elevation angles. Most importantly, when there is space constraints in a 

building the performance of the light pipe could be improved by increasing the 

reflectivity of the pipe, because more flexibility with the cross section and design of 

the pipe is allowed with higher reflectivity. However, it is important to bear in mind 

that an increase in the reflectivity of the lining material of the light pipe is an increase 

in the cost of the device. Nevertheless, the cost of the higher reflective material could 

be cancelled out when the cost of the space saved by the more efficient pipe is 

considered.  

4) LCP parameters 

The studies have shown that better performance of the pipe is obtained when LCP tilt 

for a horizontal light pipe is between 50º and 55º, in addition, the most uniform results 

for long horizontal pipes are achieved with D/W ratios of 0.66 and higher. However, 

further study is needed it to determinate the appropriate LCP parameter depending on 

the location where the pipe is going to be placed. 

5) Orientation 

The best orientation for horizontal light pipes coupled with laser cut panels are east or 

west for buildings located in tropic zones, and north or south when the building is 

located in high latitudes either in the South or North Hemisphere. 

In conclusion, the best design for a light pipe will include the analysis of the sun path 

of the location where it is to be placed, and the building orientation to determinate 

orientation and length of the pipe. Then, the form and the LCP tilt can be determinate. 

Finally the most important factor in the performance and efficiency of the technology 

will be the reflectance selected for the material of the pipe. 
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CHAPTER 5 

CASE STUDY 2: VERTICAL LIGHT PIPES 

5.1 Introduction 

A study of vertical light pipes as means of natural illumination for a middle-rise deep 

plan building proposal (Millennium Library) in Brisbane, Australia, was undertaken. 

The objective was to determine the benefits and limitations of the technology as 

applied to illumination vertically through several floors of a building. The study 

involved theoretical modelling and scale model testing. This study has shown that 

vertical light pipes reach average lux values from 50 to 300 lux for different light 

collection strategies, under sunny sky conditions, with a good concordance between 

measured and calculated values. 

5.2 Case study 2: Millennium Library in Brisbane  

5.2.1 Project description 

This case study was a design proposal for the redevelopment of the State Library of 

Queensland submitted for the Millennium Library Project Competition by Ken Yeang 

in association with Wilson Architects.  The Millennium Library Project is part of the 

redevelopment of the Queensland Cultural Centre (Figure 5.1), in South Bank 

Brisbane, an initiative of the Queensland Government. 

 

Figure 5.1: new plan for Queensland Cultural Centre, and location of the Millennium Library 

(Millenium Arts Project, 2001) 

Although Yeang & Wilson’s design was short listed, the competition was won by 

Brisbane architects Donovan Hill & Peddle Thorp. Nevertheless, the studies done for 
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the Yeang & Wilson design in terms of natural illumination are still very appropriate 

for this PhD project, hence their inclusion as a case study. The original State Library 

building was designed by architect Robin Gibson & Partners and opened to the public 

in 1988.  Already a deep plan building, with a plan of approximately 30m in depth, 

the building had accessible daylight only from the front façade (north-east). The 

building orientation and openings responded to its feature location, the waterfront of 

the Brisbane River. The new design (Figure 5.2), as described by the architects, 

involved “major strategic concept to re-present the old State Library with an 

invigorating, contemporary state of the art library” (Yeang and Thong, 2001). 

Figure 5.2: Top left, interior of the naturally ventilated atrium, top right and below, images of the 

scale model (Yeang and Thong, 2001). 

General design parameters of the Millennium library include:  

1) Orientation: North-East,  

2) Deep plan floor plate of 6000 m2,  

3) Building height- 5 levels,  

4) Floor to floor height of 3.8m.  

Important design features of this project were the need for a visual and physical link 

between the city-side and the waterfront, a naturally ventilated atrium, as an 

identifiable symbol that marked the place and entrance to the building, and finally, 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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ecologically sustainable development (ESD) considerations that have been derived 

from the site, including cultural and climatic considerations such as  

“passive low energy systems, passive lighting concepts, climate responsive building 

orientation and built-form configuration, effective face systems, bioclimatic use of 

landscaping, conservation systems and material performance parameters” (Yeang and 

Thong, 2001). 

Climatic characteristics of Brisbane are specific to its location and proximity to the 

ocean. It lies on a coastal plain with scattered hills and it is located at 27º South and 

153º West, and therefore falls into the Sub-tropical climate category. Maximum 

rainfall is in summer, with a high frequency of thunderstorms. In general, breezes in 

the morning are from SE/SW and in the afternoon from NE/SW. Prevailing winds 

during winter are usually from the west or south-west. December and January are the 

hottest months in Brisbane, with mean maxima over 29ºC, while July is the only 

month in which the mean daily minimum temperature falls below 10ºC (Linacre and 

Hobbs, 1987). Sky availability for Brisbane is explained in Chapter 3 (Sky types and 

Sky luminance distribution models). In general, the Brisbane sky ranges from sunny, 

clear sky to partially cloudy. There is much less cloud in winter than in summer. In 

summary Brisbane has a warm humid climate, with a dry winter season.  

Because of the conditions of Brisbane, a building design should respond to passive 

cooling rather than passive heating. Good orientation for passive cooling excludes 

unwanted sun and hot winds and ensures access to cooling breezes. In addition, solar 

heat from the west could be particularly unpleasant because the maximum intensity 

corresponds to the hottest part of the day (Hoenigsberger et al., 1977), therefore the 

most appropriate orientation for a building in Brisbane is North, or slightly tilted to 

the East, 5º to 10º as shown by Figure 5.3 (The best orientation calculated by the 

Weather tool (Marsh, 2000)). The best placement of the service core of the building is 

the west, to protect from solar radiation and west winds.  
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Figure 5.3: Optimum orientation for a building in Brisbane (Marsh, 2000). 

 

Figure 5.4: Orientation of Millennium Library. 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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The orientation of the Millennium Library (Figure 5.4) corresponds to a very 

important feature of its location, which is the waterfront, and view to the Brisbane 

River. The orientation is NE which maximizes views and breezes. Solar gains can 

relatively easily avoided by vertical and horizontal shading devices. 

 

Figure 5.5: Sustainable ideas behind the Millennium Library (Yeang and Thong, 2001). 

Specific ecologically sustainable development (ESD) considerations undertaken by 

Yeang & Wilson included (Figure 5.5):  

1) Naturally ventilated atrium with operable louvres that maximize air flow 

circulation and reject high sun elevation angles,  

2) Double skin walls ventilated to extract excess heat from the building,  

3) Organic mass as roof insulation,  

4) Sun shades to control heat gain and  

5) Roof canopy as an environmental filter. 

Regardless of all the sustainable and energy efficiency ideas and techniques included 

in the Millennium Library proposal, this project has a big problem in terms of 

daylighting. In order to include the demands of the new design brief (Figure 5.6), with 

almost 20,000m2 of new space to supplement the existing 12,500m2 library, the 

proposed design extended the older building producing a deep plan of approximately 

60m by 100m. This would have particularly affected the natural illumination of the 

building. 
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Figure 5.6: Extension of the State Library (Yeang and Thong, 2001). 

Libraries have specific needs in terms of lighting because they are spaces used mainly 

for the consultation of books, writing and book storage, as well as the retrieval of 

information using VDUs, microfiche readers and slide viewers. High levels of 

daylight are needed in the reading areas, and daylight should be attenuated in the 

storage area. As more and more computers are used in libraries, the relevant areas 

require careful control of glare and unwanted reflections (Fontoynont, 1999). The 

Yeang & Wilson design particularly emphasized the importance of daylight and views 

for the users of the library, as shown by the creation of the waterfront reading rooms, 

in addition all the public areas of the building face the river and have natural light as 

shown in the scheme of Figure 5.7 and plan section in Figure 6.8. However, staff 

zones due to the depth of the building will lack natural light. As a result innovative 

daylighting systems are an option to naturally illuminate the deep cores of the library. 

Consequently, the major issues with natural illumination for this building are: 1) 

reduce lighting in storage areas (no direct sun light), 2) illumination and protection of 

glare from natural light for areas next to windows (reading rooms), 3) redirection of 

natural light by direct and diffuse light guiding systems up to distances of 10m, and 

finally 4) natural illumination of the deep core of the building (staff area). 

 

Figure 5.7: Schematic zoning of the Millennium Library (Yeang and Thong, 2001). 

This second case study has focus in the illumination of the core of the Millennium 

library by means of natural light. The solution is described below. 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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5.2.2 Proposed design solution 

The 60m by 100m deep floor plan that resulted in the Millennium Library project 

from the demands of the new design brief is not susceptible to good natural lighting. 

With an approximate area of 6000m2, the active zone (Chapter 1-Section 1.2.3) of this 

building will have an area of 3200m2 (80m x 40m) and will entirely depend on 

electrical light for illumination (Figure 5.8).  

 

Figure 5.8: Active and passive zones of the Millennium Library. 

Due to wide floor plan of the Millennium library, the shortest distance to capture 

natural light and pipe inside the building was from the roof. The solution proposed to 

improve natural illumination of this building was 18 vertical mirrored light pipes 

coupled with laser cut panels that will capture natural light from the top of the 

building and will take it to where is needed (Figure 5.9). Each light pipe, with an 

estimated diameter of 2m and 18.5m in length, will serve area of 12m by 12m on each 

floor.  

The illumination needs of a Library respond to the activities performed in the building 

such as reading and consultation of books. If the lettering is small this requires 

illuminances from 500lux to 1000lux (Fontoynont, 1999) which can be achieved 

either with task lamps or in the vicinity of windows. In addition, there are areas of 

office work. The Australian standard recommends for office work a minimum of 320 

lux, while European standards recommend 200 to 600lux, on the working plane. 
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There are special lighting requirements for the bookstacks. Ultraviolet (UV) is the 

most damaging wavelength range of light; any light can cause cloth, paper, and ink to 

degrade over time (Malman, 2004). Sunlight should not reach book stacks of sensitive 

material. Daylight should be introduced above and behind the patron so that book 

titles are illuminated without glare (Dean, 2004), in addition the recommended 

illuminance values are 300lux (Bisbrouch and Chavueinc, 1997). The best way of 

illumination is by indirect lighting, reflecting light off the ceiling, because the ceiling 

absorbs a lot of the UV light (Malman, 2004).  

 

 

Figure 5.9: Vertical light pipe proposal for the Millennium Library. 

The light pipes were designed for the staff areas, as shown in Figure 5.7 and 5.10, 

while the public areas will be illuminated side lighting. Staff areas include office work 

and book stacking. The design average ambient illuminance in the space is set up to 

be from 150 to 300lux (Ambient lighting requires according to the Australian 

Standards range from 160 to 240lux). 

 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Figure 5.10: Vertical light pipes and sustainable ideas for Millennium Library (Yeang and 

Thong, 2001). 

The efficiency of a mirrored vertical light pipe depends on how the four factors of 

mirrored light pipe design (collection, transmission, extraction and distribution of the 

light) are addressed. Performance of the Millennium library light pipes (Figures 5.11) 

is enhanced by 1) pyramid of laser cut panel light deflector at the input aperture to 

redirect low elevation sunlight more directly along the axis of the pipe, 2) highly 

reflective tube that transports the light from the collection aperture, to the extraction 

points, 3) a light extraction system to extract the required proportion of piped light 

into the inner zone and 4) a light spreading system to avoid direct sunlight, and 

distribute the light away from the area directly below the light pipe and more evenly 

over the space.  

 

Figure 5.11: Vertical light pipe concept design. 
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The design of the vertical light pipes follows the same principles as the design of the 

horizontal light pipes; nevertheless, capturing light from the roof and redirecting it 

downwards creates new design problems different from the ones studied earlier. 

Alterations had to be made specifically to the collection of daylight and distribution of 

light in the space. Light transmission on the other hand, since the material used is a 

specular silver film, is the same as that previously explained for horizontal light pipes; 

although this time a cylindrical pipe is used (efficiencies and mathematical modelling 

of cylindrical and rectangular pipes are explained in Chapter 3). Light extraction 

design and theory is also similar although for vertical light pipes the incoming light 

has to be extracted and then spread to the room in all directions. The solution was a 

cone extraction system with different amounts of reflective material instead of the 

panels previously used for the horizontal pipes. Nevertheless, the extraction ratios 

were obtained following the theory explained in Chapter 3, and described for 

horizontal light pipes in previous Chapter 4. 

The difference in light collection for a vertical light pipe is that the system can see the 

whole sky vault. In comparison a horizontal light pipe can only see half of the sky 

vault. Correspondingly, the collection system has to respond to this circumstance. 

Different solutions were studied and tested. These solutions included a pyramid LCP, 

a rotating LCP panel and a fluorescent panel coupled to a compound parabolic 

concentrator. The first solution is explained here, because it was the solution 

presented for the Millennium Library design. The other two are explained further in 

next Chapter 6 “Alternative solutions”.  

The pyramid LCP has four faces that can more easily capture daylight reaching the 

collection system from all directions. The pyramid LCP has been previously used for 

skylights (Edmonds et al., 1996), which are of a smaller scale. The LCP pyramid were 

designed and tested for daylight conditions of Brisbane. How the system works is 

shown in Figure 5.12. This time, the LCP collection system is designed to redirect 

light inside the pipe more axially (fd) for the most critical situation, low elevation 

angles. The LCP should allow maximum redirection of low elevation angles, and 

minimum redirection of high elevation angles. 
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Figure 5.12: Detail of pyramid LCP as light collectors for vertical light pipes, and sunlight 

deflected (fd) and undeflected (fu) incident into the pipe.  

 

Figure 5.13: Light distribution system for the vertical light pipes.  

Natural illumination of the working plane in the Millennium library is obtained by 

indirect lighting, responding to the needs of uniform distribution of natural light in the 

library space and avoidance of direct sunlight on computer screens, and book stacks.  

Indirect lighting was accomplished by the redirection of the extracted light to the 

ceiling, and the inclusion of light shelves to protect against any light reaching 

downwards. All light is therefore redirected to the ceiling as shown in Figure 5.13. 

For example, ray 1 reflects off the extraction cones to the ceiling, ray 2 exits the pipe 

without hitting the extraction cone, but it is redirected to the ceiling by the light 

shelves, and ray 3 passes through the transparent section of the cone to be extracted in 

the following floors. 
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5.2.3 Methodology of study and system optimization 

To determine the design, dimensions and optimisation of the vertical light pipe system 

the same iterative analysis was carried out as for horizontal light pipes, consisting of a 

series of mathematical models and scale model testing under sunny and cloudy sky 

conditions. Mathematical modelling allowed the determination of appropriate size and 

reflectivity of the vertical pipe as well as the optimum tilt angle of the faces of 

pyramid LCP collectors and its orientation, in addition to an optimum ratio for the 

reflectance material of extractors, etc. Then the scale model testing was used to verify 

the system performance in addition to visual observation and analysis of light 

behaviour under different conditions as well as examination of performance of light 

spreading systems (which is not included in mathematical models). Finally, 

validations of measured and modelled values are carried out. 

5.1.3.1 Light pipe design parameters 

Vertical light pipes of the Millennium Library need to take light from the collector on 

the roof to and through five floors. With an existing floor to ceiling distance of 3.6m, 

and in order to reach the five floors, each pipe is at least 18.5 meters in length. Then, 

the number of pipes was decided by analysing the area to be illuminated, the position 

and number of structural columns and the possible diameter of the pipes. Finally, the 

diameter of the pipe, the design of the pyramid LCP collector, the reflectance of light 

pipe material and ratio for the reflectance material of extractors was decided through 

analysing mathematical modelling and scale model testing. 

5.1.3.2 Scale models  

A scale model 1:20 was built for physical examination of vertical light pipes. The 

scale model was built to allow testing of different vertical light pipe strategies and 

parameters. Specifically different light collection devices, and light extraction and 

distribution systems were tested, while other parameters, such as width and 

reflectance material of the pipe were kept constant. The testing of the scale model was 

to study the feasibility of the technology and to investigate test new ways of emitting 

light from the pipes.  
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Scale model  

A 1/20th scale model of the vertical light pipe system was first built for measurements 

under direct sunny and cloudy sky conditions. While only one light pipe was 

modelled, the effect of multiple light pipes in a wide floor plan was simulated by 

placing mirrors in the vertical sidewalls, as shown in Figure 5.14.  

 

Figure 5.14: Scale model for vertical light pipe system, and the effect of multiple light pipes was 

simulated by placing mirrors on the side walls. 

1) Light Collection 

Different LCP pyramids were placed at the input aperture of the vertical light pipe for 

testing.  The LCP pyramids had faces tilted at different angles (35ºand 45º).  

 

Figure 5.16: Pyramid LCP collectors of different tilt angles. 

Preliminary calculations were done to assess the angle of inclination of the laser cut 

panels, and the dimensions for the light pipes (Matlab programs Matlux2.m and 

genlux2.m- Appendix 4, attached CD). Figure 5.17 shows the performance of vertical 
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light pipes with different light collection devices. The calculations were done for a 

pipe of 18.5m long and 2m in diameter, but with only one aperture at the end. This 

was done to particularly study the effect of the LCP collector on the transmission of a 

long pipe. Pyramid LCP’s with faces tilted between 30 and 40 degrees performed 

better for low elevation angles, and high elevation angles in general as shown in 

Figure 5.17.  

 

Figure 5.17: Performance of the pipe for different LCP collector’s inclination and comparison 

with a simple glass aperture. 

2) Light Transmission 

The modelled light pipes were made out of a silver coated plastic film (3M silver lux) 

of 95% reflectivity. Figure 5.18 shows the influence of the length of the pipe on the 

transmission, according to the sun elevation. The figure shows that for vertical light 

pipes with no LCP the transmission decreases for low elevation angles and increases 

for high elevation angles. Conversely, for a pipe with a LCP of 35º the transmission is 

increased for low elevation angles, but decreases for high elevation angles. The loss in 

transmission along the pipe has to be considered when designing the extraction 

system for the pipe. 
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Figure 5.18: Light transmission of a vertical light pipe with LCP collector of 35º, and with no 

LCP. Sun elevations calculated are 15º, 45º and 75º. 

3) Light extraction 

The pipe has an extraction aperture at each floor. The cone-shape reflective extractors 

were inclined at 37.5° to the horizontal. Preliminary mathematical analysis had shown 

that the best averaging transmission factors for the vertical light pipes was τ = 0.65,  

used in Equation 3.70 (Chapter 3) resulting in extraction factors of 6% for the first 

aperture, 11% of the remaining light after the first extraction for the second aperture, 

20% of the remaining light after the second cone extractor for the third one, 39% of 

remaining light is extracted at the fourth extractor cone, and finally 100% is extracted 

at the last extraction point. Figure 5.19 shows extractor cones of different height, built 

to study the light distribution; it also shows how the reflective material is applied to 

obtain the extraction fraction required. At the time of the construction of this first 

scale model for the vertical light pipes, the mathematical models were not in an 

advanced stage and therefore the theory from Edmonds et al. (1997) was followed for 

the averaging transmission factor.    
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Figure 5.19: light extractors construction.  

4) Light distribution 

In the first observations of the scale model it was found that some of the extracted 

light was emitted into the room to the ceiling, but some of the light, especially at low 

elevation angles, did not hit the cone, and instead was directed downwards. To avoid 

this, light shelves were designed to redirect these rays towards the ceiling.  Two light 

shelves systems were studied by observation in the models: diffuse and specular 

shelves. 

 

Figure 5.20: Diffuse shelf (left), specular shelf (right).  

Diffuser light-shelf: The matt white surface gives a more diffuse and uniform 

distribution of the natural light as can be seen in Figure 5.21 top. Specular light-shelf: 

Light seems to spread deeper into the space as shown in Figure 5.21 below, but a 

uniform light distribution is not achieved resulting in light spots on the ceiling. As a 

consequence, and due to the better light distribution and light uniformity obtained 

with the diffuser light shelves; this is the distribution strategy chosen for the 
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Millennium library vertical light pipes, and for the construction of the final scale 

model.  

 

 

Figure 5.21: Diffuser light shelf (top) and specular light shelf arrangement (below). 

Scale model testing 

a) Testing under real sky conditions (sunny) 

Figure 5.22 shows the testing under real sunny sky conditions of the vertical light pipe 

scale model. The scale model represented a section (12m x 12m) of the Millennium 

Library building (area of influence of the light pipe). Two sets of measurements at 

working plane height were taken at each floor, half way between the pipe and the 

mirrored wall and at each side of the pipe in order to corroborate the symmetry of 

light distribution. The measurements were taken on January 13th 2003 from 6am to 

11am, at intervals of 30 to 60 minutes.  The sun elevations range from approximately 

9º to 75º. The experiment was finished at 11am because of the deterioration of the sky 

conditions (white clouds in the sky). The measurements were repeated for the light 

pipe with 35º and 45º Pyramid LCP collectors, with one face of the pyramid facing 

normal to the incoming light and then rotated 45º in the horizontal plane, in addition, 

measurements for an open pipe, with no Pyramid LCP collectors were also taken. 
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Measurements were taken with Minolta Illuminance Meter T-10 M (Appendix 5) and 

it was verified that the variation between exterior illuminance at the beginning and at 

the end of each set of measurements did not exceed 5% so as to obtain comparable 

results. 

 
 

Figure 5.22: Vertical light pipe scale model under sunny sky conditions. 

Observations during testing indicated that at early hours of the morning when the sun 

is low in the sky, light distribution in the space was homogeneous because the 

multiple reflections that light undergoes through the pipe makes the light more 

diffuse, however as the day advances and the sun angle is higher, direct sunlight 

makes less reflections through the pipe, hit the specular reflective cones more directly 

and light is redirected to the ceiling without touching the light shelves, as a result 

sunny patches are seen on the ceiling. This can be observed in Figure 5.23. 

Consequently, further study of the extraction strategies is required. Additional 

attempts to improve light distribution in the space are explained in Chapter 6 in 

“Fluorescent concentrators as light extraction/distribution system for vertical light 

pipe” (Section 6.2.2). 
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Figure 5.23: Interior of the vertical light pipe scale model. Testing under sunny sky condition. 

Top left 7am, top right 8am, below left 9am, below right 11am. The pictures correspond to the 

second floor (fourth aperture of the pipe). 

Figures 5.24 and 5.25 shows the interior average illuminance levels obtained from the 

testing under sunny sky conditions. Sun elevations for 6am, 7am, 8am, 9am, 10am, 

10:30am and 11am are 9.70º, 22.50º, 36º, 49º, 62.20º, 69º and 75.2º respectively. The 

results show the average lux levels between the two measurements taken at each floor. 

In general the results show that when the sun is high in the sky, the orientation of the 

LCP does not affect the results greatly, the influence of the orientation of the LCP 

collectors is more noticeable for low elevation sun angles. For example, at 6:00 in the 

morning, the LCP normal to the incoming light performed better than the one facing 

45º off the normal. The experiment showed that the lower the sun elevation angle, the 

more affect the azimuth of the sun will have in the result. The results also have shown 

that for low elevation angles, in the light pipes with no LCP collectors, light 

transmission along the pipe results in higher values for the first opening, and then 

drops rapidly, while when the sun is high in the sky the result is reversed.  After 9am 

the light pipe with no LCP shows higher results. At 9am in summer in Brisbane the 

sun is at an elevation of about 48º. The average results were 50 to 300 lux for the light 

pipe with a LCP at 35º and 50 to 150 lux for the light pipe with LCP at 45º. The lux 
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ratio for the first LCP is larger than the second (45º). The reason is that at higher 

angles the light gets rejected by the LCP at 45º decreasing its performance for light 

collection, but high sun angles mean summer around midday in Brisbane, therefore, 

further study should be done, to assess the impact of heat at these hours.  

 

Figure 5.24: Measurements from 6am to 10:30 am (Extraction points 1= top f., 5= ground floor). 

In addition, both LCP collectors seem to give a more even illuminance values at each 

floor than the pipe with no LCP collector. In conclusion, LCP improves the 

performance and light transmission along the pipe for elevation angles lower that 48º. 
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Measurements also showed that the amount of light extracted at each floor, is 

generally uniform and diffuse in the space, especially for the low elevation angles, but 

when the sun is high in the sky, more light goes directly down the pipe, resulting in 

greater values obtained in the fifth and last extraction point of the pipe. Further study 

of the extraction and average transmission factors is needed. 

 

Figure 5.25: Measurements at 11:00 am (Extraction points 1= top floor, 5= ground floor). 

b) Experimental testing under artificial sky 

The artificial sky simulator was mainly used to test the performance of the pipes 

under overcast conditions as well as the assessment of different extraction and 

distribution devices for the vertical light pipes (Figure 5.26). Studies have been done 

to test the distribution of the light in the artificial sky and they are explained in 

Appendix 1 “Calibration of the Artificial Sky”. The results have shown average 

illuminance of nearly 7900 lux and the distribution approximates the CIE standard 

overcast sky conditions, at the time of this study. Figure 5.27 shows the interior of the 

scale model with cone reflective extractors. The picture reveals the light distribution 

in the space under a diffuse sky.  

Testing under artificial sky showed daylight factor values ranging from  0.12 to 0.20 

for light pipes with 35º LCP collector, 0.1 to 0.17 for the 45º collector, and 0.13 to 

0.24 for no collector. 
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Figure 5.26: Experimental testing of the vertical light pipe in the artificial sky. 

 

Figure 5.27: Light distribution under diffuse sky. 

Validation 

Figure 5.28 shows values from the experimental testing for the vertical light pipes of 

different Pyramid LCP tilt 35º (top) and 45º (below), with LCP pyramid normal to the 

incoming light, and the calculated values for pipes with the same parameters under the 

same range of angles. Mathematical modelling was obtained from the Matlab 

programs genlux.m and matlux.m for vertical light pipes. These programs are 

explained in Chapter 3 and shown in Appendix 4 (attached CD). The mathematical 

models consider the light reaching the LCP pyramid in the normal direction. 
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The comparison between measured and calculated values showed that for the vertical 

light pipe with a 35º LCP pyramid, the average illuminance levels ranged from 50 to 

300 lux for the experimental testing and 50 to 200 lux for the mathematical models 

(Figure 5.29). The calculations showed a very similar trend for sun elevation angles 

under 62º, but then there is a small discrepancy for the illuminance levels for higher 

elevation angles, showing the measured values being higher than the calculated ones. 

On the other hand, for the vertical light pipes with a 45º LCP pyramid, average 

illuminance levels from the experimental testing ranged from 50 to 150 lux, while the 

calculated values ranged from 50 to 200 lux. Measured values showed an increase 

with sun elevation, while mathematical modelling showed higher values for sun 

elevations ranging from 50º to 60º, and then dropped for higher elevation angles. 

 

Figure 5.28: Average lux levels obtained in experimental testing, compared with Matlab 

mathematical models (Extraction points 1= top floor, 5= ground floor). 

Experimental testing showed that in general a reasonable distribution along the pipe is 

achieved. By using the 45° LCP collector, a relatively modest variation of illuminance 

level with sun elevation was achieved (50 to 150 lux). For a 35° LCP the variation 
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was higher (50 to 300 lux). Calculated values showed the same trend, but less 

variation between a 35º and a 45º LCP pyramid collector. In addition the variation in 

illuminance values throughout the day (50 to up 400 lux) corresponds to varying light 

transmission along the pipe for different sun angles. At lower and higher sun angles, a 

higher amount of undeflected or deflected light respectively, travels axially along the 

pipe.  

 

Figure 5.29: Comparison of measured and calculated values for vertical light pipes with different 

Pyramid LCP angles as average lux levels vs. sun elevation angles. 

The different values obtained in the calculated model may be a consequence of first 

neglecting the roughness in the cut surface of the LCP, which diffuses the deflected 

light with an angle spread of +/- 8°, secondly, the mathematical model does not 

include the diffuse component of the sunlight, finally the mathematical model 

considers the LCP collector not as a pyramid but as a gable (Chapter 3, section 3.5.2), 

which could influence on the area of collection considered in the mathematical 

models. Albeit the differences between the mathematical and empirical results, the 

mathematical modellings still gives a close idea of the performance of the vertical 

light pipe coupled with LCP, and could be used to predict performance of the vertical 

light pipe. 
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5.3 Conclusion case study 

This second case study on the feasibility of mirrored vertical light pipes coupled with 

LCP has shown that the technology is a potential solution for the problem of middle 

high deep plan buildings. The studies have shown that the system achieved an 

adequate spatial light distribution along the pipe. The average lighting values from 

design for the areas to be illuminated were set as a range from 150 to 300 lux for clear 

(sunny) sky conditions. Illuminance values obtained from the studies range from 50 to 

150 lux for the vertical pipes with LCP at a 45° angle; and 50 to 300 lux for vertical 

pipes with a 35° angle LCP during the day, showing that a LCP collecting system 

responded better for the lighting conditions of Brisbane. Testing under overcast 

conditions showed daylighting factors of up to 0.20%, representing around 20lux 

under an overcast sky of 10,000lux. Even though the light pipes do not achieve the 

lighting conditions throughout the day, the system still demonstrates that it could 

achieve good daylighting values. Additionally, whereas a near constant light 

distribution along the pipe can be achieved (same amount of light at each floor) it may 

be necessary to use an adjustable light deflector system at the input of the light pipe to 

reduce variation with time. In addition, further improvement of light distribution 

devices and light emission within the space are needed. 

While the performance of horizontal light pipe as shown in the previous studies 

(Chapter 4) depends on the orientation of the available façade and shadings by nearby 

buildings, on the other hand, they are easy to integrate into the architecture of the 

building when false ceilings are available. In contrast, vertical light pipes perform 

better in terms of light collection, but their incorporation into the architecture is more 

complicated if they are not considered in the early stages of the building design, 

because the pipe area required to achieve the recommended values for ambient light 

may be unacceptable to designers. 

In conclusion, vertical light pipes could improve natural illumination of deep plan 

buildings, the lighting values obtained are enough for ambient illumination, but 

artificial light will be necessary for task lighting and to sustain appropriate lighting 

values when they can not be achieve by daylighting alone. 
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CHAPTER 6 

ALTERNATIVE SOLUTIONS  

6.1 Introduction 

The studies on previous Chapters revealed that passive mirrored light pipe technology 

coupled with LCP effectively introduces sufficient ambient light levels inside 

buildings, but the technology has two major limitations:  

1) Dependence on sun elevation: since the devices were designed as passive 

systems, they have a great dependence on sun elevation. The system, due to 

the LCP collectors, improved light collection during critical times, increasing 

light pipe performance for example when the sun is low in the sky (in winter, 

or early hours of morning/later hours of afternoon in summer). However, light 

levels inside the building still clearly varied during the course of the day 

(lower in early morning and late afternoon, higher at noon). 

2) Size of the pipe: the size (2m in width) required to attain sufficient ambient 

light levels inside the assessed buildings could be seen as a limitation of the 

technology- especially for vertical light pipes because they create vertical 

shafts penetrating from floor to floor- in terms of its integration with the 

structure and architecture of a building, in particular for office buildings where 

the boundaries between activities are kept flexible in order to allow for 

change. 

One way of reducing the size of the pipe, outlined in Chapter 4 is to increase the 

reflectance of the material of the pipe. Previous Chapters also have shown that more 

uniform light levels during the day could be achieved in the following situations: 

1) Vertical light pipes, when the LCP pyramids have their faces tilted at high 

angles, for example 45º or higher. However uniformity of light levels during 

the day means that performance of the pipe is generally reduced (Chapter 5). 

2) Horizontal light pipes, by increasing the reflectivity of the pipe up to 98% 

results in little difference in the performance of the pipe during the day 

(Chapter 4).  
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Consequently, further improvement of the daylight collection system is needed to 

achieve a uniform light pipe performance with less variation of illuminance levels 

during the day, mainly for vertical light pipes. Accordingly, the objective of this 

Chapter is the further enhancement of the light pipe device by decreasing the reliance 

of the device on sun altitude and azimuth, thus achieving more uniform light levels 

during the day, and reducing the size of the light pipe to improve integration of the 

technology in a building. Correspondingly, two new light pipe designs are tested with 

focus given to daylight collection.  

The first daylighting collector comprises fluorescent panels. In general the system 

consists of three sheets of the fluorescent material, each with a certain colour dye that 

absorbs specific spectrum of solar radiation and emits red, green or blue fluorescent 

light. The emitted light from each panel is mixed resulting in white light. The second 

collector studied seeks to reduce the influence of the azimuth angle of the sun in the 

performance of the light pipe system. By having a laser cut panel (LCP) collector that 

rotates following more closely the sun path, better performance is expected. The 

panel, which is tilted to a fixed angle depending on the requirement of the location, 

rotates 15º every hour, completing a full circle (360º) in 24 hours.  

Finally, this chapter argues that further improvements on light pipe technology 

normally mean more complicated (movable parts) and expensive solutions. For that 

reason, decisions need to be made in each case on where to draw the line, in terms of 

performance of the device, and simplicity of the system.  

The next sections describe the analysis and testing done. 

6.2 Fluorescent technology  

Fluorescent concentrators for daylighting applications are receiving attention thanks 

to a new product soon to be commercially available “Fluorosolar Technology” 

developed by the daylighting group at UTS (University of Technology, Sydney) 

(Smith and Franklin, 2000, Smith et al., 2001). This technology has been previously 

explained in the literature review (Chapter 2- Section 2.4.1.2). The system transmits 

direct and diffuse light into interior spaces with no windows, up to a distance of 10m. 

Previously, fluorescent concentrators for lighting have been patented by Bornstein and 

Friedman (1985) and studied by Zastrow and Wittwer (1986) showing the potential of 

this technology for daylighting use. Earp et al. describe the fluorescent solar 
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concentrators (Earp et al., 2004a, Earp et al., 2004b). The system uses three sheets of 

fluorescent PMMA of green, pink and violet dyes. The dyes in the panels absorb 

different ranges of the solar spectrum, and re-emit light (Figure 6.1). The fluorescent 

emitted light travels to the edges of the panels by total internal reflection. Normally all 

edges of the panels but one (the extraction edge) are covered with reflective material 

to redirect exiting light back inside the panel until it finds its way to the extraction 

edge. In the product developed by Smith and Franklin (2000) the fluorescent panels 

are connected to a PMMA flexible guide at the extraction edge, where the light of 

different wavelengths is mixed and travels to the extraction point or luminary by total 

internal reflection, finally leaving the guide as white light.  

In this section the benefits and limitations of the fluorescent panels used as 1) 

collector systems for large scale mirror light pipes and 2) as extractor/diffusers for 

vertical light pipes are studied. This was a limited study to assess the possibilities of 

this material as a collector and extractor system for mirrored light pipes. This study is 

not, and does not claim to be a full study of the technology. The possibilities of the 

technology as a solution for daylight collection for large scale mirrored light pipes 

technology are derived. The next section explains the testing and study done. 

 

Figure 6.1: Schematic drawing of sunlight absorption and light emission of a three sheet 

fluorescent collector. 

6.2.1 Fluorescent concentrators as light collectors  

The main objective of using fluorescent panels for the collection of natural light was 

to reduce the size of the light pipes, thus reducing the foot print of the light pipes in 

the building. The new improvement of the design is that fluorescent collectors are 

coupled to a mirrored light pipe by using a V-trough collimator (VTC) that collimates 

and mixes the fluorescent light emitted by the fluorescent panels. Figure 6.2 shows a 
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schematic concept design of the fluorescent panel collector coupled with a VTC and 

connected to a mirrored light pipe. Sunlight absorbed by the fluorescent panels is 

emitted by the extraction edge of the panels in all directions (from normal to 90º) as 

shown in Figure 6.3-left. A VTC is used to collimate the emitted light (Figure 6.3-

right), thus reducing the number of reflections as light travels along the pipe. As the 

fluorescent panels emit light at an edge only 3mm wide in the x direction and as the 

output of the collimator is only 3 to 10cm wide (in the x direction), the width of the 

light pipe can be of similar size, i.e. about 3-10cm wide for each panel. For the three 

panels the width is about 9-30cm.  

 

Figure 6.2: Schematic design of the fluorescent panel collector. 

In order to obtain the required amount of light into the space the panels are set in the 

roof for light collection, and the area to be illuminated will determine the length in the 

y direction of the panel and therefore of the pipe. Having a narrow (in the x direction) 

but wide (in the y direction) pipe requires consideration on how the pipes could be 

integrated into the design of the building. 
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Figure 6.3: Emission from fluorescent panels (left), Compound parabolic concentrator (right). 

Figure 6.4 shows the suggested design solution of light pipes integrated to a deep plan 

building with a central core design. The pipes could surround the central service core 

(elevators, stairs, air conditioning, toilets, etc.), and will extract and direct the light 

outwards, as shown in Figure 6.2. The light pipe designs for this study comprise a 

vertical light pipe with the following dimensions: 34cm in width (in the x direction), 

6m in width (y direction) and 16m in height (z direction), passing through four floors.  

 

Figure 6.4: Light pipe placement in a deep plan building (plan). 
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6.2.1.1 Assessment of the light collectors  

This section describes the methods used for the assessment of the fluorescent collector 

technology. First a model was built to study the efficiency of the fluorescent material 

in an integrating box, secondly a test was done to assess the light distribution 

emission of the combined fluorescent panel and VTC collimator, and finally 

mathematical modeling was done to analyze the limitations of the technology. 

Collector construction 

1. Fluorescent panel 

Testing in this study was done with the green fluorescent sheet only; given that it is 

the sheet that will normally contribute most of the light. In Earp et al.(2004a) light to 

light efficiency of the green, pink and violet sheets are estimated as 5.8%, 1.5% and 

0.29% respectively. Earp et al. also suggested that the efficiency could reach 10% to 

16% for short collectors fewer than 600mm in length. The efficiency of the 

fluorescent panel decreases with collector’s length, at varying rates depending on the 

dye concentration and matrix quality (Earp et al., 2004b). In addition, since the testing 

was done in scale models it was impossible to scale down the fluorescent sheets width 

and therefore only one sheet is used representing the whole system. The sheet use for 

this experiment is of 200mm in width, 600mm in length and 3mm in thickness. It is a 

commercially available PMMA green sheet.  

2. V-trough light collimator (VTC) 

Non imaging concentrators are used in different daylighting applications such as 

collection of natural light for light transport systems, as for example anidolic light 

ducts (Courret et al., 1998) and anidolic zenithal light-guides (Molteni et al., 2000), 

and in reverse for collimation and redirection of light deeper into a room by light 

guiding systems such as micro-light/light guiding shades (Edmonds, 1993, Greenup 

and Edmonds, 2001, Greenup, 2004), all systems previously described in the literature 

review (Chapter 2).  

The collimator for the present design is in 2D geometry forming a V trough; this 

consists of forming a V trough with plain mirrors. In this case the profile is 

trapezoidal, with the minor side equal the width of the fluorescent panels, and the 

larger side and height of the trapezoid decided according to the collimation of the 

light required or desired.  
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Construction of a V trough concentrator is explained in Welford and Winston (1989). 

However, the light paths are reversed for the purpose of this work, so that the trough 

acts a collimator. In this case fluorescent light enters at the aperture Q Q’, as shown in 

Figure 6.5, and is transmitted to aperture P P’. Figure 6.5 shows all the elements to be 

considered in the design of a V trough and Figure 6.6 shows the schematic light 

distribution coming out of the collimator.  

 

Figure 6.5: Pitch-circle construction for V-troughs based on Welford and Winston (1989). Where 

“2Ф” is the angle of the v-trough, “δ” is the largest angle of an incident pencil for which all rays 

are transmitted; “δ+Ф” is the angle under which one half of rays are transmitted; “δ+2Ф” is the 

largest angle of incidence for which rays are not transmitted; “θ max” is the angle for which the 

ray makes no reflections in the VTC; “2a’ ” is the entry aperture of the VTC; “2a” is the exit 

aperture of the VTC; and r is the radius of the pitch circle. 

 

Figure 6.6: Theoretical light distribution coming out of V troughs. 

VTCs of different dimensions were studied following the pitch circle construction. In 

order to increase the collimation of the incoming light, the ratio between 2a’ and 2a 

needs to be smaller. But the aim of more collimated light means that the number of 



Chapter VI 

 
6-8 

reflections a ray undergoes inside the VTC to leave it in a small angle is increased, as 

a consequence the transmission of the VTC may decrease due to loss from reflection. 

For the testing, the final dimensions of the VTC were: 10º for the angle of acceptance 

δ+Ф, 3mm for 2a’, 17mm for 2a, 204mm for the length of the VTC and 4º for 2Ф. 

Testing 

1. Efficiency of fluorescent panels 

To test the light to light efficiency of fluorescent panels an integrating box was used. 

Testing was done under sunny sky conditions (Figure 6.7). Measurements recorded 

are as follow: 1) Normal illuminance reaching the panel: 103,100lux; 2) Interior 

illuminance without the panel and with the aperture of the box facing the sun 

direction: 2220lux; 3) Interior illuminance with the green fluorescent panel: 7690lux. 

The dimensions of the fluorescent panel are 200mm x 600mm, and dimensions of the 

opening are 200mm x 4mm. The final light to light efficiency of the material is 

calculated as 2.3%. This efficiency is about one half of that obtained by Earp et al. 

(2004a). The reason for the difference could be attributed first to the fact that the 

edges of the fluorescent material were not perfectly polished. In addition, there was no 

reflected material covering the outer edges of the fluorescent panel, and there was no 

light extraction device as in the Earp et al. (2004a) studies. 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Shows the set up of the experiment to measure panel efficiency. 
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2. VTC light emission 

Finally, a simple test was undertaken to confirm the performance of the VTC. The 

experiment was set up in a dark room, using an artificial light as a source as shown in 

Figure 6.8. The fluorescent panel has the dimensions 600mm x 200mm, and was 3mm 

thick. The VTC input aperture is 3mm, exit aperture 17mm, and height 200mm.   

2Ф=4º,   δ+2Ф=12º, δ+Ф= 10º and θmax 5º. Light reaching the panel was measured as 

4600lux. 

 

Figure 6.8: Testing of green dye fluorescent sheet with a V trough concentrator (VTC). 

 

Figure 6.9: Light distribution coming out of the CPC (measurements). 
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Measurements of light emission were made on a vertical plane at 90cm from the VTC 

extraction face and results are shown in Figure 6.9. Through geometry analysis 

(considering the spread of the light in the wall, and the distance between the wall and 

the VTC), δ+Ф and θmax can be calculated. Figure 6.9 shows that the values for the 

measurements taken at distance 20 to 68 cm corresponds to the collimated light. From 

that δ+Ф can be measured as 10º, θmax as 5º (36 to 56cm). Figure 6.10 shows light 

spread from VTC.  

This testing confirmed the collimation of the light but does not give the efficiency of 

the VTC. The next section shows the theoretical study undertaken for the estimation 

of the VTC efficiency. 

 

Figure 6.10: Light spread from CPC (left), view of the multiple reflections inside the CPC (right). 

Mathematical modeling 

Mathematical modeling was done to compare the efficiency of various VTC with 

different δ+Ф angles (angle of acceptance). For an approximate calculation of the 

VTC efficiency, the light emission from the panels was considered as shown in Figure 

6.11 as a cos(θ) dependent function of angle θ. Then light transmission of a particular 

ray emitted at an angle θ through the VTC is given by: 

NT ρθ =)(  where 
A

N
θ
θ

= ,  

In this case θ  is the angle of the out-coming ray, Aθ is the angle of acceptance of the 

VTC, ρ is the reflectance of the VTC material, and N is the number of reflections 

suffered by the ray. Finally, the approximate efficiency of the VTC is given by: 
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Figure 6.11:  Light distribution pattern as a function of the angle θ. 

The Matlab program fluorpipe.m (Appendix 4- Attached CD) was used to find the 

overall efficiency of the system (fluorescent panels + VTC + mirrored pipe) as a 

function of solar elevation, and results are shown in Figure 6.12 and 6.13. This simple 

program developed for the assessment of the technology only considered the direct 

component of natural light. Earp et al. (2004a) suggested that for longer fluorescent 

panels, losses due to matrix absorption and scattering will be increased. However, the 

reduction in efficiency of the fluorescent panels with their length is not considered in 

the calculations. The dimensions of the system modeled are as follow: 12m
2 

for the 

area of fluorescent collector, 6.1% efficiency of the fluorescent panels (three panels), 

9mm for the input aperture of the VTC, 95% reflectance of the VTC, 0.34m for the 

pipe width (x direction), 6m for the pipe length (in the y direction) and 16m for the 

pipe height (z direction), and finally, 95% reflectance of the mirrored pipe.  

Figure 6.12 shows the predicted lumens output for light pipes with VTC of different 

acceptance angles. The results illustrate that there is a maximum for the efficiency of 

the VTC. Starting with an acceptance angle of 15º efficiency of the VTC improves 
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until it reaches maximum efficiency at 5º; for acceptance angles smaller than 5º the 

efficiency of the VTC is reduced (see angle of acceptance of 3º).  

Figure 6.13 shows the performance of different pipes when the fluorescent collector 

orientation is varied from 0º (horizontal) to 90º (vertical). The panel tilted at 45º gives 

the best results on average, over the full 0º-90º sun elevation range. It delivers more 

lumens on average (45º=27001 lumens; 22.5º=26795 lumens; 0º=22508 lumens and 

90º=15677 lumens), and delivers more lumens at greater ranges of solar elevation. 

Having only a small difference with the panel that best performed for low elevation 

angles (vertical panel), and slightly bigger difference with the horizontal panel under 

high elevation angles. These studies should be considered when placing the panels for 

light collection. 
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Figure 6.12: Modeling of light pipe output for a system with a vertical fluorescent panel collector 

and V-trough optical transformers with maximum angles of θ=5º, 10º and 15º. 
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Figure 6.13: Comparison of light pipe outputs for systems with fluorescent panels collectors at 

different tilt inclinations. 

0 10 20 30 40 50 60 70 80 90
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

5
Comparison of mirrored light pipe with and

 without fluorescent panel collector

Sun elevation angles

L
u
m
e
n
s

vertical panel

panel tilt at 45

horizonta panel

no collector

 

Figure 6.14: Comparison of light pipe with fluorescent collector and open pipes. 

If performances of the light pipe with fluorescent panels shown in previous figures are 

compared with an open mirrored light pipe with the same dimensions (Figure 6.14), 



Chapter VI 

 
6-14 

for different sun elevation angles, it can be seen that the open pipe transmission is 

very low for sun elevation angles under 50º. In general the system (with fluorescent 

panel collectors) performs better for low elevation angles, whereas for high elevation 

angles (> than 60º) an open pipe performs better.  

6.2.1.2 Conclusions of fluorescent panels as collector systems 

Previous studies in this area have been done for domestic use; therefore the 

Luminescent solar concentrators usually do not exceed the 1.2 meters in length, and 

would be used to illuminate small rooms at distances not further than 10m. For this 

project the panels are used for the collection of natural light into a large scale pipes to 

illuminate multiple floors of large buildings. The experimental testing has shown a 

low light to light efficiency of the green fluorescent panel (2.3%), but previous work 

has suggested higher efficiencies, up to 5.8%. However, it has to be taken into 

account that the quality of the material tested in this project and that of Earp et al. 

(2004a) analysis may be different.  

 

Figure 6.15: Alternative solution for increased collection of natural light with fluorescent panels. 

Using the efficiencies measured by Earp et al. (2004a) for the mathematical analysis 

of the system has suggested that the technology with the present design can achieve 

light input inside the building of about 40,000 lumens, sufficient to illuminate an area 
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of 100m
2
 at 400lux, and equivalent to the light from about fifteen 40 watt fluorescent 

tubes. An increase in the area of collection could improve the performance of the 

system; a solution which doubles the area of collection is suggested in Figure 6.15. 

Further analysis is necessary for the understanding of the possibilities of this 

technology and to support the mathematical results, but due to the scope of this PhD 

study, this is not possible to do at present time. 

6.2.2 Fluorescent concentrators as light extraction/distribution 

system for vertical light pipes 

Light extractors (reflective cones) and diffusers (light shelves) designed for the 

vertical light pipes in Chapter 5 performed well in distributing light uniformly in the 

space especially for low sun elevation angles. Nevertheless, when the sun is high in 

the sky sun patches appeared on the ceiling (Figure 5.23, Chapter 5). With the aim of 

achieving more diffuse light distribution in the space, and avoiding those sun patches 

described earlier, fluorescent rings of different areas were used for the extraction of 

light from the light pipe and its distribution in the space. The main advantage of the 

fluorescent rings is that extraction and diffuser strategies can be integrated into one 

device. Figure 6.16 shows the concept of the design. 

 

Figure 6.16:  Fluorescent rings as light pipe extractors/diffusers. A-axonometric view of light pipe 

section, B- transversal section of the light pipe. 

Five rings of different dimensions were designed for the cylindrical light pipes studied 

earlier in Chapter 5, and built for their testing under the same scale model. The rings 

were made of green fluorescent PMMA. Only the green sheet is used because of the 

scale of the model and secondly because it is the colour that will contribute most of 
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the light (efficiency 5.8%). The area of the rings was decided following the averaging 

factor theory, explained Chapter 3, and used in Chapter 4 and 5. Preliminary 

mathematical analysis had shown that the best averaging transmission factors for the 

vertical light pipes was τ = 0.7, resulting in extraction factors of 11% for the first 

aperture, 13% of the remaining light after the first extraction for the second ring, 22% 

of the remaining light after the second ring extractor for the third one, 41% of 

remaining light is extracted at the fourth extractor ring, and finally 100% is extracted 

at the last extraction point. Correspondingly the areas of the fluorescent rings for the 

scale model are as follow (diameter of the scale model pipe 10cm): 1) 3.2cm
2
; 2) 

4.1cm
2
; 3) 7.8cm

2
; 4) 12.8cm

2
 and 5) 31.4cm

2
. 

Assessment of this solution was done by testing of scale model under the artificial 

Sky at the School of Design (QUT). Illuminance distribution in the space and 

comparison of ring technology with the cone/shelf technology studied in Chapter 5 

was done. Figure 6.17 shows the interior of the scale model with the fluorescent ring 

as extraction/diffusion device. And Figures 6.19, to 6.21 shows the results of the 

testing. 

 

Figure 6.17: Scale model of vertical light pipe with fluorescent light extractor-diffusers. 

6.2.2.1 Testing of fluorescent extractor/diffusers 

Measurements of illuminance levels were taken in the scale model at each floor at six 

points, at working plane height, three at each side of the light pipe (one next to the 

pipe, one in the middle space, and the final next to the opposite wall), as shown in 

Figure 6.18. The aim was to observe light distribution in the space. Figure 6.19 shows 



Alternative Solutions 

                                                                                                                                   
6-17 

the results of the left side measurements, because both set of measurements are 

symmetrical only one side is shown. The testing showed that light decreases very 

rapidly with distance from the pipe as expected for a diffuse output from a very 

narrow aperture. 

 

Figure 6.18: Measuring points in the scale model (section). 
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Figure 6.19: Light distribution from fluorescent extractor/diffusers. 
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Figure 6.20: Comparison of daylight factor distribution of rings and cone extractors. 
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Figure 6.21: Comparison of daylight factor levels along the pipe for fluorescent ring and 

cone/shelf solutions. 

Figure 6.20 shows a comparison between the results of measurements of vertical light 

pipe model with cones/shelf technology and fluorescent ring technology. It can be 

observed that the distribution of light is better achieved with the cone/shelf solution 

(higher values are obtained for the 1 and 2 measurement points which are the ones 

further away from the pipe extraction point). Finally Figure 6.21 shows an average of 
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daylight factor levels at each floor (horizontal illuminance at the time of the testing 

for the cones was 7990lux and for the rings was 7830lux), the aim is to show the 

distribution of light along the pipe. Averages for the cone/shelf solution are higher 

than the ring solution, but both showed a quite uniform distribution alone the pipe. 

6.2.2.2 Conclusions fluorescent rings 

In general, the rings perform quite well in extracting and diffusing light into the space. 

Nevertheless, due to testing being done under the artificial sky the potential of 

avoiding sun patches in the ceiling was not observed in this study. 

Light distribution in the space was worse than the cone/shelf solution, due to the rapid 

decrease of light levels with distance from the pipe. Light levels were lower than what 

was obtained for the cone/shelf solution, but it must be taken into account that only 

the green sheet was used for this experiment (efficiency 5.8%). Efficiency could be 

potentially increased when the three sheet system is used. 

The biggest benefit of this technology is that extraction and diffuser devices are all in 

one, reducing the number of parts in the design of a light transport system. On the 

other hand, the biggest limitation is the colour rendering. This is a big problem when 

we consider that the light is for the illumination of office buildings, and colour 

rendering of the light is very important for many occupational activities.  

6.2.3 Conclusions of Fluorescent technology 

It was found in this study that the biggest constraints of this fluorescent panel 

technology for collection or as an extraction/diffuser device are two fold. 1) The light 

to light efficiency of the collection material is about 6 %, and it is reduced for bigger 

collection panels, which is what it would have been needed for this project. The low 

efficiency reduces the applicability of the technology for the large scale light pipes 

study in this project, 2) Good colour rendering is difficult to achieve because of the 

low efficiency of red and blue PMMA sheet. Since the technology has not been 

developed enough for the real achievement of white light, colour rendering could be 

seen as a setback of this technology for the illumination of places where visual 

activities are most important, such as schools, or office buildings. It could be a 

technology appropriate for the illumination of underground spaces such as parking 

lots, and underground tunnels. Further study is needed in order to understand the 
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potential of this technology for the implementation into large scale light pipe 

technology. 

6.3 Rotating laser cut panels collectors  

Previous testing and mathematical modeling of mirrored light pipes coupled with laser 

cut panels (LCP) has suggested that the azimuth of the incoming light influences 

greatly the performance of this technology, especially when sun elevation is low. This 

section seeks to assess a LCP rotating system as a collector for mirrored light pipes 

for the solution of natural illumination of deep plan multistory buildings, and 

investigate the success of this technology in reducing the azimuth dependence of the 

previous studied systems (Chapter 4 and 5). 

Rotating LCPs were first studied by Travers (1998). Travers (1998) assessed this 

technology as daylight collectors for narrow mirrored light pipes (240-300mm) that 

could take natural lighting to small spaces at distances of 6m to 12m from the 

envelope of the building. The study suggested that the rotating LCP by following the 

sun path more closely and redirecting sunlight more axially down the pipe could 

increase the aspect ratio of commercially available passive mirrored pipes (240-

300mm) up to three times, but in the study they had problems to find a suitable 

rotating mechanism that would be economic for a small system. Conversely, for the 

present study, the technology is implemented on large scale light pipes, where the cost 

of a rotating system would be relatively much smaller.  

Rotating LCP collectors consist of a LCP panel tilted at certain angle (depending on 

latitude and location of the building) placed on top of a rotating structure or rotating 

mechanism. The panel revolves at a constant speed, rotating 15º every hour, 

completing a full 360º circle in 24 hours. The direction of rotation depends on 

location; the panel will rotate in anti-clockwise direction for south latitudes and 

clockwise direction for northern latitudes. The system does not trace the exact 

position of the sun, instead, by rotating constantly at the same speed it is expected that 

the angle between the sun azimuth and the direction that the panel is facing is 

reduced, thus reducing the impact of sun azimuth in light pipe performance. This 

section will particularly address the solution for vertical light pipes. Figure 6.22 

shows schematic designs of the device. Systems A and B in Figure 6.22 are panels 

placed on top of a rotating structure (red surface on the drawing), in system C, on the 
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other hand, the panel is rotated on its axis by an axle.  The system could incorporate 

solar cells that serve the engine/motor that rotates the panel. 

 

Figure 6.22: Schematic design of rotating LCP panels collector. 

Having a panel that could reach up to 2m in diameter rotating on top of the roof of a 

building needs serious design and technological and engineering considerations. It 

could probably be divided into smaller rotating panels as suggested in Figure 6.23.   

 

Figure 6.23:  Suggestions to reduce the size of rotation panels for large scale light pipes. 

Nevertheless, the aim of the present section is not the design of an operation system 

for a rotating LCP collector, rather the assessment of the idea of a rotating panel as a 

collector and how it could improve the performance of the LCP-mirrored light pipe 

system. Consequently, the assessment of the system involved model testing with 

artificial light sources and testing under clear sky conditions where the rotation of the 
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panel is done manually. Lastly, although the idea of this PhD was to produce an 

entirely passive answer to solve the problem of piping light long distances for deep 

plan office buildings, it was considered appropriate to study the benefits and 

limitations of having a simple active system, and then compare with the previous 

results in light pipe technology. 

6.3.1 Assessment of rotating LCP 

The method of assessment of this technology involves the construction of working 

models and then testing with an artificial light source and under clear (sunny) sky 

conditions. The systems tested include LCP tilted at different angles, and then rotated 

manually to measure their performance; the aim is to prove how the direction of the 

panel being closer to the azimuth of the sun can improve performance of the system. 

Consequently the assessment involved: 1) to find the deviation angle between the 

panel direction (that changes every hour) and the sun azimuth (e.g. Brisbane), 2) to 

find the influence that the deviation angle will have in the performance of the system, 

for this a simple experiment was set up indoors with a lamp source mounted on a 

structure where the position of the artificial light source could be placed at different 

altitude angles, 3) to test the rotating LCP under real (sunny) sky conditions, to 

validate studies done with the artificial light source, 4) validation of mathematical 

models, and finally 5) mathematical analysis of rotating system incorporated into a 

multistorey building, as in the example studied in Chapter 5, to assess performance of 

a full scale system into a real building situation for different times of the year.  

Next sections will describe in more detail the testing and analysis done for this study. 

6.3.1.1 Calculation of the deviation angle 

The first step in the assessment of the rotating panel technology is to determine the 

deviation angle between the direction (on the horizontal plane) of a panel that rotates 

15º per hour and the sun azimuth throughout the year. Finding the deviation angle and 

relating it to the sun elevation angle would later help in the understanding of the 

performance of the LCP. 

Matlab program “equation of time.m” described in Appendix 1 and presented in 

Appendix 4 (Attached CD), was run to find the sun altitude and azimuth for the 22
nd

 

day of each month for Brisbane from 6:00am to 6:00pm. The starting position of the 

panels is facing directly east (90º) at 6am. As the panel rotates 15º every hour it will 
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be facing directly North (0º) at noon, and it will be facing directly West (270º) at 6pm. 

Table 6.1 shows the angle position of the LCP at each hour of the day. 

 Table 6.1: Azimuth angle of the LCP panel 

Hour 6 7 8 9 10 11 12 13 14 15 16 17 18 

Azimuth 

LCP  

90º 75º 60º 45º 30º 15º 360º 345º 330º 315º 300º 285º 270º 

The sun path changes throughout the year (as shown in Figure 6.24), which means 

that with the steady rotation of 360º degrees in 24 hours of the LCP, there will always 

be a difference within sun azimuth and LCP direction.  

Table 6.2, in next page, shows the actual deviation angle for each month (22
nd

 day of 

each month) and hours from 6am to 6pm, calculated as LCP azimuth angle minus sun 

azimuth angle (from equation of time.m). It can be observed that the maximum 

deviation angles occur during the summer time, close to the midday hours (maximum 

angle 65.5º on December 22nd at 1pm, when the sun altitude is 72º). The table also 

shows that from March to September the maximum deviation angle is 26º. 

NStereographic Diagram
Location: BRISBANE, Australia 

Sun Position: -43.4°, 82.2°
HSA: -43.4°, VSA: 84.3°

© A.J.Marsh '00

Time: 12:00

Date: 1st December
Dotted lines: July-December.

 

Figure 6.24: Sun path for Brisbane calculated by “The weather tool software” (Marsh, 2000). 

 

 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Table 6.2: Deviation angle from the LCP orientation on the 22
nd

 day of each month from 6am to 

6pm 

Hour Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

6 17.8 9.7 -0.7 -13.3 ---- ---- ---- -13.6 -2.8 6.6 15.2 19.7 

7 26.9 18 7.2 -4.2 -11.7 -13.8 -10.7 -3.9 5 14.8 24.4 29.2 

8 36.1 26 14.2 2.2 -5.1 -6.9 -3.8 2.7 11.6 22.3 33.4 38.9 

9 44.7 32.6 19.1 6.4 -0.7 -2.1 1 7.1 15.7 27.6 41.5 48.5 

10 51.2 35.5 19.7 6.8 0.8 0.1 3 7.9 14.9 27 45.8 56.5 

11 49.4 28.7 12.8 2.5 -1.1 -0.5 1.8 4 5.9 11.1 32.8 56.6 

12 -1 1.3 -2.7 -5.2 -4.9 -3 -1.8 -3.5 -10.2 -22.6 -39.7 -38.1 

13 -49.9 -27.1 -17.2 -11.8 -8 -5.1 -5.1 19.8 -22.4 -40.2 -58.7 -65.5 

14 -51.4 -34.7 -22.6 -13.9 -8.2 -4.8 -5.7 -12.7 -25.8 -41.6 -55.3 -60 

15 -44.8 -32.1 -21 -11.6 -5.1 -1.7 -3.1 -10.6 -23.1 -36.7 -47.6 -51 

16 -36.2 -25.6 -15.7 -6.3 0.5 3.9 2.2 -5.5 -17.2 -29.3 -38.6 -41.3 

17 -27 -17.7 -8.4 0.9 7.9 11.6 9.3 1.6 -9.7 -21 -29.4 -31.5 

18 -18 -9.4 0.2 13.3 ----- ----- ---- 13.6 0.7 -12.2 -20.7 -22.5 

6.3.1.2 Model testing with artificial source 

Previous mathematical studies of sun azimuth influence on light pipe performance 

(for horizontal light pipes- Chapter 4) have suggested that when sun elevation is high, 

then the azimuth dependence of the pipe is less important. In order to test these results 

for vertical light pipes and to understand the impact of the deviation angle on the 

transmission of the light pipe coupled with LCP an experiment with an artificial light 

source was set up. The light source was a halogen spotlight, and was mounted on a 

wooden structure with half a protractor with angles indicated on it that permitted the 

placing of the light source at different elevations (Figure 6.25 left). 

The light pipe model was built with an acrylic tube which was lined with silverlux 

material of 95% reflectance (Figure 6.25 right). The dimensions of the pipe are: 

acrylic tube height 1010mm, outside diameter is 103mm, and inside diameter 95mm 

(3 ¾”). Aspect ratio of the pipe is close to 11. A LCP panel was placed at a 45º angle 

onto a 360º protractor (with marks every 10º as shown in Figure 6.26). The light pipe 

was set up on top of an integrating box of the following dimensions: 20 cm in height, 

22.5 cm in length and 19.2 cm in width. The box was painted white in the interior 

walls and in the ceiling has an aperture (diameter of the pipe) covered with a diffuse 

acrylic material. 
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Figure 6.25: Testing set up, with light source and supporting structure (left) and light pipe scale 

model (right). 

 

Figure 6.26: LCP on protractor. 

The experimental testing consisted of taking measurements of illuminance inside the 

box first by itself, with only the circular diffuse opening, to find out the different 

luminous output flux when the artificial light source was placed at different elevation 

angles, to gather sufficient information to calibrate the integrating box. Then 

measurements were taken of the light pipe scale model with and without the LCP 

collector. Since the collector was placed on top of a protractor measurements were 

taken for panel direction from 0º to 90º, and light source elevation from 0º to 90. 
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Results of scale model testing with artificial light source 

Calibration of the integrating box 

To calibrate the integrating box the procedure was to first measure the illuminance (in 

lux) falling onto the box’s aperture (Ein) and secondly the illuminance inside the box 

(Ebox). Then Ein is multiplied by the area of the box aperture, A=0.0083m
2
. Finally, by 

knowing Ebox and Lin it was possible to find the constant, k (calculated as the average 

of all the k values for the different elevation angles), which will relate lumen input to 

lux in the box. This procedure is explained with further detail in Appendix 3. Once the 

constant k is known for each angle of elevation of the light source it was then 

multiplied by illuminance measured inside the box, Ebox+pipe, for the rotating LCP, 

thus finding the luminous input flux for the different positions of LCP and light 

source. Figure 6.27 shows the set of measurements for the Ein and Ebox for different 

light source altitudes (from 0º to 90º).  These measurements give an average k of 0.24 

lumens/lux. 
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Figure 6.27: Ein and Ebox measurements taken inside the wooden box with the diffuser (no light 

pipe). 
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Figure 6.28: Light pipe transmission for different elevation angles of the light source and 

deviation angles (azimuth). 

Figure 6.28 compares the luminous output for an open pipe, and the luminous output 

of a light pipe with the Rotating LCP facing the direction of the incoming light. In 

general the panel improves performance when the elevation angle is low (0º to 30º), 

and reduces the light levels for the higher sun angles. This is of benefit because a 

more constant result is obtained along the day. In addition, light levels are cut down 

when the sun is high in the sky and therefore avoiding possible heat gain. 

Figure 6.29 shows the luminous output for the light pipe coupled with a rotating LCP. 

The results are for the LCP placed at different deviation angles (0º to 90º), and with 

the light source in different elevation angles (0º to 90º). Luminous output was 

calculated by multiplying Ebox+pipe by the constant k. The testing showed that when the 

light source is at a low elevation angle (see angles 0º to 20º) lumimous output drops 

rapidly with greater deviation angles. The greater decrease is for the low deviation 

angles (0º to 40º), showing that a very small deviation angle could affect the 

performance of the pipe greatly when light source elevation is low. As for example if 

the elevation angle of the incoming light is 10º, and the light is reaching the panel 

with a 0º azimuth angle, the new angles for the light, once it goes through the LCP 

tilted at 45º, are azimuth A2 = 0º, elevation E2 = -80º, but if the light is coming with a 

small azimuth angle of 10º the new A2 and E2 are 45º and 75º respectively. Such a 
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difference in the azimuth angle of the light once it goes through the LCP is what in 

this case reduces the performance of the system by increasing the number of 

reflections down the pipe, in addition, the decrease in E also increases the number of 

reflections. Besides, the lateral walls that support the LCP were opaque for this first 

experiment (this was later fixed for the experiments under real sky conditions), and 

when the light source position is very low then a shadow is cast over the light pipe 

collecting aperture, not allowing the direct rays to get into the pipe, subsequently this 

could also explain the low transmission of the light pipe when the azimuth angle of 

the incoming light is high, and the elevation angle is low. 
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Figure 6.29: Light pipe transmission for different elevation angles of the light source and 

deviation angles (azimuth). 

For the rest of the elevation angles there is a decrease in performance but it is more 

gradual. The best performance is found between deviation angles up to 50º. For 

example, if light elevation is 45º, and azimuth 0º, the new A2 and E2 are 3º and 45º, 

but if the azimuth is 50º then the new A2 and E2 are 37º and 27º respectively. In this 

case it is the new E angle that reduces the performance of the pipe. Only for high 

elevation angles (>70º) is the lumen output for the pipe more uniform for all different 

deviation angles. Since all these measurements were taken with an artificial light 

source with a light beam that was not very uniform, error could have occurred during 
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the measurements. Still the results showed a trend of the performance of the rotating 

LCP.  

Finally the experiment with the artificial light source showed how the deviation angle 

between the light source and the direction the panel is facing can produce big 

differences in the performance of the pipe, especially when light elevation is low. By 

calculating the deviation angle between the panel and the sun azimuth in Brisbane 

throughout the year, it was found out that the greatest deviation angles will occur in 

summer, especially around midday when sun elevation is very high, and the deviation 

angle will be kept under 13º between April to July, including winter when the sun 

elevation is at its lowest. The testing, therefore, suggests that the rotation of the LCP 

will increase the performance of the pipe by reducing the deviation angle between the 

panel and the sun azimuth when it is most important.  

Next step is the validation of the results by testing the model under clear sky 

conditions. 

6.3.1.3 Model testing under clear sky 

Testing under clear sky conditions involved two experiments. For the experiments the 

light pipe was coupled to an integrating box. In the first experiment rotating panels 

were compared with pyramid LCPs, in the second experiment rotating panels with 

different tilts were studied. Tests were done in December 2004. 

Testing 1- Light pipe and integrating box  

Testing under clear real sky conditions of light pipe coupled to an integrating box was 

undertaken on December 1
st
 2004, from 6:30am to 6:00pm (Figure 6.30). The model 

tested was the same described in the section above, with some modifications. 

Calculation with the matlab program gen1LCP1.m (Appendix 4- Attached CD), 

considering the panel facing the incoming light, revealed that a panel tilted at 35º 

would perform better in general than a LCP tilted at 45º, it was assumed that the 

rotating panel would perform similarly and therefore the tilt used for the experiments 

is 35º. In addition to the 24hour rotating panel tilted at 35º it was also tested: 

1) sun tracking LCP that followed the sun path exactly,  

2) fixed panel at 35º facing north,  

3) LCP triangular arrangement at 35º,  
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4) LCP triangular arrangement at 45º,  

5) LCP triangular arrangement at 55º and  

6) open pipe (no collector system).  

Some of the systems tested are shown in Figure 6.30. 

 

Figure 6.30: collection systems tested. 1) Pyramid LCP 35º, 2) Pyramid LCP 45º, 3) Pyramid 

LCP 55º, and 4) Rotating panel at 35º. 

Additionally, measurements were taken of the horizontal illuminance at the beginning 

and at the end of each set of measurements to check that the difference in illuminance 

is not bigger than 5%, and in this way obtain comparable results. In the same manner, 

measurements of inside the integrating box were taken for its calibration. The aperture 
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of the box was covered with a diffuser. Measurements were taken every 30 minutes 

from 6:30 am to 6:00 pm. 

Results of Testing 1 

From the previous studies with an artificial source it was understood that the worst 

situation for the 24hs rotating LCP was when the sun was low in the sky and the 

deviation angle was over 30º. It was confirmed with the experiments that large 

deviation angles when the sun is high in the sky do not affect the performance of the 

system as much. 
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Figure 6.31: Testing on December 1st 2004, for tracking and rotating LCP collectors, and 

pyramid LCPs at different tilts. 

In general, the results have shown that: 

1- Tracking LCPs have great improvements of performance for low elevation angles 

up to 6 times better on average when compared with the open pipe. The improvement 

can be seen for elevation angles lower that 50° (before 9:00am and after 2:30pm) in 

Figure 6.31. 

2- The 24hous rotating LCPs had improvements up to 5 times higher than the open 

pipes, for low elevation angles, less than 40°, early in the morning (before 8:00am), 
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but an error in the calculation of solar noon (11:37am for December 1
st
 2004), meant 

that the panel was rotating 23 minutes behind. From Figure 7:31 it can be observed 

that the maximum performance for the open pipe and the tracking system is around 

11:30, confirming the solar noon. For the experiment, solar noon was considered at 

12:00pm which explains the difference in performance of the panel in the morning 

compared to the performance in the afternoon, where the panel is running behind, 

increasing the deviation angle with the sun azimuth.  

3- The pyramid LCP’s were placed facing north. The experiment showed that when 

the faces of the pyramid are angled at 45° the final performance of the pipe is 

increased for low elevation angles up to 2.14 times higher than the open pipe. They 

performed better than the 55° (2 times) and 35° (1.63 times) pyramids for the lower 

sun elevation angles. On the other hand, the pyramid LCP tilted at 35° performed 

better in general for higher elevation angles following the curve of the open pipe’s 

performance. On average all the pyramid systems performance is lower than the sun 

tracking and 24hours rotating LCPs. 

Figure 6.32: Collector aperture of the LCP/light pipe system, when the panel is facing the 

incoming light, and when the light is reaching the panel with an azimuth angle. 

4- The collection system consisted of one LCP tilted at 35° in a fix position, facing 

north, has the worst performance of all the collector systems, it hardly increases the 

performance for low elevation angles. The performance of this system follows very 

closely the performance of the open pipe, but reduces the luminous output for high 

elevation angles due to the fraction deflected which misses some of the aperture of the 

pipe, or misses it all together (Figure 6.32). The important conclusion that can be 

drawn from this collection system is an understanding of what would happen if the 
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rotating or tracking system stops working, in this case facing a favourable north 

orientation.  

5- The sun does not pass through the meridian at the same time every day due to the 

elliptical form of the earth’s orbit, which means that the speed varies throughout the 

year. In Brisbane, in 2004, the maximum hour for the solar noon was 12:02pm on 

February 1
st
 and the minimum was 11:32am in October 31

st
. There is half an hour 

difference between the highest and the lowest time, which means 7.5° deviation angle. 

If a 24hs rotating panel is used, in order to reduce the deviation angle, its position 

could be adjusted at least three times a year. Figure 6.33 shows what happens with the 

solar noon throughout the year, and how by changing the time the panel will be facing 

north (11:39am, 11:50am and 11:54am), the deviation angle with the north orientation 

would not be higher than 2°. This will help to obtain a more symmetrical performance 

of the system in the morning and afternoon. 

 

Figure 6.33: Equation of time. 

Validation 

Comparison of the measured values with calculated values was done. The matlab 

programs gen1LCP1.m, panel1.m and mat1LCP1.m (Appendix 4- Attached CD) were 

run to calculate the luminous power output of a light pipe with same dimensions as 

the one tested. The elevation and deviation angles were found with the matlab 

program equation of time.m. Figure 6.34 and 6.35 shows the results of the 

mathematical models in comparison with the measured lumen outputs under the same 

elevation angles.  
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Figure 6.34: Comparison of measured and calculated lumens out for a tracking LCP. 
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Figure 6.35: Comparison of measured and calculated lumens out for 24hs rotating LCP. 

Figure 6.34 shows the results for the tracking LCP system, and Figure 6.35 shows the 

24hour rotating LCP. The agreement between the mathematical model and tested 
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values is very encouraging. In both cases the measured and modelled values follow 

the same trend, with higher values for the mathematical modelling results. Figure 6.35 

shows how having considered the solar noon at 12:00pm results in a non symmetrical 

performance of the light pipe during the day. 

New experiments were done to confirm that a better north orientation of the panel at 

solar noon would result in a more symmetrical performance of the pipe when 24hs 

rotating panels are used. 

Testing 2- Light pipe and integrating box, solar noon calculation 

The second set of measurements was done on December 15
th
 2004 from 6:00am to 

3:30pm, every half an hour. The testing had to be stopped in the afternoon due to the 

increasing cloud covering of the sky. The pipe tested is the same one described for 

Testing 1. Measurements were taken inside the integrating box for 24hour rotating 

and sun tracking LCPs both tilted at 35º and 45º from the horizontal. Exterior 

horizontal illuminance at the beginning and end of each set of measurements were 

also taken. Solar noon on December 15
th
 was at 11:43am therefore the position for the 

panel at 6:00am was set as 84.25º azimuth, instead of 90º, from this position the panel 

was then moved 15º every hour. Measures were taken every half hour. Measures were 

also taken for each panel position at -7º and +7º, so to see the effect that half hour 

misplacement in the orientation of the panel could have in the overall performance of 

the system. 

Results of testing 2 

Figure 6.36 shows the luminous power output, calculated as the lux measured inside 

the box multiplied by the k constant, resulted from the box calibration. Values 

recorded after 3:00pm are under cloudy conditions. Observations from the results 

include: 

1) Sun tracking or 24hour rotating panel tilted at 35º performed in general up to 

1.5 times better than one tilted at 45º, especially for low elevation angles. 

2) Tracking systems performed better than the 24hs rotating system. 

3) When a rotating panel is revolving 7º ahead of the right position (position 

relative to the solar noon) the system performance decreases in the morning 

because the deviation angle between the sun azimuth and the panel direction is 
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increased, whereas in the afternoon the panel direction is closer to the sun 

azimuth, decreasing the deviation angle, and therefore increasing the 

performance of the pipe. For the panels rotating 7º behind the right position 

the performance is the opposite, it is better in the morning, due to the panel 

following the sun azimuth more closely, and worst in the afternoon, since the 

deviation angle is increased. 

4) The results showed a slight asymmetry for the rotating panels starting at the 

right position regarding the solar noon. The reason could be the deterioration 

of the sky conditions and the decrease of daylight availability. Even though in 

general the results show a better symmetry than the Testing 1.  

5) Finally, the results showed that when the sun is high in the sky small deviation 

angles of the panel hardly affect the performance of the pipe. The luminous 

power output is the same from 11:30 to 12:00 for all the LCP collectors tilted 

at 35º and the same for the group where the panel is tilted at 45º. 
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Figure 6.36: Testing on December 15
th

 2004 for rotating and tracking LCP collectors. 
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Validation 

Corroboration of mathematical modelling and testing was also done for this second 

experiment. Figure 6.37 and 6.38 show comparisons for the sun tracking systems and 

the 24hour rotating LCP with starting time considered 6 hours before the solar noon, 

respectively. 

Even though the curves show similar trends, the results are not as close as Testing 1. 

The reason could be the presence of clouds in the sky, which would have reduced the 

luminance distribution of the sky and would have affected the results of the 

experiments. This condition was not included in the mathematical models where only 

the direct component of sunlight was considered for the calculations. Still the 

mathematical models permit to make assumptions of performance for, for example, 

different times of the year and to obtain a close enough idea of light distribution and 

luminous power output to make appropriate design decisions. 
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Figure 6.37: Comparison for measured and calculated lumens for tracking LCPs. 
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Figure 6.38: Comparison of measured and calculated lumens for 24hs rotating LCPs. 

Mathematical modelling 

In order to better understand the possibilities and limitations of the 24hour rotating 

LCP and sun tracking LCP mathematical analysis of the technologies is done for three 

days (June 21
st
, December 21

st 
and March 21

st
), for the worst, best and intermediate 

situations. The light pipe dimensions are the same as those for the system studied in 

Chapter 5.  The analysis is done for a pipe that has to illuminate 5 floors, and an area 

in each floor of 144m
2
, the pipe has a diameter of 2m, and a length of 19m. The 

results are shown as the average illuminance from the 5 floors. Calculations for the 

24hour rotating panels considered the starting time for panel rotation six hours before 

right time for solar noon for each day modelled. Hours modelled were working office 

hours from 8:00am to 5:00pm. The calculations are done for Brisbane, elevation, 

azimuth and deviation angles are calculated with the matlab program equation of 

time.m and average lux output with gen1LCP1.m, panel1.m and mat1LCP1.m 

(Appendix 4- attached CD).  Figure 6.39 shows the mathematical analysis for sun 

tracking LCP collector for the three days previously mentioned whereas Figure 7.40 

shows the modelling for a 24hour rotating LCP. It can be observed that: 
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Figure 6.39: Modelling of sun tracking LCPs for December 21
st
, June 21

st
 and March 21

st
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Figure 6.40: Modelling of 24hs rotating LCPs for December 21
st
, June 21

st
 and March 21

st
. 
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1- The results for the sun tracking and 24hour rotating panels for both cases on 

June 21
st
 are almost identical. The curves followed the same trend, and they 

have very similar average lux values from 8am to 4pm of 136lux for the 

tracking system and 127lux for the rotating system. This is because the 24hour 

rotating panel is following the sun trajectory more closely at this time of the 

year, in the same way as a tracking system. The highest deviation angles are 

after 4:30pm. Before this time, deviation angles varied between 0º and 5º. 

2- For March 21
st
 there is a little difference, between the sun tracking and 

rotating system, with average values of 172lux and 157lux respectively. The 

curves showed the same trend, with increased performance for low elevation 

angles early in the morning and late in the afternoon for the sun tracking 

system. The reason being that deviation angles, for the rotating system, at 

these times are greater and affect the performance when sun elevation is low in 

the sky. Still the difference is very small. 

3- For December 21
st
 performance is greater for a tracking system, with an 

average lux level of 177, while for the 24hour rotating system the average is 

153lux. But performance is specially increased for high elevation angles. The 

24hour rotating system shows a more uniform performance along the day, 

when compared with the tracking system, even though the light levels are 

reduced. 

4- The small differences in performance for the two systems during winter and 

summer solstices and fall equinox are very encouraging results for the 24hour 

rotating panel, because without having a complicated tracking system similar 

result can be obtained.  

5- Both systems seem to improve the uniformity of light pipe performance during 

the day, avoiding low light levels for low elevation angles, and high light 

levels for high sun elevation angles, especially in summer. 

6.3.2 Conclusions of 24hs rotating LCPs 

Experimental testing, which involved model testing with an artificial light source, and 

measurements under real sky conditions, in addition to mathematical modeling, have 

been carried out to assess the benefits and limitations of a simple 24hour rotating LCP 

collector. The main aim of this study was to assess the success of the rotating panels 
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in reducing the performance dependence on sun azimuth of a mirrored light pipe 

coupled with LCP.  

• The study has shown that in general the advantages of the system include: 1- 

Improvement of light levels inside the building for low sun elevations, when 

compared with open (5 times better) and pyramid pipes (2.5 times better); 2- 

More uniform distribution during the day and throughout the year is achieved, 

especially for winter times; 3- Mathematical modeling showed that the 24hour 

rotating LCP have a performance close to a sun tracking system, and if an 

active system is to be used, a 24hour rotating system can avoid complicated 

sun tracking mechanisms and sensors. In addition, they can achieve 

illuminance levels of 150 to 200 lux constantly throughout the year.  

• Some of the disadvantages of a 24hour rotating LCP collector include: 1- 

Starting time of the rotation panel needs to be changed at least 3 times a year 

to keep synchronization between the panel and sun movements, which implies 

more maintenance; 2- Needs mobile parts and a mechanical system, which 

implies more energy usage and maintenance; 3- Benefits of the system will be 

lost if the system does not work properly, or stops working altogether, staying 

in one position; 4- Having movable parts, and motors, results in a more 

expensive system that those studied in previous chapters. 

Conversely, some of the benefits and limitations of the passive systems previously 

studied (pyramid LCP collectors) comprise:  

• Advantages of passive pyramid LCPs: 1- Pyramid LCP collectors are a 

completely passive system, which implies a simpler and cheaper system that 

requires less maintenance, and no energy to function; 2- The system does 

increase performance of the mirrored light pipe for low elevation angles, and 

reduces performance for high elevation angles when compared with an open 

system. Average illuminance levels range from 50 to 300lux.  

• Disadvantages of pyramid LCPs: 1- Less uniform distribution of light levels 

inside the building during the day and throughout the year. Results are 

dependant on sun elevation and azimuth; 2- Less area of collection, 3- Lower 

performance than a rotating or tracking system. 
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Finally, 24hour rotating LCPs are successful in reducing the azimuth dependence of a 

mirrored light pipe coupled with LCP, achieving a more uniform and increased 

performance when compare with passive LCP systems, but this improvement involves 

the introduction of a more complicated/expensive solution. Further studies are 

necessary to access the economical viability of the present technology. 

6.4 Conclusions Chapter 6 

In previous chapters two major problems were found with the illumination of deep 

interiors by means of passive light transport system (mirrored light pipes coupled with 

laser cut panels), first, the size of the pipe necessary to achieve the require light levels 

inside the building, which could be seen as a limitation for the system incorporation 

into the architecture/structure of a building and, secondly, the variation on light levels 

during the day and throughout the year due to the dependence of the system on sun 

elevation and most particularly sun azimuth. Two systems were studied with the aim 

of improving light collection to solve the problems previously mention. The systems 

were: 1) fluorescent collectors and 2) 24hour rotating LCPs. 

In trying to concentrate sunlight light, and therefore reducing the size (width) of the 

pipe, aspects ratios of 53 were achieved. However, the fluorescent material used as a 

daylight collector created other problems. For instance: 1- collecting sufficient light 

for illumination of deep plan buildings and 2- quality of the light, specifically color 

rendering. The failure of achieving white light is due to the higher efficiency of the 

green panel in comparison to the violet and pink. Since color rendering is very 

important for spaces, as the ones analyzed for this PhD, where there is human activity, 

the limitations of this system made the technology not appropriate at the moment, and 

further analysis is necessary. 

The second solution studied, 24hour rotating panels, is a great improvement in the 

problem of uniformity of illuminance levels inside the building during the day and 

throughout the year, but does not significantly reduce the size of the light transport 

systems and requires a more complicated and expensive solution. 
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CHAPTER 7- DISCUSSIONS AND CONCLUSIONS 

The use of natural light is very beneficial in office buildings because energy 

consumption can be reduced (Kristensen, 1994), as well as enhancing working 

conditions that can positively affect workers’ health and productivity (Boyce et al., 

2003). However, bringing natural light into deep plan office buildings is not possible 

with simple windows or skylights. Thus, light transport systems are necessary to bring 

natural light into the deep cores of deep plan buildings. Mirrored light pipes coupled 

with laser cut panels (LCP) are a passive daylighting solution and the focus of this 

PhD research. This was an iterative study with the ultimate aim of improving the 

technology to achieve the most efficient passive solution possible.  

The application of this solution was investigated in two case studies. The first case 

study assessed the performance of horizontal mirrored light pipes coupled with LCP 

to bring daylight into a multistorey building in the tropics (Chapter 4). The second 

case study assessed the performance of the same device, but as a vertical light pipe 

solution to naturally illuminate the core of a middle-rise deep plan building (Chapter 

5). In both cases, assessment of the quantitative performance of the mirrored light 

pipes coupled with laser cut panels was undertaken. The systems have primarily been 

evaluated for best (sunny sky) and worst (overcast) scenarios, via scale model testing 

and mathematical modelling. The major conclusion for both case studies was that 

mirrored light pipe technologies, when coupled with LCP, were effective in 

introducing sufficient ambient light levels inside buildings. However, as a passive 

solution, this technology has two major limitations: 

1) Size, as pipes with a large diameter are required for good performance; and 

2) Dependence on sun azimuth and elevation angles, normally a difficulty for all 

passive daylighting solutions, which result in variations in illuminance levels 

during the day and the year. 

Two other solutions were assessed to help overcome these limitations to the mirrored 

light pipe technology: a different passive collector that utilised fluorescent panels, and 

an active collector which comprise a 24hs rotating laser cut panels (Chapter 6). The 

fluorescent collectors have such a low light to light efficiency that they were 
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inappropriate for collecting the great amounts of daylight necessary for mirrored light 

pipes to use in daylighting of large scale buildings. The 24hs rotating LCP is a very 

simple active system that by rotating constantly 15º per hour reduces the deviation 

angle between the panels’ direction and the sun azimuth angle, resulting in increased 

performance. They performed generally better than the passive fixed LCP. However, 

as discussed in Chapter 2, active systems raise other issues that primarily affect the 

cost-benefit in operating and maintaining such systems. The major research findings 

of this PhD study are summarized in Section 7.1, and the implications discussed in 

Section 7.2. The chapter concludes with recommendations for future research in the 

topic. 

7.1 Summary 

Current technologies in light transport devices were assessed in Chapter 2 identifying 

the benefits and limitations of each technology. Although less efficient in theory, 

passive systems have considerable potential as daylighting solutions, since they have 

no mobile parts, and require less maintenance, making them more cost effective for 

installation in buildings. Mirrored light pipes were selected because of the availability 

of the material, simple construction, relatively high reflectivity (>=95%), and less 

complicated light collection systems. The end-result of a critical analysis of current 

technologies was that a mirrored light pipe coupled with LCP as collectors, (including 

extraction and distribution systems) represented a passive solution that could provide 

sufficient performance for application to deep plan buildings. 

The performance of the mirrored light pipe systems was analysed via scale model 

testing and mathematical modelling. The mathematical modelling (Chapter 3) has 

been important to assess the performance of different designs of the light pipes under 

different sky conditions that was not possible with scale model testing. However, 

there were limitations of the mathematical analysis. Many assumptions and 

simplifications were made in the analysis and, the calibration of the mathematical 

models showed a maximum error of 28% (Appendix 3). However, the mathematical 

models are still a valid method for first order understanding of light pipe performance 

as they showed similar trends in light pipe performance (e.g. Figure 4.33- Chapter 4).  
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7.1.1 Passive mirrored horizontal light pipes coupled to LCP- 
(Chapter 4) 

All previous studies on horizontal light pipes have been theoretical (see Chapter 2), 

and this research has provided one of the first examples of application of the 

technology in real building proposal for specific environmental conditions. 

Horizontal light pipes tested in this research were designed particularly for a high-rise 

deep plan building in Malaysia (Chapter 4- see Figure 4.5). Although it may be 

difficult to make general conclusions from a specific case study such as this, 

application of this technology to actual building design has provided further insight 

into the possibilities of the technology, its application in buildings and considerations 

required at the design stage, and potential benefits, as well as general limitations. 

The building design had a deep plan of 20m depth that resulted from 1) climate design 

strategies for tropical conditions (service core on the west façade as a thermal buffer), 

2) size, location and orientation of the building’s site, and 3) orientation (east) of the 

building towards the best views (park). Horizontal light pipes were proposed as 

solution to provide natural illumination in the deep plan building (Chapter 4-Figure 

4.6). The important parameters for the horizontal mirrored light pipe solution were: 1) 

west-facing pipes, which was the orientation that best responded to the building 

situation; 2) each pipe had a rectangular cross section of 2m wide and 0.8m in height, 

and an overall length of 24m; 3) light was extracted at five different points along the 

pipe; and 4) the total area each pipe had to illuminate was approximately 144m2 (four 

pipes were designed per floor). 

The light pipe designs for the Kuala Lumpur project have shown good performance, 

providing average illuminance values ranging from 200 to 300lux over a period from 

12pm to 4pm, for clear (sunny) sky conditions, and an efficiency of the system in the 

order of 25% for a light pipe with an aspect ratio of 30 (i.e. where pipe length was 

24m and height of 0.8m).  

Several important aspects of this design that affected performance were studied and 

solutions proposed for the problems of light collection, the extraction of a similar 

amount of light along the pipe as required, and producing a uniform distribution of 

light in the space from a small concentrated output. Mathematical modelling was used 
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to investigate how changing the aspect ratios, reflectance material and specifications 

of the LCP could improve system performance. The best orientations for horizontal 

light pipes at different latitudes were also investigated (Chapter 4 Section 4.4.3). The 

important conclusion of this study was that the horizontal mirrored light pipes with 

the LCP, could collect daylight from the façade of the building, and were capable of 

providing sufficient daylight levels for ambient illumination (160 to 240lux) at 

distances of up to 24m from the building façade.  

7.1.2 Passive mirrored vertical light pipes coupled to LCP- 
(Chapter 5) 

A building proposal design for the new State Library in Brisbane, Australia, was used 

as a second case study for the applicability of mirrored pipes to naturally illuminate 

deep plan buildings. However, in contrast to the light pipe solution for the Kuala 

Lumpur building design, the daylighting solution in this case was to use vertically 

oriented light pipes for a five-floor building with a plan of 100m by 60m. The pipes 

had a length of 18.5m and a diameter of 2m. Laser cut panels were used as collectors, 

but had a pyramid form (see Figure 5.16). Light was extracted at each floor and 

distributed in an area of 144m2 (see Figure 5.11). Eighteen light pipes were 

considered to illuminate the active area of the building design. The objective was to 

determine the benefits and limitations of the technology as applied to illumination 

vertically through several floors of a building.  

Scale model testing showed that the vertical light pipes produced average lux values 

from 50 to 300lux for different light collection strategies. The efficiency of the system 

(ratio of lumens out per lumens in) was 34% for a light pipe with an aspect ratio of 9.1 

(i.e. the ratio between pipe length and diameter). A good concordance between 

measured (scale model) and calculated (mathematical modelling) values was 

achieved. Importantly, the system provided an adequate spatial light distribution 

around the pipe, as well as a near constant light distribution along the pipe where the 

same amount of light could be distributed to each floor. 

This study confirmed that the performance depends on the design of the LCP 

collector. As a result of changing sun elevation, the LCP collector varied in 

performance during the day. Furthermore, LCP with higher inclination angles (e.g. 
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45º) showed lower performances, but more uniformity for higher and lower sun 

elevation angles (50lux to 150lux), whereas LCP with lower inclination angles had 

higher performances but a greater range of illuminance values (50 lux to 300lux).  

7.1.3 Passive mirrored light pipes coupled to fluorescent panels- 
(Chapter 6) 

An important design issue from the previous case studies was the size of the light 

pipes, which is dependent on the light collection system. The dimensions of the 

systems proposed (cross section of 2m x 0.8m for the horizontal light pipe, and 2m in 

diameter for the vertical light pipe) may limit the general application of the solution. 

Consequently, fluorescent panels were examined in Chapter 6 to determine if this 

technology could reduce the size of the mirrored pipes. The fluorescent material was 

examined as a daylight collector and extractor system for large-scale mirrored light 

pipes.   Red, green and blue dyed fluorescent panels are generally used in combination 

(Smith and Franklin, 2000) as light collectors to generate white light. Efficiency for 

the system (lumens at the extraction edge divided by incident solar lumens) has been 

listed as 6% in the literature (Earp et al., 2004a). However, most of this efficiency 

comes from the green fluorescent panel (5.8%), as a result testing was only performed 

using this material. The analysis here showed light to light efficiencies of the green 

dye sheet to be approximately 2.3%. This discrepancy may be attributed to the 

differences in quality of the material tested in this study, and that used by Earp et al. 

(2004a, 2004b). Nevertheless, the measured or theoretical efficiency of this material 

proved too low to achieve the necessary illuminance levels for large areas of deep 

core space in buildings.  

7.1.4 Active mirrored light pipes coupled to LCP’s -(Chapter 6) 

Previous testing and mathematical modeling of mirrored light pipes coupled with laser 

cut panels (LCP) suggested that the azimuth of the incoming light influences greatly 

the performance of this technology, especially when sun elevation is low (Chapter 4-

Section 4.4.3). A simple active system consisting of a rotating LCP that moves 15º 

every hour, and a full circle in 24 hours was proposed and tested in this research to 

reduce the influence of the azimuth angle of the sun in the performance of the light 

pipe system. Due to the rotation a reduction of the deviation angle between the sun 



Chapter VII 

 
7-6

azimuth and the panel direction is achieved, and as a result improved performance of 

the system was expected. The primary aim of the analysis of the rotating panel was to 

examine how it could improve the performance of the LCP-mirrored light pipe 

system. It should be noted that design and incorporation of an operation system for the 

rotating LCP collector were not investigated in this study. Scale model testing of the 

system was undertaken with an artificial light source and under clear sky conditions, 

with rotation of the panel done manually, and compared with mathematical modeling. 

This testing demonstrated the improved performance of the system that includes: 1) 

increasing light levels inside a building at low sun elevations by up to 5 times when 

compared with pipes with no collector, and up to 2.5 times when compared with a 

pipe with pyramid LCP collectors; 2) more uniform distribution during the day and 

throughout the year is achieved, especially for winter times; and 3) achieving 

illuminance levels of 150 to 200lux constantly throughout the year. An important 

limitation of this type of system with a 24hour rotating LCP collector however, is that 

the starting time of the rotation panel needs to be adjusted at least 3 times a year to 

maintain a closer synchronization between the panel and sun movements.  

In conclusion, the 24hour rotating LCPs were successful in reducing the azimuth 

dependence of a mirrored light pipe, achieving a more uniform and increased 

performance when compared with passive LCP systems. 

7.2 Discussion 

Three important points with regard to daylighting deep plan buildings arise from the 

major conclusions of this research: 1) differences between vertical and horizontal light 

pipes, 2) passive mirrored light pipe performance, 3) increasing the efficiency of the 

system, and 4) passive vs. active systems. 

7.2.1 Differences between vertical and horizontal light pipes  

This type of technology is appropriate as a solution for multistorey buildings. Natural 

light can be collected from the façade, using horizontal light pipes (HLP), and from 

the roof with vertical light pipes (VLP), for middle rise deep plan buildings,. 

Although very similar in concept, the two applications of light pipes presented in 

Chapters 4 & 5 have important differences in design, for example, 1) the design of the 

LCP collector, 2) light extraction, and 3) design considerations. 
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1) The difference in LCP collector for vertical or horizontal light pipe can largely be 

attributed to the fact that a horizontal light pipe only has a view of half of the sky 

vault to collect light from, whereas the vertical light pipe has a view of the whole sky 

vault (assuming there are no adjacent buildings casting a shadow over the system’s 

collector).  

2) Light trajectory in both systems has different directions (vertically or horizontally); 

as a result different considerations are necessary in the design of the light extractors 

and light distribution systems.  For example, it is simpler to extract light and distribute 

it in the space from vertical light pipes, just by redirecting light travelling downward 

inside the pipe to the ceiling by a tilted intercepting surface (i.e. cone extractors- 

Chapter 5, Figure 5.13), taking usually one step. On the other hand, for horizontal 

light pipes, particularly those contained within the service/false ceiling (as those 

proposed in Chapter 4), redirecting extracted light from the pipe to the ceiling requires 

an extra step (Figure 7.1A) so as to avoid direct sunlight reaching working surfaces. 

Further study of solutions for the extraction of light from horizontal light pipes to 

simplify the design are necessary, example Figure 7.1 (right).  

 

Figure 7.1: Left- Proposed solution for this research. Right- Simpler solution for light extraction. 

3) Vertical light pipes have the problem that they can occupy a large footprint and 

break up the rentable floor space. However, it was shown in Chapter 1 that vertical 

light pipes could be used also as sculptural elements (Figure 1.8), or can be integrated 
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to other services in the buildings, such as the structure (Figure 1.9), ventilation ducts, 

and vertical connections. Nevertheless, further studies are necessary to assess possible 

incremental size reductions of vertical pipes along its length as shown in Figure 7.2, 

as to reduce the foot print. Horizontal pipes are easier to integrate in to the building 

architecture (either for new or retrofit designs) when false ceilings are available. In 

contrast, vertical light pipes are more difficult to incorporate into the architecture if 

they are not considered in the early stages of the building design, because the pipe 

area required to achieve the recommended values for ambient light may be 

unacceptable to designers. The performance of horizontal light pipes, would be 

strongly dependent on the orientation of the available façade and shadings by nearby 

buildings and their design needs to be considered in the earlier stages of the building 

design as they would affect the design of the façade, and studies of best integration 

are required. Vertical light pipes on the other hand, do not affect the exterior look of 

the building; however, the pipes affect the interior design and create obstructions in 

open plans. 

 

Figure 7.2: Ideas for the reduction of floor print of the vertical light pipes.  
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7.2.2 Light pipe performance 

The design factors that most affect the performance of light pipes are: 1) availability 

of daylight, 2) design of the LCP collector and 3) aspects of the mirrored pipe 

(reflectivity of the material, size and form of the pipe, etc) 

1) In general, the study showed that the mirrored light pipe system coupled with 

LCP’s performed better for sunny sky conditions. Under an overcast sky, performance 

is reduced to 1/10. 

2) Mirrored light pipe performance depends strongly on the angle at which sun rays 

reach the entrance of the pipe. The lower the angle, the more reflections light 

undergoes inside the pipe. The LCP collectors help to increase the performance of the 

pipe by changing the direction of the light to a ray travelling more axially along the 

pipe, thereby reducing the number of reflections and increasing the performance. 

However, light performance varied in the course of the day and throughout the year as 

the sun elevation changed. Although the LCP increased the performance of passive 

systems for low elevation angles, especially when compared with a pipe with no 

collector, a considerable variation of light levels still existed. This was partly 

addressed for the vertical light pipes where a pyramid collector system with four faces 

reduced the deviation angle between the sun direction and the collector. Variation 

during the day for passive systems is thus strongly tied to the designs of the light 

collectors. A collector with a tilt of 45º showed performances of 50 to 150lux, while 

the 35º varied between 50 and 300lux.  However, for the really low angles, the 45º 

tilted pyramid LCP worked better. As a result, if more uniform distribution of light is 

the objective, a pyramid system with a higher tilt creates more surface of collection 

for lower elevation angles, and reduces the collection area for higher elevation angles 

and, in this way, a more uniform result (less variation for different sun positions) is 

achieved. The active system (rotating LCP) does the same but achieved better results 

with average values of 125 to 200lux. The major difference between the pyramid and 

the rotating LCP is that the rotating panel doubles the area of collection by having all 

the area of the panel facing the incoming sun. 

3) Size of the pipe: the size of the pipe depends on the area to be illuminated by the 

pipe and also on the daylight strategy chosen for illumination (fewer bigger elements 
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or more elements and smaller).  For better uniformity and distribution of light levels 

in the space, more sources of illumination (ie. light pipes) are better. However, more 

pipes that serve smaller areas mean smaller pipes, with a concomitant smaller area of 

light collection, which will result in pipes with greater aspect ratios. Larger pipes on 

the other hand, need more complicated systems for light extraction and distribution in 

the space. The area to illuminate and the size of the pipe will be dictated by the 

economics of the system. The question is: “to illuminate a certain area, what is more 

costly, larger with complicated diffusing systems, or a greater quantity of smaller 

pipes?”.  

The pipe length depends on many factors. The pipes studied in this thesis had lengths 

of 24m (horizontal) and 18.5m (vertical). The possible distances that the pipe can 

satisfactorily transport light to illuminate depends on the area of collection and pipe 

width. The wider the pipe the more light can be collected, and the less reflections the 

light undergoes inside the pipe. In addition, in the case of horizontal light pipes, wider 

pipes reduce the affect of sun azimuth angle on the performance of the pipe.  

Higher reflectivity reduces the losses through the pipe, and therefore the pipes could 

be longer, or narrowed. 

7.2.3 Improving light pipe efficiency  

Improvements of light pipe efficiency in this PhD study focused on 1) increasing 

performance, 2) reducing light pipe size and 3) reducing light pipe dependence on sun 

elevation and azimuth angles. 

1) Pipe Efficiency (luminous power at the output per luminous power collected) 

can be improved by increasing reflectivity of the pipe, or by improving the 

light pipe collector.  

In terms of the influence of reflectivity on the performance of the system, 

mathematical models for the horizontal light pipes showed that an increase in the 

material reflectance from 85% to 95% could double the performance (from 200lux 

average to 400lux average), and further improvements with a 98% reflectance (500lux 

average). The form of the pipe will affect the efficiency of the system (specially for 
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horizontal light pipes if the reflectance of the material is low (e.g. 85%). Highly 

reflective material (>95%) reduces the importance of the form to a lesser extent. 

The best LCP collector design depends on the orientation, and if it is passive of active. 

A flat tilted sheet proved to be satisfactory for horizontal light pipes as a passive 

system. For vertical light pipes, a pyramid form was used as the passive collector and 

an active system using LCP requires further research. Other aspects of efficiency 

include light distribution along the pipe, extraction and distribution in the space. For 

improvement of light distribution along the pipe, better design and calibration of 

extraction systems are needed. To improve the distribution of light in the space, the 

solutions are quite complicated systems and simpler devices are necessary. 

2) Reduction of pipe size  

For mirrored light pipes, the best way to reduce size of the pipe is by increasing the 

reflectivity of the pipe material or improving the light collector. For example, the 

height of a horizontal light pipe can be reduced by half simply by increasing the 

reflectivity of the pipe from 85% to 98% (from 0.8m to 0.4m), while  still achieving 

200lux average of illumination (Chapter 4). However, the most reflective the material 

is also the most expensive, and economic analysis is needed to determine if the 

savings in space and material make up for the increased cost. 

Improvements to the light collection system were less successful in this study in 

reducing the required pipe size. The fluorescent panels had the potential to 

concentrate the sunlight and therefore reduce the size (width) of the pipe, and aspects 

ratios of 53 were achieved. However, the fluorescent material created other problems 

such as: 1) collecting insufficient light for illumination of deep plan buildings; and 2) 

the quality of the light, specifically color rendering. The failure of achieving white 

light is due to the higher efficiency of the green panel in comparison to the blue and 

red. Since color rendering is very important for spaces (e.g., workplace environments 

in deep plan buildings), the limitations of this system as a passive device currently 

make the fluorescent panel technology inappropriate as light collectors.  

3) Reduction of light pipe dependence on sun elevation and azimuth angles 

was achieved by introducing the 24hour rotating panel.  
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Chapter 4 has shown that when using LCP as light collectors, the lower the sun 

elevation, the larger is the affects of the sun azimuth angle on the performance of the 

system. The 24hour rotating system works on reducing the deviation angle between 

the sun azimuth and the direction of the panel. The system works by facing the sun 

more closely when it is most important, early in the morning, late in the afternoon, 

and throughout winter months. Studies have shown that the deviation angle for a place 

like Brisbane is kept under 26º from March to September (Table 6.2-Chapter 6), and 

performance for sun elevation angles under 30º is at least 70% of what would have 

been possible if the panel tracked the sun exactly. 

Studies of rotating panels were done only for the vertical light pipes. Further studies 

are necessary to assess the benefits of rotating panels as a solution for horizontal 

mirrored light pipes.  

7.2.4 Passive versus active light collection systems 

The main advantages of pyramid LCP collectors as the a passive collection system 

studied here are: 1) passive implies no movable parts, a simpler and cheaper system 

that require less maintenance, and no energy to function; 2) the system does increase 

performance of the mirrored light pipe for low sun elevation angles with average 

illuminance levels range from 50 to 300lux. Disadvantages of pyramid LCPs are: 1) 

less uniformity of distribution of light levels inside the building during the day and 

throughout the year, where performance is dependant on sun elevation and azimuth; 

2) less area for collection.  

The 24hour rotating LCP examined in this study is an example of an active light 

collection system, and showed a number of benefits: 1) an increase in the performance 

of the light pipe specially for low sun elevation angles (2.5 times better than a passive 

system), 2) a reduction in the variation of illuminance levels during the day and the 

year (average results from 150 to 200lux); and 3) it is a relatively simple active 

system; mathematical modeling showed that the 24hour rotating LCP has a 

performance close to a sun tracking system, and a 24hour rotating system can avoid 

the use of complicated sun tracking mechanisms and sensors. Like all active systems, 

the rotating LCP would require mobile parts and a mechanical system, which would 

result in more energy usage and maintenance, such that the energy saving benefits of 
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the daylighting technology would be reduced. There is also the added cost to 

construction and maintenance of an active light collection system. 

In conclusion, both passive and active light collection systems have advantages and 

disadvantages, and both systems have been utilized in a variety of building designs 

(see Chapter 2). In general, passive systems are cheaper, require less maintenance and 

should have longer life cycles. Active systems are more efficient, but also more 

expensive and require more maintenance. System performance along with cost benefit 

analysis are required by designers considering the incorporation of daylighting 

technologies. 

7.2.5 Mirrored light pipes vs. other systems 

Mirrored light pipes are one of several light transport systems commercially available 

(see Chapter 2). The light pipe solutions studied in this thesis are briefly compared to 

these other light transport systems. 

Prismatic pipes (Section 2.3.3) generally require complex collectors to be most 

efficient due to the material specifications. The greatest benefit of this material is that 

they can be both a transport system and a diffusing device and may be more 

advantageous than a mirrored light pipe. Consequently, the prismatic material has 

very good architectural possibilities as for example, to create pillars of light (see Toyo 

Ito example, Chapter 1) or sculptural features (Figure 1.8 – Chapter 1). Performances 

are very similar, with prismatic pipes reaching higher aspect ratios, in general as a 

result of the active collector devices (Table 2.2 –Chapter 2). Considerations of one 

system over another will depend on the desired overall effect (architectural design), 

cost, and collection system. It will be interesting to study the integration of hollow 

prismatic pipes with laser cut panels.  

Fibre optics have tremendous potential as a light transport system due to their size, 

and this is a considerable advantage over the hollow mirrored light pipe designs 

studied here. The efficiency of the fibre optic cables make them most appropriate for 

refurbishment of buildings, which usually have little to no free space to install the 

larger light pipes. There are two important issues however, first is the complicated 

active systems required for light collection and concentration for fibre optics, 

secondly is that natural light emitted from a luminaire that closely resembles an 
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artificial system is unlikely to give the same psychological benefits expected from 

natural light. Several designs where natural and artificial light sources utilise the same 

transport system have given careful consideration to ensuring a distinction in the 

origin of the illumination (see examples in Chapter 2).  Although mirrored pipes are 

relatively large systems, they offer a clearer connection to the outside, and therefore 

the psychological and physiological benefits of using natural light are more likely to 

be achieved. 

7.3 Conclusions 

Several issues have arisen from this research in terms of future building design and 

the incorporation of any daylighting strategy. Such incorporation will be increasingly 

important in the future as building codes are revised to improve workplace health and 

building energy ratings, and businesses strive to make greater productivity gains to 

maintain a competitive edge in their marketplace. The major conclusions of this study 

are as follows. 

• Light pipes are a feasible solution to provide and improve the natural illumination 

of deep plan buildings. 

• The average efficiency of the horizontal light pipe system designed in this study is 

25%, and 34% for the vertical light pipe design. The literature for example 

presented efficiencies of 30% (Aizenberg, 1997) for prismatic pipes of aspect 

ratios of 15 and passive collector and 50% for fibre optics systems with active 

collectors system (Muhs, 2000). These results are encouraging making the 

solutions viable and worthy of further development. 

• The most critical aspects that govern mirrored light pipe performance are the 

collector design, light pipe orientation and pipe reflectivity.  

• This research has demonstrated that the light pipes can increase the passive zone 

of the building and therefore have the potential to reduce electrical energy 

consumption for illumination and air-conditioning. 

• Passive horizontal and vertical light pipes can improve the natural illumination of 

deep plan buildings. The lighting values obtained in this study are sufficient for 
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ambient illumination (up to 300lux), but artificial light is necessary for task 

lighting and to maintain appropriate lighting values when they cannot be achieved 

by daylighting alone. 

• Although the passive LCP significantly increase light pipe performance, the 

greatest improvement was achieved by combining the mirrored pipes with an 

active system of 24hour rotating panels. Light pipe performance was improved 2.5 

times for low sun elevation angles, and the variation in light levels was also 

reduced. 

•  Mathematical modeling showed that the 24hour rotating LCP have a performance 

approaching that of a sun tracking system, raising the possibility more 

complicated sun tracking mechanisms and sensors could be avoided with this 

system. 

• Introducing rotating panels will increase the overall cost of the light pipe system 

in terms of construction and maintenance. However, it remains unclear if the 

improved performance will be outweighed by the increased performance, and 

further assessment is needed to determine the cost effectiveness of this solution. 

Improved performance from the rotating technology will be most noticeable in 

places at high latitudes. 

Finally, it will be important for designers to consider the technological problems, 

costs, performance and daylight quality before choosing any of the systems, including 

those proposed and studied in this thesis. 

7.4 Future research directions 

There are two important trends in the scientific research on of light pipe technology.  

The first research trend in light pipe technology is towards incorporating natural and 

artificial light into the same device. These systems have sensors that measure when 

natural light drops and artificial lamps release more light. Rapid response times for 

the artificial lamps is critical, and one avenue of research is on lamps that can drop or 

increase light levels very quickly, such as is needed to follow the changes in natural 

light levels. This research direction is vital as artificial illumination will always be 
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required in buildings, but it will make the incorporation of natural light more feasible 

in future building designs. 

In contrast, a second trend prefers to keep the natural light and artificial light systems 

in different devices. There is a concern to avoid deception over the light sources, and 

ensure there is a clear connection to the outside. 

Further research into daylighting and mirrored light pipe technology should include: 

• Psychological studies to determine people’s preferences for illumination, and 

if light pipes do offer a connection to the outside for people inside buildings. 

Furthermore, do bigger light pipes (such as those studied here) help create a 

better connection to the outside than for example, a fibre optic-based system?  

• Physiological studies to better define the benefits of daylight (e.g., regulation 

of the circadian rhythm) on workplace health and productivity, and whether 

there are any differences between various daylighting solutions.  

• Economic and cost-benefit studies to determine the relative costs of passive 

versus active light collection systems applied to mirrored light pipes, what the 

energy savings of the systems would be, as well as a system life cycle 

analysis. 

• Full-scale installation and testing and further simulations of the mirrored light 

pipe technology is the next important step in developing this technology for 

commercial application. Full scale testing is necessary to assess performance, 

possible energy savings and occupants’ preferences studies. 
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APPENDIX 1- THE EQUATION OF TIME 

A1.1 Solar Position  

The sky luminance distribution depends on the position of the sun in the sky. The 

position of the sun in the sky is described by two angles: the sun’s azimuth and 

elevation angle. To calculate these angles, it is necessary to know the solar time, 

calculated from the equation of time, which is the difference between the solar and 

local clock time and solar declination. The algorithms that calculate these values are 

obtained from Munner (1997), and use in Matlab program equation of time.m 

(Appendix 4- Attached CD):  

A1.1.1 Apparent solar time (AST):  

Solar time is the time used in all solar geometry calculations. It is based on the 

apparent angular movement of the sun across the sky. Solar noon, therefore, is the 

time that the sun crosses the meridian of the observer. Local standard time (LST) is 

converted to solar time (AST) by first using a constant correction for the difference in 

longitude between the location (LONG) and the meridian (LSM) on which the local 

time is based (1 degree longitude being equivalent to 4 minutes, since 360º is one 

day); the AST is also dependent on equation of time (EOT), which takes into account 

changes in the earth’s rotation (Athienitis and Santamouris, 2002): 

AST= standard time (local civil time) + EOT ± [(LSM-LONG)/15]         (A1.1) 

Where EOT is equation of time define by the difference between solar and local clock 

time and it is calculated by 

xxxxEOT 2cos0608.02sin1538.0cos0043.0sin1236.0 −−+−= (hours)       (A1.2) 

Where  

242.365/)1(360 −°= DNx  

DN=1 for 1 January in any given year. DN is the number of days elapsed in a given 

year up to a particular date. Example: 1 March 2004, DN = 61; 1 March 2003, DN = 

60. 
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Solar declination (DEC): 

DEC is the angle between the earth-sun vector and the equatorial plane. Declination 

angle varies during the year from 23.45º on 21 June to -23.45º on 21 December due to 

the earth’s rotation around the sun once a year. During its rotation about the sun, the 

earth follows an elliptical path as its axis is tilted at 23.45º with respect to the plane of 

the earth’s orbit about the sun. At the autumn and spring equinoxes (March 21st and 

September 21st , in the southern hemisphere), the sun is directly over the equator and 

for this reason the length of day and night are equal everywhere on earth, except at the 

poles. At any other time, the sun’s rays form an angle with the equatorial plane known 

as the solar declination angle, DEC, (Athienitis and Santamouris, 2002). The DEC is 

found by the following formula: 

( )[ ]{ }198563.0cos39795.0sin 1 −= − DNDEC            (A1.3) 

Solar attitude, azimuth and incidence angle: 

Solar altitude (SOLALT) is the altitude or elevation angle of the sun above the 

horizon; Azimuth (SOLAZM) is the angle from north of the sun’s beam projection on 

the horizontal plane, and the clockwise direction from north is considered a positive 

angle. The incidence angle (INC) is the angle at which the sun’s beam strikes a sloped 

surface of any given tilt (Figure A1.1). 

 

Figure A1.1: Solar geometry. 
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SOLALT and SOLAZM define the sun’s position in the sky, Solar altitude and 

azimuth angles are given by Muneer (1997): 

GHADECLATDECLATSOLALT coscoscossinsinsin −=                     (A1.4) 
 

( )
SOLALT

GHALATDECLATDECSOLAZM
cos

cossintancoscoscos +
=                       (A1.5) 

where:  

 GHA is the Greenwich hour angle 

α−+−−= LCUTGHA 18015  

And α is the solar right ascension (in degrees) 

tG
GGC
CtL

LLL

05.999,35528.357
2sin020.0sin915.1

770.000,36460.280
4sin053.02sin466.2

+=
+=

++=
+−=α

 

Where for a given year (y), month (m), day (D), hour (h), minute (min) and second 

(s), 

( ) ( ) ( )( ){ } 25.365/5.870797625.3655.06.3024/ −−++++= ymDUTt  

if m>2 then y=y and m=m-3; otherwise y = y-1 and m=m+9 

UT = Universal time = h + (min/60) + (s/3600) 

Finally, the incidence angle is given by: 

( )[ ]SOLALTTLTTLTWAZSOLAZMSOLATinc sincossincoscoscos 1 +−= −   (A1.6) 

Where WAZ is the wall solar azimuth angle, defined by the projection on the 

horizontal plane of the normal to the surface (Figure A1.1) and the north direction. 

TLT is the tilt of a sloped surface. 
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APPENDIX 2 - CALIBRATION OF ARTIFICIAL SKY 

A2.1 Introduction 

The Artificial Sky of the Architectural Science Department at the School of Design, 

QUT, is of the mirror sky type. Prof. Bill Lim designed the artificial sky and it was 

built in the summer of 2002. The artificial sky reproduces conditions similar to an 

overcast sky, and it is utilized to test scale models of different daylight design 

solutions for buildings under these conditions. 

In order to obtain accurate readings inside the scale models, the Artificial sky should 

have realistic luminance distribution close to the sky vault. In theory, a mirror box sky 

should reproduce a luminance distribution similar to CIE overcast sky (described in 

Chapter 3). This section explains the testings undertaken with the aim of discovering 

the luminance distribution of the artificial sky at School of Design, and to find if the 

sky is suitable for scale model experimentation. 

A2.1.1 Artificial sky of School of Design at QUT 

There are numerous types of sky simulators, of more or less complexity, such as sky 

domes, spotlight sky simulators, scanning sky simulators, mirror skies (Baker and 

Steemers, 2002, Ruck et al., 2000). Sky simulators reproduce the CIE standard skies 

(described in Chapter 3). The use of normalised sky luminance distributions (standard 

skies) allows comparing daylighting design studies done with different simulators. 

There are advantages and disadvantages off all the different simulators which 

commonly are related to complications in construction, cost, maintenance, type of 

skies that can simulate, calibration of the simulator, electricity consumption, time 

needed to do the measurements and possibility of the visualisation of light distribution 

inside the models. The newest configuration is the simulator base on scanning 

process, by which they can rebuild the overall sky hemisphere. It is quite a 

complicated set up that includes video cameras, softwares, and rotating mechanical 

structures. The major advantage is that it could reproduce all existing standard or 

statistical sky models (Baker and Steemers, 2002). Figure A2.1 shows the scanning 

sky simulator at the Solar Energy and building Physics Laboratory (LES-PB), of the 

Swiss Federal institute of Technology in Lausanne (EPFL) (Michel and Scartezzini, 
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2002).  Figure A2.2 shows another example of sky simulator, a sky dome, from the 

Environment laboratory of the Welsh School of Architecture. This geodesic structure 

of 4 metres in radius supports 640 luminaries to achieve a smooth luminance 

distribution. The simulator also has an artificial sun, and a heliodon. All the dome 

lighting and heliodon mechanical structure is computer controlled. The simulator can 

reproduce all the skies (Alexander, 2005). 

 

Figure A2.1: Scanning sky simulator (Michel and Scartezzini, 2002). 

 

Figure A2.2: Sky Dome at the Welsh School of Architecture (Alexander, 2005). 

The Artificial sky at the School of Design (SDAS) is a mirror box type. The 

advantages of this type of simulator are their relatively low cost (compared to the 

examples described above), minimised horizon error, simple construction, simple to 

use, and permits visualization of light distribution inside scale models. The major 

disadvantages are that can only reproduce a CIE overcast sky and that the 

interreflection of mirrors is disturbed by the presence of the scale model.  The SDAS 

has a square base (2400mm in length, 2400mm in width and 1180mm in height) and 

has a diffusely luminous ceiling (fluorescent tubes and opal diffuser canvas) and four 

walls of plane mirrors. The interreflections between the mirrors produce an image of 

an infinite diffuse sky (overcast sky), as shown in Figure A2.3a. The mirrors are 4mm 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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glass, back-surfaced with silver. The mirrors dimensions are 1168mm by 600mm, and 

four sheets are placed in each wall of the mirror box. They are fastened to a steel 

construction which is lifted 900 mm from the floor to allow entrance into the artificial 

sky. The whole construction is in a room with only one door entrance (i.e. a box 

inside a box), which means that there are no unwanted light infiltrations from the 

exterior or other rooms. Figure A2.4 shows the position and design of the artificial 

sky. To place the models in the right position, there is a hydraulic table that could be 

adjusted for the height required according to the needs of the different scale models 

(Figure A2.3b). 

 

 

 

 

 

Figure A2.3: a: Interreflections between the mirrors produce an image of an infinite diffuse sky, 

b: External view of the Artificial sky, and hydraulic table. 

 

Figure A2.4: Axonometric and sections of artificial sky room. 

a b 
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The artificial sky is utilized to test scale models of different daylight design solutions 

for buildings, under overcast sky conditions. Testing on the artificial sky has the 

following advantages: 

• Provides a constant overcast sky which allows attaining accurate comparable 

results, no always possible under real overcast conditions due to rapid changes 

in intensity of natural light.  

• Offers the opportunity to do testing when necessary, without having to wait for 

real overcast sky conditions, which for example in Brisbane, where much of 

the studies are based, are not that common. In addition an overcast sky is the 

sky situation on the onset of rain, which means a very precarious environment 

to do testings. Figure A2.5c. shows a real overcast sky on the onset of rain. 

 

Figure A2.5: Sky types a: Clear sky; b: intermediate (clouds); and c: overcast (Baker and 

Steemers, 2002). 

Testing under overcast sky conditions represent the worst possible scenario and it is 

important to understand how different daylight strategies, in the case of this project, 

mirror light pipes, perform under these circumstances. Testing under clear sky is done 

outside under real conditions. 

A2.2 Luminance distribution of the artificial sky (Method) 

By knowing the luminance distribution of the artificial sky not only we can obtain 

realistic measurements inside the scale models, but also calibrate the mathematical 

models developed for this project (Chapter 3, Appendix 4). This section describes the 
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parameters that affect the luminance distribution of the artificial sky and the studies 

undertaken to understand how does perform. 

A2.2.1 Design parameters of a mirror box sky 

Arnesen (2002) enumerated, in her studies for the NTNU mirror box sky of the 

Norwaegian Universtiy of Science and Technology, the parameters that will influence 

the luminance distribution of a mirror box artificial sky as: 1) height and width ratio 

of the box; 2) base geometry (e.g. rectangle, square, octagon); 3) reflectance factor of 

the mirrors; 4) inclination of the mirrors; and 5) light intensity distribution of the 

ceiling. 

Analysing each of the parameters for the case of the School of Design Artificial sky 

(SDAS) we observed first that the SDAS has a height/width ratio close to 1:2. It has 

been suggested by studies carried out in the University of Washington that the 2:3 

ratio between the height and width of the mirror box is what it works best in order to 

obtain the CIE luminance distribution.  

Secondly, the SDAS has a square base. The base geometry of the box has an influence 

on the light azimuthal distribution, and theory suggests that a square base, such as the 

base for the SDAS, although it has a symmetrical luminance distribution presents the 

problem of azimuthal variations in the corners when compared to the direction 

perpendicular to the mirrors for same altitude elevation (Arnesen, 2002). Arnesen 

suggested that this could be improved by having a base that better approximates the 

shape of a circle (e.g. octagon, hexagon), such as in the NTNU octagonal mirror box. 

In the testing, measurements were taken in different azimuthal directions to see its 

influence on the results. 

Thirdly, the reflectance of the SDAS mirrors was measured as 95%. In the box sky the 

horizon luminance will approach zero regardless of the reflectance factor of a mirror, 

but a high reflectance factor will cause a higher relative luminance above the horizon 

than mirrors with lower reflectance factors. Also the inclinations of the mirrors will 

increase or decrease the number of reflections between the mirrors, in the case of the 

SDAS the mirrors are placed vertically width no inclinations. In addition, the SDAS 

ceiling is considered to behave as a perfect diffuser so the luminance is independent 

of the angle of emission.  
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Finally, even though there are numerous parameters that influence the luminance 

distribution of a mirror sky, and in the case of the SDAS its settings could have been 

potentially calibrated in order to obtain the closest luminance distribution to the CIE 

overcast sky possible, the truth is that once our the artificial sky was built, it would 

have been very difficult to change any of the settings, and therefore the aim of this 

study was to find what we had exactly, how the sky performs and how suitable the sky 

is to do significant scale model testing.  

A2.2.2 Measurement of the luminance distribution of the SDAS 

To determine the luminance distribution of the SDAS measurements of luminance 

were taken for different altitudes (from 0º to 90º in steps of 5º) and azimuth angles 

(from 0º to 360º in steps of 30º). The luminance meter described in Appendix 5 was 

not available to us at the time of the experiments. In general, luminance meters work 

on the principle of an aperture illuminating a photocell, and usually lenses or mirrors 

are used to image the area being measured on the photocell (Bean, 2004). By coupling 

a black tube to the sensor of our illuminance meter (dimensions: 79 mm in length and 

18 mm in diameter), we are creating the aperture that the sensor will be able to see 

(Figure A2.6), and therefore able to make luminance measurements. Then the 

luminance, L, of the source (view of the Artificial sky through the aperture of the 

tube), can be found by relating the lux measured by illuminance meter, E, the solid 

angle ω formed by the black tube and the area of the aperture of the tube. The 

relationship is explained bellow. 

Bean (2004) explains that the amount of light travelling from a source in a particular 

direction can be measured in terms of its luminous intensity (I), which is the solid 

angular density of the light flux (F).  

)(
)(

)( candelasI
steradians

lumensF
=

ω
           (A2.1) 

The size of a solid angle is defined in terms of the area (A) cut out by the solid angle 

at the surface of a sphere and the radius of the sphere, in the case of the black tube, the 

area A is the opening area of the tube, and the length of the tube is the radius (R). The 

solid angle ω = A/R2 steradians. Then, the relation between flux (F) from the emitting 

source and the receiving surface is given by: 
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Next, the Luminance quantity can be define by the formula, 
ωθ ⋅⋅

=
cos

)(
A

lumensFL      (A2.3) 

Where θ is the angle between the normal to the surface (A) and the direction of the 

beam. If θ is zero, and F is replaced by equation A2.2, then the formula could be 

written as: 

ω

ω
EL

A
AEL

=⇒

⋅
⋅

=
                       (A2.4) 

Where L is the luminance at the designated point, E illuminance measured at the 

photocell and ω is the solid angle formed by the tube and the aperture.  

 

Figure A2.6: Measurement of luminance, a black tube is used to define the solid angle. 
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The light meter then was coupled to a SOKKIA digital theodolite (Figure A2.7), from 

the Surveying department, which helped to make luminance measurements at the right 

positions, facing the altitude and azimuth angle required.   

Figure A2.7: Set up of the digital Theodolite and the Minolta illuminance meter. 

A2.2.3 Calculation of the luminance distribution: CIE sky 
distribution 

Chapter 3 describes in detail the luminance distribution for the CIE sky, here will just 

remember that in the CIE overcast sky luminance at the zenith is three times greater 

than at the horizon. The luminance at an angular height (p is expressed by the formula: 
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⎞
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              (A2.5) 

The horizontal illuminance due to the CIE overcast sky is obtained by integration over 

the entire sky: 
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γp = angle of altitude above the horizon 0 to π/2, αp = azimuth angle from zero to 2π. 

The MATLAB program used is CIE standard overcast sky.m (Appendix 4- Attached 

CD). 
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A2.3 Results 

A2.3.1 Experimental results 

The horizontal illuminance (Eh) measured in the artificial sky during this experiment 

was 7900 lux. Figure A2.8 shows the luminance measured for zenithal angles ranging 

from 0º to 90º (in steps of 5º) and for azimuth direction from 0º to 330º. The drop in 

luminance for the 50º and 45º angles could be caused by the expose Artificial sky 

structure (Figures A2.3 and A2.7). The values also dropt at the zenith (5º and 0º). 
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Figure A2.8: Measured luminance in the artificial sky. 

As mention in Artificial sky parameters section, a box mirror simulator with square 

base has lower luminance values at corners than in the directions perpendicular to the 

mirrors. The diagram in Figure A2.9 shows the luminance distribution of the SDAS 

mirror box plotted as isoluminance lines onto flat, circular graph. The lines show 

luminance levels for the different zenithal angles measured. It can be seen that albeit 

the mirror box has a symmetrical luminance distribution there are azimuthal variations 

of up to 30% in the direction towards the corners, when zenith angles range from 45º 

to 90º. 
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Luminance distribution
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Figure A2.9: Luminance distribution of the Artificial sky. Values are in cd/m2. 

A2.3.2 Results from mathematical calculations  

Figure A2.10 shows a comparison between measured luminance values (average) in 

the Artificial sky against a calculated CIE standard overcast sky with the same zenith 

luminance, Lz=3400 cd/m2. The horizontal illuminance (Eh) calculated for a CIE 

overcast sky for a Lz (luminance at the zenith) of 3400 cd/m2 (measured) is 8292 lux, 

which is very closed to the 7900 lux measured. A statistical best fit of a CIE overcast 

sky to the data would yield a higher value for Lz than 3400 cd/m2. 

Comparison of Measured luminance and CIE overcast sky 
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Figure A2.10: Comparison of Measured luminance and CIE standard overcast sky calculations. 
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A2.3.3 Calibration 

From the measurements and calculations can be seen that the luminance distribution 

of the artificial sky is close to the CIE standard overcast sky (Figure A2.10), but there 

are irregularities with the distribution. The reasons for not obtaining a curve of the 

luminance that is closer to the CIE sky may involve: 

1) Visible structure: which produces a drop of the luminance for the zenithal 

angles of 55º to 45º (Figure A2.8); 

2) seam of the diffusion canvas and position of the fluorescent tubes, which 

creates a darker zone in the middle of the canvas, and a decrease of the zenith 

luminance is the result (Figure A2.3); 

3) square base of the artificial sky which produce a variation in luminance at the 

corners of the box. 

To fix these problems changes in the artificial sky could include: lowering the canvas 

to cover the roof structure or changing the mirrors for longer ones that cover the 

structure, exchanging the canvas for one piece of fabric with no seams and finally, to 

avoid the problem of azimuthal luminance differences, previous work in artificial 

skies (Arnesen, 2002) showed that a base that is closed to a circle gives more uniform 

distribution. 

The first two suggestions are easily enough to fix, but changing the base of the 

artificial sky means rebuilding the whole thing, which is impossible. In addition later 

measurements of horizontal illuminance in the artificial sky after two months of use 

by undergraduate students showed a decrease of 2000 lux. This rapid decrease 

revealed that the fluorescent tubes need to be change and when this occurs it could be 

a great opportunity to change the canvas as well. 

A2.4 Conclusions 

Measures of luminance distributions of the SDAS Artificial sky were conducted in 

order to find the luminance distribution of the sky. Results showed that the luminance 

distribution closely resembles the CIE standard overcast sky. Irregularities in the 
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illuminance distribution are cause by: 1) Visible structure, 2) seam of the diffusion 

canvas and 3) square base. 

Finally albeit irregularities in the luminance distribution of the artificial its 

distribution is considered close enough to a CIE standard overcast sky to allow us to 

work with it and to make predictions of light pipe performance under overcast 

conditions.  
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APPENDIX 3 - CALIBRATION OF THE MATHEMATICAL 
MODEL OF LIGHT PIPES PERFORMANCE UNDER 
OVERCAST SKY CONDITIONS (ARTIFICIAL SKY) 

A3.1 Introduction 

In order to understand the accuracy of the mathematical models developed for this 

thesis, and described in Chapter 3, a simple calibration was undertaken by testing 

mirrored light pipes of different aspect ratios under the School of Design artificial sky 

(SDAS) at QUT and then comparing the results with the mathematical models 

mentioned above. The main objective of this experiment was to validate the 

mathematical models to facilitate predictions of light pipe performance under 

different conditions.  

A3.2 Method 

Three mirrored light pipes of square section and of equal length (800mm) but 

different widths (40mm, 80mm and 160mm) were constructed of aluminum sheets of 

95% reflectance. The pipes were coupled with pyramid skylights made of laser cut 

panels (LCP) as light collectors. The LCP pyramids were of three different angles (tilt 

between the face of the pyramid and the horizontal): 35º, 45º and 55º. The pipes were 

placed on top of a wooden box of 20cm in height, 22.5cm in length and 19.2cm in 

width, with an aperture on top the size of the pipe’s opening. The box was painted 

white inside which allows it to perform as an integrating box. The function of the 

integrating box is explained by Travers (1998): 

“The integrating box is based on the integrating sphere, the function of the device is to 

allow light through one aperture and spread it uniformly around its internal surface so 

that ideally the illuminance on any part of the surface will be the same as on another. 

An illuminance meter may be placed at some point on the surface and knowing the 

internal surface area of the sphere we can calculate the total lumen input or luminous 

flux at the input aperture. The inside should be coated with a white diffusing surface so 

as not to change the spectral make up of the light source and to avoid specular 

reflection onto the detector”.  
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Integrating spheres are commonly used for relative flux measurements in photometric 

laboratories (Bean, 2004). Integrating spheres and light integrating boxes have been 

previously used to measure flux output of light pipes (Edmonds et al., 1995, 

Edmonds, 1995, Fontoynont and Nicolas, 2003, Travers, 1998). In the case of this 

experiment, in order to prevent any specular reflection onto the light sensor and to 

achieve a more uniform illuminance distribution, the input aperture of the box was 

covered with a diffuser material. In addition, as the testing was undertaken under the 

diffuse light of the artificial sky, the light-meter could be placed on the base of the 

box under the opening. Figures A3.1 and A3.2 illustrate the experimental set up. 

 

Figure A3.1: Experiment set up. 

Experiments were done using the artificial sky, instead of real sky conditions. The 

constant overcast conditions achieved with the artificial sky allow reliable comparison 

of all the different light pipe strategies.  The experimental testing consisted of 

measurements of illuminance inside the box of the light output flux of different width 

light pipes (Figure A3.3). Measurements were repeated for all light pipes with each 

different LCP collector. The results were compared with the results obtained from 

mathematical models developed in Chapter 3 for vertical light pipes. The calculations 

were performed with Matlab programs genlum.m and matlumens.m (see Appendix 4).   
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Figure A3.2: Integrating box, LCP collectors 35º, 45º, 55º, and light pipes of L/D=5, 10 and 20. 

  

Figure A3.3: From left to right, light pipe L/D= 5, L/D= 10 and L/D= 5. 

A3.2.1 Calibration of the box 

The mathematical programs developed calculate lumens at the output of the pipe, 

however, the illuminance meter used for the experiments, measured lux levels inside 

the box. Therefore, in order to compare both set of results it was necessary to calibrate 

the box, by first measuring the illuminance (in lux) falling onto the box’s aperture 
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(Ein) and secondly the illuminance inside the box (Ebox). Then Ein is multiplied by the 

area of the box aperture, A, to obtain the output luminance (Lin) as follow: 

AEL inin ×=                                      (A3.1) 

Finally, by knowing Ebox and Lin it was possible to find the constant, k, relating lumen 

input to measured box illuminance Ebox: 

 boxin EkL ×=                 (A3.2) 

then k, is given by  
box

in

E
Lk =                                (A3.3) 

A3.3 Results 

A3.3.1 Experimental results 

Results of practical experiments under the artificial sky (horizontal illuminance, 

E=7600 lux) are shown in Table A3.1. Testing was done for three different light pipes 

and four different light collection systems as summarized below: 

Table A3.1: experimental results 

Lux measured inside the boxType of collection system
L/D=20 L/D=10 L/D=5 

Open pipe (no LCP) 43.7 231 1020 
LCP 35º (1) 183.5 774 
LCP 45º 28.43 145.2 619 
LCP 55º 25.9 122.9 513 

(1) The LCP pyramid at 35º is truncated at the top as shown in Figure A3.4, this 

opening is as big as the collection opening of the pipe L/D=20, therefore it was not 

possible to measure the influence of the LCP in the results. 
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Figure A3.4: LCP 35º light collection pyramid and Light pipe L/D=20. 

A3.3.2 Results from mathematical calculations  

The programs developed in MatLab (genlum.m and matlumens.m) for the prediction 

of light pipe performance, were then run for this study simulating as closely as 

possible the conditions given in the experiments. The design sky used was the CIE 

overcast sky, and runs of the program were done for the three light pipes (L/D 20, 10 

and 5) and the different light collectors (No LCP, and LCP of 35º, 45º and 55º). Table 

A3.2 shows the results from the mathematical models. 

Table A3.2: Calculated results 

Lumens at the output of the pipe Type of collection system
L/D=20 L/D=10 L/D=5 

Open pipe (no LCP) 3.8 21.92 113.24 
LCP 35º 2.82 15.82 78.79 
LCP 45º 2.41 14.65 76.45 
LCP 55º 1.8 12.25 67.96 

A3.3.3 Box calibration 

The first step in the calibration of the integrating box was to measure the illuminance 

inside the box without any pipe. Table A3.3 shows illuminance inside the box with 

the different apertures in comparison to the illuminance on the aperture, Ein.  
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Table A3.3: Ebox, illuminance inside the box 

Box’s aperture Ein (lux) Ebox (lux) 
Box 1 )04.004.0( ×  7600 129.1 
Box 2 )08.008.0( ×  7600 431 
Box 3 )16.016.0( ×   7600 1373 

The next step was to calculate the constant k (Table A3.4), that will relate the two set 

of results (experiment and calculations), from the ratio between the lumens in, Lin, and 

illuminance inside the box, Ebox. 

Table A3.4: calculation of calibration constant “k” 

Box 1 Box 2 Box 3 
Lin= 0016.07600×  
Lin=12.16 lumens  
k= 12.16/129.1 
k=0.09 lumens/lux 

Lin= 0064.07600×  
Lin=48.64 lumens 
k= 48.64/431 
k=0.11 lumens/lux 

Lin= 0256.07600×  
Lin=194.56 lumens 
k= 194.56/1373 
k=0.14 lumens/k 

Table A3.5: Estimation of illuminance from calculations by relating constant k to lumens 

calculated from Matlab program 

L/D Collection Lumens 
Calculated 

k Expected box 
lux (L/k) 

Measured 
box lux  

Ratios 

20 No LCP 3.62 0.09 40.22 43.7 0.92 
 LCP 35º 2.82 0.09 31.33   
 LCP 45º 2.41 0.09 26.77 28.43 0.94 
 LCP 55º 1.8 0.09 20 25.9 0.77 
10 No LCP 21.92 0.11 199.27 231 0.86 
 LCP 35º 15.82 0.11 143.81 183.5 0.78 
 LCP 45º 14.65 0.11 133.18 145.2 0.92 
 LCP 55º 12.25 0.11 111.36 122.9 0.91 
5 No LCP 113.24 0.14 808.85 1020 0.79 
 LCP 35º 78.79 0.14 562.78 774 0.73 
 LCP 45º 76.45 0.14 546.07 619 0.88 
 LCP 55º 67.96 0.14 485.42 513 0.95 

Finally, by relating the constant “k” to the lumens calculated (Table A3.5), 

comparative results can be obtained. Table A3.5 shows that the maximum error is in 

the order of 27% (0.73 ratio between measured and calculated), and the minimum 

error is 5% (0.95 ratio between measured and calculated). Figure A3.5 shows 

graphically how the results from the calculations compare to the values measured in 
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the testing. It can be observed that in general the results are very close, especially for 

the light pipes with higher aspect ratio, L/D. 

Comparison of calculated and measured lux values for vertical 
light pipes under Artificial sky
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Figure A3.5: Comparison of calculated and measured lux values for vertical light pipes under 

overcast sky (Artificial sky). 

A3.4 Conclusions 

The studies made to establish the accuracy of the mathematical models developed in 

Chapter 3 showed that the calculations underestimate the performance of the light 

pipes. Reasons for the underestimate may include:  

• Approximation done for the sky distribution: The luminance distribution of the 

artificial sky is close to the CIE overcast sky but not exactly the same (See 

Appendix 2), however because of the similarities, in the calculation the model 

for the CIE overcast sky was used. 

• Approximations in relation to the performance of the laser cut panels skylight 

collectors,  

• Testing was done with a rectangular pipe, in the calculations light transmission 

through the pipe was calculated using the spiral method (spiral method refer to 

Chapter 3) for circular light pipes, which is likely to underestimate the 

performance with square pipes of width equal to pipe diameter. 
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In conclusion, after all the approximations involved in these simple mathematical 

models a maximum error of 28% is considered acceptable for the purpose of this 

research, specially when the main objective of the calculations is to give an 

approximate idea of how light pipes work under different sky conditions. In the 

example studied, the artificial sky reproduced an overcast sky which represents the 

worse possible scenario for daylighting. 
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APPENDIX 4- MATLAB PROGRAMS 

Appendix 4 is in the attached CD.  

Program List 

Chapter 3- Theory  

Clearsky.m 

Chapter 4- Horizontal light pipe 

genHPLCP_azi.m and matHPLCP_azi.m 

panel.m 

Chapter 5- Vertical light pipe 

Genlux2.m and Matlux2.m 

Genlux.m and Matlux.m 

Chapter 6- Alternative solutions 

Equation of time.m 

Fluorpipe.m 

Gen1LCP.m and Matgen1LCP.m 

Panel1.m 

Appendixes 

Overcast sky.m 

Genlumen.m and  Matlumens.m 
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APPENDIX 5: SCALE MODEL TESTING 

A5.1 Scale models  

The first method used to analyse the light pipe solutions in this project is the testing of 

scale models. Scale models are useful because light does not require any scaling 

corrections (i.e. the wavelengths of visible light are so short, relative to the size of 

models, that light behaviour is not changed). Rooms that are exactly duplicated in 

geometry and surface reflectance will provide the same quantity and quality of natural 

illuminance as the actual space (Baker et al., 1993). In addition, scale models are 

effective to assess visual performance of lighting systems by obtaining qualitative and 

quantitative data. This includes (Ruck et al., 2000): 1) the characterization of the 

illuminance of a given daylighting device (quantitative); 2) predicting illuminance 

levels (quantitative); 3) identifying potential glare sources and evaluation of visual 

comfort indices (qualitative); and 4) controlling sunlight penetration and dynamic 

behaviour of sunlight. Various models, following the scale model construction 

considerations suggested by (Moore, 1991), and carefully representing the 

geometrical and photometrical features of the devices and spaces as to avoid 

overestimations of performance (Thanachareonkit et al., 2005), were constructed for 

light pipe analysis. Scale model construction in this thesis is detailed in Chapters 4, 5 

and 6. Illuminance measurements were taken for environmental performance, as well 

as photographic records for qualitative analysis. Two types of testing were performed: 

under real sunny sky conditions (best possible scenario) and under an artificial sky 

(C.I.E. Standard Overcast sky), which represents the worst possible daylight 

conditions.  

A5.1.1 Measurement under selected real sky conditions  

Measurements under real clear sky conditions allow qualitative analysis by direct 

observation of the space and photographic records, and quantitative analysis of the 

natural illuminance. The system performance can be assessed for different times of 

the year by tilting the scale-model relative to the sun, which effectively changes the 

sun/light angle in order to achieve the desired solar altitude and azimuth angles.  



Appendix 5 

 
A5-2

A5.1.2 Measurement under artificial sky (overcast):  

The artificial sky at the School of Design at QUT, which has a brightness distribution 

that closely approximates the C.I.E. Standard Overcast Sky is utilized to test some of 

the scale models (1:20 scale) under overcast conditions. The artificial sky is a 2.4m x 

2.4m x 1.8m internally mirrored box lifted 0.9m from the floor which allows 

quantitative and qualitative testing, under simulated overcast conditions (Appendix 2).  

Overcast conditions represent the worst-case scenario for the light pipe technology.  

In addition, artificial sky testing has been done to corroborate the accuracy of 

mathematical models (Appendix 3).  

A5.2 Monitoring instruments 

Two monitor instruments have been used for this research (Figure A5.1).  

 

Figure A5.1: Minolta illuminance meter (left), Minolta luminance meter (right). 

For illuminance measurements, a Minolta Illuminance Meter T-10 M was used. This 

illuminance meter is specific for scale model testing due to the small sensor size. The 

illuminance meter has been calibrated at the School of Physics at QUT.  
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Characteristics or Specifications are: 1) a measuring range from 0.01 to 299,900lux; 

2) a 14mm diameter receptor surface and 3) cosine correction characteristics from ± 

1% at 10º to ± 20% at 90º. For measurement of artificial sky luminance and sky 

luminance, a Minolta luminance meter LS-100 was used. 
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