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Abstract 
 

Renewable energy is part of a 21st century sustainability paradigm that responds to 

environmental degradation, forming western ǎƻŎƛŜǘȅΩǎ existential concern for earth- often 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨƎǊŜŜƴΩ ƳƻǾŜƳŜƴǘ. New tools and technologies, both for building design 

and construction, have come to assist architects in the creation of buildings that produce 

their own energy and which consume less of it. Renewable energy production strategies 

are necessary in order to mitigate the issue of future energy security, as traditional sources 

of fuel become increasingly scarce. This thesis presents a proposal for a building that can 

produce power by incorporating a photovoltaic and thermal energy collection system as a 

programmed design component, offering an architectural solution to what is traditionally 

viewed as an engineering problem. From this perspective renewable energy systems can 

be integrated as both functional and aesthetic elements within buildings.
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1 Introduction 

1.1 Sustainability 

Technological advances in the global age have transformed previously local economies into 

an international consumer culture. Governments rely on the employment and services 

associated with both upstream and downstream economies in order for their social 

systems to remain viable (Harris, 535-538), hurtling societies toward crisis levels of 

overpopulation and pollution. Consumerism as a dominant global social force has 

increased pollution, necessitating the invention of various means by which to manage its 

quantifiable environmental impact. Since buildings are the greatest consumers of energy, 

architects have been tasked with generating solutions for more resource and energy 

efficient designs at all scales. Naturally, this calls into question what such typologies ought 

to look like, or whether their sustainable quality can or should be visually expressed at all. 

For centuries prior to the invention of modern building climate control systems, substantial 

architectural elements such as wind catchers (figure 1.1) were used to ventilate and cool 

buildings in hot and arid or humid areas. Such technologies are still used today in parts of 

the Middle East and North Africa, and similar solutions have been integrated into net-zero 

and net-positive buildings throughout Canada. New technologies are often designed and 

integrated alongside historic ones to create novel solutions for age-old problems, as well 

as for emerging ones. 

 



 

 12 
 
 

 

  
 
Source: Dehghani-Sanij, A.r., M. Soltani, and K. Raahemifar. "A New Design of Wind Tower for Passive Ventilation in 
Buildings to Reduce Energy Consumption in Windy Regions." Renewable and Sustainable Energy Reviews 42 (2015): 182-
95. Web. 

Figure 1.1: (left) basic airflow through a windcatcher; (right) windcatcher in Yazd, Iran 

 

When it comes to the power of the sun, mankind has always sought to harness its energy 

for everyday needs. It has been an important resource and challenge for designers, faced 

with balancing natural lighting with the risk of overheating. Passive solar design seeks to 

reduce the energy consumption of buildings as well as produce ones that act in conjunction 

with natural forces, not against them. Active solar energy systems are a relatively new area 

in architecture; building-integrated photovoltaic (BIPV) electric power systems are a major 

new technology in current practice, particularly as they relate to energy performance. Such 

systems have become more sophisticated and not only produce electricity, but can also be 

substantial functional and decorative building elements. The design and performance 

potential of BIPV systems are being taken more seriously as the technology becomes 

cheaper and more efficient. For example, a BIPV double-skin facade is an integral 

component of the building envelope as well as a solar electric energy system that 

generates power, preheats ventilation air, and protects from sound, wind, and pollutants 

which make life in urban areas less comfortable. Such systems are therefore 

multifunctional construction materials with both passive and active elements. 

 

Woodrow W. Clark II highlights the Green Industrial Revolution in his book, Global Energy 

Innovation. He remarks on how it is about more than just renewable energy systems and 

storage technologies, noting that such systems have to be άŎƻƳōƛƴŜŘ ŀƴŘ ƛƴǘŜƎǊŀǘŜŘ in 

order to be more conversational and efficient as well as reducing the carbon and emissions 

ƛƴ ǘƘŜ Ǝƭƻōŀƭ ŀǘƳƻǎǇƘŜǊŜΦέ Lǘ ƛǎ ƛƴ ǎǳŎƘ ŀ ŎƻƴǘŜȄǘ ǘƘŀǘ ŀrchitects must incorporate 
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appropriate technologies like photovoltaics into the design of their buildings, yet not 

ignore the merits of historic precedents. New technologies should enhance and not 

replace or obfuscate pre-existing ones. 

1.2 Photovoltaics 

The standard element of a BIPV system is the photovoltaic (PV) module, composed of 

individual solar cells. These are strung together with cables and wires to form a PV array 

(figure 1.2). Direct or diffuse sunlight shining on the cells induces the photovoltaic effect, 

generating unregulated DC electric power. DC power can be used directly, stored into a 

battery system, or fed into an inverter that transforms and synchronizes the power into AC 

electricity. The electricity can be used within the building or exported to a utility company 

through a grid interconnection. 

 
 
Source: www.pure-eie.com 

Figure 1.2: diagram showing components of a photovoltaic array 
 

There are four main types of photovoltaic cells that are commercially available: amorphous 

silicon (a-Si); monocrystalline silicon (c-Si); polycrystalline silicon (c-Si); and hybrid cells. a-

Si cells are flexible and are more efficient under higher temperatures due to annealing 

effects, while overall they are less efficient (6-8%) and costlier than both types of crystalline 

silicon cells. a-Si, in contrast to c-Si solar cells, are more environmentally friendly as they 

do not contain toxic heavy metals such as cadmium or lead. The choice of material depends 

on the architectural solution for an application. Whereas a-Si cells are flexible and can be 

applied to a variety of geometries, crystalline cells are rigid and have to be installed as 

faceted components. The trade-off is that c-Si cells are almost twice as efficient as a-Si cells 

(13-16%). An alternative type of thin film product is the organic photovoltaic cell (OPV). 
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With efficiencies as high as 22%, they are competitive in performance with traditional 

crystalline cells, with the benefit of being highly flexible, extremely thin, and uniform in 

appearance. Organic cells also have the potential of being inexpensive to manufacture, 

however the technology is still relatively young and not yet commercially available; 

presently organic cells have a much shorter operational lifespan than inorganic (silicon) 

products (Lin et al. 133-56). 

  

Photovoltaic systems can be integrated into buildings in three ways. The most common 

method is to simply add commercially available modules onto exterior surfaces; this is 

often the case in retrofit projects where photovoltaic panels are laid out on commercial 

rooftops or on the sloped roofs of single family homes. The second method involves the 

integration of the same commercially available modules within building surfaces; in such 

cases, the photovoltaic panels can act as both a weather barrier as well as an active energy 

production component. The third and most fully integrated solution involves making the 

modules into building components. An example of this type of solution are the solar glass 

ǎƘƛƴƎƭŜǎ ƛƴǘǊƻŘǳŎŜŘ ōȅ ¢Ŝǎƭŀ ƛƴ нлмсΦ ¢ŜǎƭŀΩǎ ǇǊƻŘǳŎǘ ŘƛǊŜŎǘƭȅ ŀŘŘǊŜǎǎŜǎ ǘƘŜ ƛǎǎǳŜ ƻŦ 

aesthetics, camouflaging the actual solar cell when viewed from acute angles (e.g. as an 

onlooker on ground level); the solar cell itself is only visible at perpendicular angles (when 

viewed directly overhead). All three of these methods (figure 1.3) face the same design 

and performance challenges. 

 

 
 
Source: www.pure-eie.com 

Figure 1.3: traditional methods of integrating PV systems 
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Varieties of BIPV systems are available, however most can be grouped into two primary 

categories: roof and façade systems. Façade systems include curtain wall products, 

spandrel panels and individual glazing units. Roof systems include tiles, shingles and 

skylights. Aside from ready-made commercial products, PV modules can also be designed 

as aesthetically integrated building components as well as entire structures. When 

compared with large scale PV solar farms, BIPV can sometimes be the optimal method of 

installing renewable energy systems, particularly in areas where undeveloped land is 

scarce, expensive, or inaccessible. 

 

This thesis does not necessarily propose a fourth method of integration, but rather 

considers issues beyond the technology itself in order to enhance a potential project of 

architecture. This goes beyond existing methods that are almost always an engineering 

solution, merely a direct application of existing technology. From an architectural 

perspective, designs have to be naturally integrated, visually exceptional, and more 

desirable when compared with existing ones. Renewable technologies cannot appear as 

though ǘƘŜȅ ǿŜǊŜ Ǉǳǘ ǘƻƎŜǘƘŜǊ ŦǊƻƳ ŀ Ψƪƛǘ ƻŦ ǇŀǊǘǎΦΩ A novel approach is necessary in order 

for photovoltaics to be successfully integrated into buildings. They can only be included in 

projects if architects have sufficient knowledge about the technology and have access to 

appropriate design tools to assist them. Based on these requirements, architects have to 

approach building design completely differently than in traditional practice. 

 

Picon states that we άǎǘƛƭƭ ōŜŀǊ ǘƘŜ imprint of mƻŘŜǊƴƛǎǘ ǇǊŜƧǳŘƛŎŜǎΣέ ƛƴ ǘƘŜ ǎŜƴǎŜ ǘƘŀǘ 

modern architects generally tend to dismiss the performativity of décor, as it seems less 

important than structural or energetic behaviour. When considering buildings that 

incorporate sustainable technologies and construction methods, their design is not strictly 

a question of performance or aesthetics. As Picon suggests, the visual expression of 

ornament is often fundamental to the performance of such buildings, and also serves to 

describe their purpose. As argued in section 3, an architecture of solar energy is both about 

the visual expression of technology as well as the development of a novel typology that 
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exists solely due to internal and external factors that originated during the late 20th and 

early 21st centuries. The project of architecture discussed in this section will help define 

how one may approach the design of such a typology. As the incorporation of such 

technologies becomes more commonplace, researchers, manufacturers, service providers, 

and fabricators will take solar technology more seriously as a proper building material, 

catalyzing further development in the area. 

 

 

 



 

 ̀

2 Literature Review 

2.1 Form and Function 

Irradiation is the single most important factor affecting PV performance, determined by 

the local climate and site location (figure 2.1) ŀǎ ǿŜƭƭ ŀǎ ōȅ ǘƘŜ ŀǊǊŀȅΩǎ ǎǳǊŦŀŎŜ ǘƛƭǘ ŀƴŘ 

orientation. Maximum annual performance of grid-connected PV generators is obtained 

with modules tilted at an angle equal to the site latitude, facing the equator. The total solar 

radiation aǾŀƛƭŀōƛƭƛǘȅ ŘƛǊŜŎǘƭȅ ŀŦŦŜŎǘǎ ǘƘŜ t± ƎŜƴŜǊŀǘƻǊΩǎ ŀƴƴǳŀƭ ŜƴŜǊƎȅ ȅƛŜƭŘΦ 

 

 
 
Source: SolarGIS 

Figure 2.1: global map showing annual sum of irradiation by geographic area 

 

When all photovoltaic modules are on the same plane, estimating their annual energy 

production (kWh/kWp/year) can be highly accurate. Estimation becomes more difficult as 

BIPV systems become increasingly accepted by architects and builders, since irregular and 
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curved shapes will be desired. Partial shading as a result of complex geometry is a design 

issue which can lead to performance losses. Urbanetz et al. found that a curved PV array 

on a parking shade structure was 10% less efficient than a flat rooftop array on the same 

site, due to shading. Consequently, compromises between the aesthetics (form) and 

energy production (function) expected from a BIPV system will have to be reached. In the 

case of Urbanetz et al., a 10% loss can be considered acceptable since the curved design is 

more visually and functionally appealing for the desired application. 

2.2 Effects of Heat on Performance 

Solar irradiation is more critical in determining the maximum temperature of PV modules 

than the outdoor air temperature. Depending on the material of PV cells, efficiency 

reduction due to overheating can be partially alleviated through the integration of a 

thermal collection system. Such systems absorb much of the heat gained by PV panels 

through a heat transfer fluid in an open-loop (air) or closed loop (liquid) configuration. The 

benefits are twofold: collecting more energy and lowering the temperature of PV modules. 

In such situations, BIPV/T systems are more cost effective (Chen et al. 1894-1895). The 

collected heat can be used for space heating or district hot water (DHW) heating either by 

direct means or through a heat pump. Chen et al. incorporated a ventilated core slab (VCS) 

in the basement of a single family dwelling, utilizing the collected heat as means to warm 

the hollow-core slab. Chen et al. also found that wind has the most significant cooling 

effect, whereas mechanical ventilation had a negligible effect; for every 1km/h increase in 

wind speed, the temperature in the air cavity was reduced by 2 degrees due to convective 

heat transfer. 

 

While higher temperatures generally result in the reduced performance of PV modules, a-

Si cells perform more optimally under higher temperatures due to the annealing effect of 

the material (Hu et al. 50). Amorphous silicon cells offer the added benefit of flexibility and 

can be integrated into the design of curved geometries, like those of ETFE cushion systems. 

ETFE BIPV systems also offer the potential to harvest thermal energy between the top and 
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bottom layers (within the air cavity), while producing energy and offering ample daylight 

to the contained spaces. The Japanese Pavilion at Expo 2010 (figure 2.2, left) incorporates 

a-Si modules on its ŎǳǎƘƛƻƴǎΩ ŜȄǘǊŜƳŜ ƻǳǘŜǊ ǎǳǊŦŀŎŜǎΦ {ǳŎƘ ŀǇǇƭƛŎŀǘƛƻƴǎ ŀǊe not ideal since 

high temperatures affect the inflation of the skin, compromising the overall structure. 

Experiments conducted on a full-scale testbed in China show that integrating photovoltaic 

cells on an intermediate layer mitigates the temperature effects on the structure (Hu et al. 

42-45). 

 

  
 
Source: (left) www.inhabitat.com; (right) Kieran Timberlake Architects. United States Chancery, London. нлмтΦ !ǊǘƛǎǘΩǎ 
Concept. US Department of State. Washington, DC. 

Figure 2.2: (left) ETFE BIPV system with a-Si PV cells applied to extreme inner surface; (right) façade 
integrated ETFE BIPV system using crystalline PV cells 

2.2.1 Double Skin Facades 

Double skin ventilated facades offer interesting potential in both the design and 

performance of BIPV systems: its thermal buffer zone reduces the cooling load during 

summer months, preventing heat from entering directly through the building envelope; 

during winter months, the system can be used to preheat ventilation air, thereby reducing 

the heating load (Agathokelous et al. 745-746). The captured thermal energy can also be 

exhausted and/or circulated, drawing colder air up the wall assembly- particularly useful 

for cooling photovoltaic panels since PV efficiency is reduced under high temperatures. 

 

There are two types of ventilated facades; a traditionally ventilated air chamber is only 

open to the exterior at the top and bottom (figure 2.3, left), while open joint ventilated 

facades (OJVF) incorporate a series of thin gaps that allow exterior air to enter and exit the 
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cavity along the wall or roof assembly (figure 2.3, right). OJVFs are desirable in climates 

with hot summers and mild winters, since surface temperatures are higher. 

 

 
 
Source: eSim conference paper 

Figure 2.3: (left) single inlet BIPV/T system; (right) multiple inlet BIPV/T system 
 

Recent studies have also analyzed OJVF performance in cold climates. Yang et al. showed 

that a multiple cavity wall assembly increases the thermal efficiency of a BIPV/T system in 

a cold climate by up to 7% when compared to a single cavity system. By countering the 

effect of temperature stratification, the heat within the cavity is evenly distributed and 

therefore minimizes temperature variation among the PV panels; this facilitates the 

estimation of energy production. Moreover, a uniform and reduced temperature slows the 

degradation of PV modules, extending their operational lifespan. From an architectural 

perspective, the size and location of the air gaps, along with the length and shape of PV 

panels, has a direct effect on the air collection rate within the cavity, and ultimately system 

design and performance. 

2.3 Adaptive Facades 

Adaptive Solar Facades (ASF) are modular, dynamic building facades. The basic element of 

the ASF is a dynamic, multifunctional module which can act autonomously or in a cluster 

(figure 2.4). Each module is essentially a miniaturized solar tracker. Dynamic facades have 

the potential to increase the efficiency of BIPV systems by as much as 10 to 25% 

(depending on geographic location and design) since individual modules can be raised and 

twisted in order to maximize direct exposure to solar radiation. Furthermore, they can add 
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to the architectural expression of a building. While ASFs are a novel solution to optimize 

panel orientation, they also pose several challenges, particularly in northern climates. 

Aside from being slightly more expensive than fixed systems, their more complex 

technology, consisting of several moving parts, can affect the reliability of their operation. 

During winter, icing on the actuators can completely inhibit ǘƘŜ ǎȅǎǘŜƳΩǎ ŦǳƴŎǘƛƻƴŀƭƛǘȅΦ 

Costs associated with de-icing and regular maintenance can erase much of the financial 

value gained from ǘƘŜ ǎȅǎǘŜƳΩǎ increased energy production. 

 

  
 
Source: eSim conference paper 

Figure 2.4: (left) individual module for an ASF system; (right) an array as part of an ASF system 
 

2.4 Building Precedents 

Most built examples of façade-integrated photovoltaic systems simply replace vision or 

spandrel glass with PV modules (figures 2.5, 2.6). These designs rely on the respective 

buildingǎΩ large vertical surface area to help compensate for a reduced power output, a 

result of less than optimal orientation. Given the relatively low efficiency of PV systems 

(between 15-20%), especially when considering the loss in DC to AC conversion (10% of 

the total system loss), it is not good practice to attribute a loss of output to poor design. 

Photovoltaics are often implemented in such a manner because the solution employs 

standardized PV modules of nominal size. PV modules exist in a typically flat and 

rectangular form factor because it offers an efficiency in their manufacture, reducing cost. 

While this reason is valid from a basic economic perspective, it limits the design potential 

available to architects, as well as the performance potential in building projects that do not 
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lend themselves to a straightforward application of such solutions, particularly when 

aesthetics are valued and site conditions are constrained. 

 

  
 
Source: Adrian Smith Gordon Gill Architecture. Federation of Korean Industries. 2013. Photograph. Federation of Korean 
Industries. Seoul. 

Figure 2.5: (left) BIPV Façade on a skyscraper in Seoul, South Korea; (right) image of same building 
showing BIPV skylight and façade 

 

The Federation of Korean Industries building in Seoul, South Korea demonstrates a 

straightforward design and application of various BIPV systems. Due to the functional 

concerns associated with the leasing and occupancy of high-rise office towers, the 

dimension within which its BIPV façade could have been designed was constrained both in 

depth as well as in expression. Since views out of the offices are valued and a rectangular 

floorplate is required, the architects simply tilted and substituted what would normally be 

infill spandrel panels with c-Si PV modules. Such a strategy only marginally increases 

system efficiency. On another portion of the building, c-Si cells are used as shading devices 

as well as on-site power generators on a skylight assembly. 

 

The municipal office building in Aarhus, Denmark shown in figure 2.6 incorporates several 

types of photovoltaic modules within the expression of its façade. Similar to the Korean 

example, spandrel panels are substituted with tilted c-Si panels in between glazed 

segments. Elsewhere on the façade, a shading system incorporates solar cells in a 

horizontal pattern, breaking up what would otherwise be a monotonous, flat wall. 

 

 

 



 

 23 
 
 

 

  
 
Source: C.F. Møller Architects. Low Energy Office Building. 2010. Photograph. Aarhus Municipality. Aarhus. 

Figure 2.6: low energy office building in Denmark incorporating a variety of BIPV solutions 

 

 

  
 
Source: Mørk, Adam. Horten Headquarters, 3XN Architects. 2009. Photograph. Carlsberg Ejendomme. Copenhagen. 

Figure 2.7 façade designed to reduce internal heat gain 
 

While not a BIPV façade, the envelope for ŀ ƭŀǿ ŦƛǊƳΩǎ headquarters in Copenhagen, 

Denmark elegantly combines ornament and functionality. Its faceted, folded pattern is 

designed such that all glazed surfaces are oriented to the north, minimizing solar heat gain 

within the building. The glazed portions also face a canal, therefore the building is not only 

oriented for optimal efficiency, but is also designed to offer its users the best views of its 

surroundings. The façade is also novel in material composition, employing the use of 

fiberglass instead of steel framing. Its method of construction is technologically 

sophisticated and innovative in its modular assembly, yet simple in the sense that the 

issues it mitigates are age-old. In this case, the solution is more architectural than it is 

technological. The architecture itself is the primary contributor to the energy savings and 
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sustainable quality of the building. Simultaneously, the three-dimensional relief of the zig-

zag pattern creates visual interest; from the south, the façade appears to be completely 

solid (figure 2.7, right); from the north, the folded pattern of glass and travertine cladding 

becomes distinct (figure 2.7, left). It is a far more elegant solution to shutting out excessive 

sunlight when compared with traditional methods that include, among others: aluminum 

awnings; brise-soileil; window tints; window films. 

 

  
 
Source: Coop Himmelb(l)au. House of Music II. 2014. Photograph. North Jutland House of Music Foundation. Aalborg. 

Figure 2.8: (left) faceted BIPV/shading system; (right) detailed view of solar PV shading system 

 

Musikkens Hus (figure 2.8) in Aalborg, Denmark incorporates solar PV panels within the 

ƎŜƻƳŜǘǊȅ ƻŦ ŀƭǳƳƛƴǳƳ ǎƻƭŀǊ ǎƘŀŘƛƴƎ ŘŜǾƛŎŜǎ ƻƴ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ǎƻǳǘƘŜǊƴ ŦŀœŀŘŜΦ Lǘ ƛǎ ƴƻǘ 

clear whether the inspiration for the faceted forms came prior to or after the incorporation 

of the PV cells, however the result is both visually interesting and functional. 

 

WYƛŜǊŀƴ ¢ƛƳōŜǊƭŀƪŜΩǎ ŘŜǎƛƎƴ ŦƻǊ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ŎƘŀƴŎŜǊȅ ƛƴ [ƻƴŘƻƴ (Figure 2.9) 

incorporates crystalline cells behind a veil of ETFE foils draped along a second skin, 

outboard of the glazed building envelope. Since the ETFE foils are not inflated, the use of 

c-{ƛ ŎŜƭƭǎ ŘƻŜǎ ƴƻǘ ŀŦŦŜŎǘ ǘƘŜ ǎȅǎǘŜƳΩǎ structural integrity. As a result, the design mitigates 

wind downdrafts, generates energy, and reduces internal heat gain in one fell swoop- an 

elegant solution to several common problems faced by office buildings. It is noteworthy, 

however, ǘƘŀǘ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀ .Lt± ǎȅǎǘŜƳ ƛƴ [ƻƴŘƻƴΩǎ often overcast and rainy climate 

may not be the most cost effective method of pursuing goals in energy efficiency. 

 

 


