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APPENDIX 1.1 Energy transition 

 

Global energy transition 

According to the Energy Manual (2008) the full spectrum of reasons for an energy transition1 can be 

deduced from four elementary differences between the main energy sources currently in use, formed by 

nuclear and fossil energy on the one hand and renewable energies on the other hand, namely: 

 

• The use of nuclear and fossil fuels causes major emissions into the environment while renewable 

energies, in principle, can be used without these effects; 

• fossil fuels are finite which leads to rising costs and on the long term will lead to supply 

bottlenecks and emergencies.  

• nuclear and fossil fuels reserves are found in relatively few regions of the Earth which inevitable 

leads to infrastructural, economic and political conflicts; 

• due to above mentioned conditions fossil and nuclear fuels are becoming more and more 

expensive while renewable energies are becoming less and less expensive due to continuous 

technological improvements. 

 

To establish this energy transition with today’s technologies, there are several forms of renewable 

energies available on our planet which could be used. This by means of replacing the conventional fuels 

in four distinct markets: electricity generation, hot water and space heating, transport fuels, and rural 

(off-grid) energy services (Renewable Energy Policy Network (REN21), 2010). Projecting this for instance 

on the electricity use of a building, several renewable energies could be used as presented in Figure 0-1.  

                                                           
1 Krause, Bossel, Müller-Reißmann, 1980 
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Figure 0-1: Global physical potential of renewable energies (Nitsch, 2007) 

Figure 0-1 shows also that compared with the Current annual Global Primary Energy Consumption 

(GPEC) there is anyway a great potential for renewable energies. Solar power (solar electricity) is by far 

the most available source of renewable energy and has therefore great potential in fulfilling future 

electricity demand. This besides the important fact that renewable energy sources have a tremendous 

potential to reduce the carbon footprint (Okken et al., 1989).  

 

While Figure 0-1 shows that the complete global energy consumption could be supplied by renewable 

energies, Figure 0-2 shows that still only 19 percent is supplied by renewable energies in 2008. 

 
Figure 0-2: Share of renewable energy in the global energy consumption, 2008 (Renewable Energy Policy Network 

(REN21), 2010) 

Of the existing renewable energies capacity, installed electricity capacity reached an estimated 1,230 

gigawatts (GW) in 2009, with a growth rate of 7 percent from 2008. Renewable energy now comprises 

about a quarter of global power-generating capacity (estimated at 4,800 GW in 2009) and supplies 

approximately 18 percent of the global electricity production (Figure 0-3).  
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Figure 0-3: Share of global electricity from Renewable Energy, 2008 (Renewable Energy Policy Network (REN21), 

2010) 

Figure 0-3 also shows that the installed renewable energies capacity for electricity production depends for 

a large part on hydropower. However it is very likely that other renewable energies, currently 3%, will 

have an increasingly significant role in country’s overall electricity production, specifically in developing 

countries such as Argentina, Costa Rica, Egypt, Indonesia, Kenya, Tanzania, Thailand, Tunisia, and 

Uruguay, where renewables markets are growing rapidly according to the Renewable Energy Policy 

Network (REN21) (2010). 

 

Potential scenarios for future global energy transition 

Above mentioned developments already correspond with several scenarios, outlined by different 

institutions, for worlds energy transition.  

 

The German Advisory Council on Global Change (German Advisory Council on Global Change (WBGU), 

2003) outlined an energy transition scenario (Figure 0-4) that embraces four key components: 

 

• Major reduction in the use of fossil energy sources; 

• phase-out of the use of nuclear energy; 

• substantial development and expansion of new renewable energy sources, i.e. solar power; 

• improvement of energy productivity far beyond historical rates. 
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Figure 0-4: Transforming the global energy mix: The exemplary path until 2050/2100 (German Advisory Council on 

Global Change (WBGU), 2003) 

According to the New Policies Scenario 2 of the World Energy Outlook 20123 the global installed capacity 

of renewable energy sources for electricity production increases from 1 465 GW in 2011 to 3 770 GW in 

2035 (International Energy Agency, 2012). A total of just over 3 000 GW of renewables capacity, including 

replacement of older installations, is built from 2012 to 2035, more than half of total gross capacity 

additions in the electricity sector. Replacement for retiring assets amounts to 700 GW of capacity over the 

Outlook period, of which 55% is wind energy, 18% is solar photovoltaics (PV), and 15% is hydro. By the 

end of the Outlook period, renewable energy capacity additions exceed 170 GW per year (Figure 0-5).  

                                                           
2
 New Policies Scenario: A scenario in the World Energy Outlook which takes account of broad policy commitments 

and plans that have been announced by countries, including national pledges to reduce greenhouse-gas emissions 

and plans to phase out fossil-energy subsidies, even if the measures to implement these commitments have yet to be 

identified or announced. 
3 Publication of the International Energy Agency (IEA) 
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Notes: Net additions plus replacement of retired capacity equals gross capacity additions. Other includes  
geothermal, concentrated solar power (CSP) and marine energy. 

Figure 0-5: World average annual renewables-based capacity additions by type in the New Policies Scenario 

(International Energy Agency, 2012) 

However hydropower and wind energy maintain an important position, though their share of total 

generation falls during the years until 2035, in both scenario’s solar photovoltaics will have a significant 

share.  
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APPENDIX 1.2 Sustainable development 

 

Sustainability 

For clarification of the concept of sustainable development it is important to have good understanding of 

the following key elements around the subject of sustainability (Graham, 2003): 

 

• understand the interdependencies of buildings and nature; 

• understand how building affects nature; 

• understand what is and what is not sustainable; 

• understand how buildings can work with nature. 

 

As there are different interpretations of sustainability a clear definition is appropriate (Kuhlman and 

Farrington, 2010). Over the last decades humans demand on the Earth's ecosystems have increased 

tremendously, due to a growing world population together with a growing prosperity resulting in the 

use of more materials and energy than earth is able to produce. This resulting in depletion of resources 

and growing pollution with all the consequences which can be noticed nowadays.  

 

Where the originally concept of sustainability was coined  in forestry, where it means never harvesting 

more than what the forest yields in new growth, nowadays it applies to the phenomenon of depletion of 

resources in general as an important source for problems to future generations (Wiersum, 1995). A 

phenomenon which was argued in the work of Thomas Malthus in 1798 which stated a theory about 

major food shortage resulting from the inability of available agricultural land to feed an expanding 

population (Kuhlman and Farrington, 2010).  

 

It took until the 1970’s that depletion of natural resources and pollution captured the attention of global 

public policy. An important milestone in these years was set by the Club of Rome, which predicted that 

many natural resources crucial to mankind’s surviving would be exhausted within one or two 

generations . A prediction which is increasingly starting to become reality with the current problems 

regarding the greenhouse effect and the depletion of fossil fuels (Meadows et al., 1972; World Resources 

Institute Staff, 1992; Spence and Mulligan, 1995).   

 



10 

 

As a reaction to these negative developments, by showing a possible way out, the Brundtland Report was 

presented which defined the concept of sustainability as it is now widely regarded, namely: 

‘development that meets the needs of the present without compromising the ability of future generations 

to meet their own needs’ (World Commission on Environment and Development, 1987). A definition 

which nowadays has three dimensions derived from the Triple Bottom Line concept of Elkington (1994): 

economic development, social development and environmental protection where the outcomes of the 

three different developments need to be in harmony to generate long-term sustainability. For example 

when economic development has too high a priority, human and environment will suffer, e.g. due to 

poor working conditions or destruction of nature (deforestation). 

 

In developed countries the building sector has a significant role in its contribution to global ecological 

degradation and greenhouse gas (GHG) emissions. Considering the fact that about 40% of the greenhouse 

gases are resulting from the construction and use of buildings and approximately 40% of the total energy 

consumed in the industrial nations goes into the operation of buildings. In addition to this, 10% of the 

energy consumption is for the production of materials, construction processes and the transport of 

building materials. Above all, approximately 50% of all the materials extracted from the Earth are 

consumed by the building sector together with about 60% of all the waste produced in the world that 

comes from building and civil engineering work (Hegger et al., 2008).  

 

Even though this might be less valid for the hotel buildings in developing countries it can be stated that 

also here are still opportunities for material and energy efficiency and the use of renewable materials. If 

necessary, to compensate the sector’s significant contribution to global GHG emissions due to the rapid 

growth in both international and domestic travel in the tourist sector, more frequent traveling and the 

increasing preference for energy-intensive transportation with the use of the non-renewable energy 

resources (UNEP, 2011a).    

 

As a result general lessons can be learned from these findings for future building in developing countries 

by aiming more material efficiency, less pollution during the construction and operating phase of 

buildings and use  local, more environment friendly building materials to lower the energy consumption 

for the production of materials, construction processes and transport of building materials (Abarca 

Guerrero, 2009). Hereby a country can become less dependent of fossil fuels in the end.             
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Sustainable development in Costa Rica 

Using the Trias approach to establish sustainable development two different options can be considered 

(Pack and Saggi, 1997; Shila K. de Vries, 2002): 

   

Option 1: making use of local development of the technology, indigenous technology development; 

Option 2: development by technology from abroad, international technology transfer.  

 

It can be assumed that a countries approach to sustainable development can differ by country. So, to 

achieve full understanding of the approach for sustainable development in the case of a growing region, 

such as Latin America and the Caribbean (LAC), it is important to have knowledge about the unique 

economic, social and natural problems that are faced by most of these LAC countries. As these problems 

are specific for each region a regional approach is important to achieve sustainable development here 

(Gomes and Silva, 2007).  

 

While before there was made a clear separation between the mentioned two options, a combination 

between the two options could give new insights for innovation which enables possibilities for 

sustainable development in Costa Rica. This according the Innovation Cycle of Egmond and 

Kumaraswamy which enables to seek to this combination (2003; Figure 0-6).  

 

Somehow it is important to make use of international knowledge and guidelines, for implementing 

sustainable development in the construction sector but certain patterns from the developed world cannot 

blindly be followed for every region.  

 

Therefore, local tools, materials and methods should always be taken into account and if needed 

developed and used instead to achieve successful sustainable development in a country (Gomes and 

Silva, 2007).  

 

It’s exactly this combination between local and international knowledge that can make the difference 

between a successful and unsuccessful innovation. This lowers the barrier between innovation and 

adoption and enables directly involved people just to understand the necessity of an innovation and 

eventually will accelerate and support the process of innovation by means of quicker adoption. 
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Figure 0-6: Innovation Cycle (Egmond and Erkelens, 2008) 

 

 
Figure 0-7: Trias Energetica (Lysen, 1996; Entrop and 

Brouwers, 2009) 

 
Figure 0-8: Trias Hylica (Lysen, 1996; Entrop and 

Brouwers, 2009) 

The Trias Energetica approach refers to three steps as seen 

in Figure 0-7: 

 

1. Reduction of energy demand by energy 

efficiency. For example the use of suitable 

insulation; 

2. use of sustainable energy sources instead of 

finite fossil fuels in the case energy is still 

needed. For example photovoltaic solar panels 

(PV modules) are included in this step; 

3. however, if there is still a need of energy 

because renewable sources are unable to fully 

fulfill the energy demand (or unable to cope 

with peak demands) the use of fossil fuels is 

allowed. In this case an effective use of the 

supplies is required.  

The Trias Hylica approach refers to three steps as seen 

in Figure 0-8: 

 

1. Reduce unnecessary use of materials, 

also known as material efficiency. For 

example through combinations of 

functions; 

2. use of local renewable materials for the 

use in buildings and/or production of 

building materials; 

3. however, if there is still a need to use 

non-sustainable sources, use them in the 

most effective way. 

 

  



13 

 

APPENDIX 2.1 Questionnaire 

 

‘QUESTIONNAIRE REGARDING IMPLEMENTATION OF 

POSSIBILITIES FOR SOLAR ENERGY IN HOTELS’ 
(English) 

 

INTRODUCTION 

Dear sir/madam, 

 

For my University graduation project: 'Research about the implementation of possibilities for 

solar-energy in the building system of hotels in tropical climates', I'm currently doing field 

research in Costa Rica. At the University Tecnológico de Costa Rica in Cartago. During the 

coming weeks I’m doing an internship in ‘Purasol’. Purasol is an distributor and installer of 

renewable energy technology in southern Costa Rica. 

I'm a student Building Technology Development from the Eindhoven University of Technology, 

the Netherlands, with a focus on sustainable products. I will perform my research in Costa Rica 

until half March.  

 

PURPOSE AND REQUEST FOR INFORMATION 

An important item in this research will be the consideration of demands that hotel owners 

could have by choosing a suitable implementation of solar energy in their hotel. Therefore it is 

necessary to gain valuable data on the actual demands for the implementation of sustainable 

energy in hotel design. By filling in this questionnaire, you are contributing with suitable and 

important data that can be elaborated in an objective manner in the research. Therefore, I 

appreciate your prompt response since I will stay in the country collecting the information until 

half March. 

 

The purpose of the research will be an (technical) elaboration of two case studies where solar 

energy is implemented in a feasible way to show what opportunities there are for solar energy 

implementation in hotels in tropical climates. This will be done by elaborating technical 

blueprints, energy calculations, a cost analysis and further recommendations. 

 

All information will be used strictly confidential and not for any commercial activities other than 

for the research report. Everyone that fills this questionnaire will receive the end result. 

 

Wouter van den Kieboom 

 w.h.m.v.d.kieboom@student.tue.nl 
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Hotel 

 
Date .......................................................................................................................................  

Name person: ........................................................................................................................  

Name Hotel: ..........................................................................................................................  

Address/telephone/email: ....................................................................................................  

 ...............................................................................................................................................   

 ...............................................................................................................................................  

 ...............................................................................................................................................  

 ...............................................................................................................................................  

Website: ................................................................................................................................  

Province: ................................................................................................................................  

Year of construction: .............................................................................................................   

 

● Hotel Typology:  

�  Eco Hotel/Eco-lodges  

�  Apartments 

�  Spa Hotel 

�  Resort Hotel 

�  Boutique Hotel   

�  Other, namely: ......................................................................................................................  

 

● Footprint: 

Type of room/lodge    Quantity   Quantity of  Global  

of persons  rooms/lodges  volume (m
2
) 

in total     

 

  ...................................   …….Pers./beds  …….    …….   

  ...................................   …….Pers./beds  …….    …….   

  ...................................   …….Pers./beds  …….    …….   

  ...................................   …….Pers./beds  …….    …….   

  ...................................   …….Pers./beds  …….    …….   

 

● What are structural characteristics of your hotel regarding: 

 

Type of structure:     �  Light (e.g. much wood)    �  Heavy (e.g. much concrete) 

            �  Open     �  Closed   
(e.g. high amount of open space/windows)  
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● Main materialization of structure/facades: 

Yes No 

Bamboo         �  �  

Wood          �  �  

Concrete (block)        �  �  

Glass          �  �  

Other, namely: ......................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

 

Sustainability 

           Yes No 

● Does sustainable tourism form a target group for your hotel?  �  �  

● Do you have an international focus regarding tourism?   �  �  

● Is the hotel certified?         �  �  

Type of certification in case your answer is yes (e.g. Certificación para la Sostenibilidad 

Turística etc.):........................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

 

              Yes No 

● Is your hotel considering sustainability issues?    �  �  

 

● If yes, what does sustainability mean for your hotel?  

 ...............................................................................................................................................  

 ...............................................................................................................................................  

 ...............................................................................................................................................  

 ...............................................................................................................................................  
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Sustainable energy:  

         
● With what types of renewable energy are you familiar?    

Yes No 

Solar energy         �  �  

Wind energy         �  �   

Biomass         �  �  

Geothermal energy        �  �  

Hydro energy         �  �  

 

● Has your hotel implemented at this moment applications or forms of renewable energy? 

 

Yes No 

�  �  

If yes, what/how/where:.......................................................................................................  

 ...............................................................................................................................................  

 ...............................................................................................................................................  

 

● Are you interested in new forms of energy for your hotel?   Yes No 

�  �  

 

● If yes, for what reason are you interested in new forms of energy for your hotel? (please 

check one of the below items, more than one is possible) 

           Yes No 

Raising energy price        �  �  

Lack of infrastructure (scheduled blackouts)     �  �   

Increased energy demand of hotel      �  �  

‘Green image/sustainable character of hotel’    �  �  

Personal interest        �  �  

Other, namely: ......................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  
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● Which of the below factors constitute an important issue for your hotel? 

 

          Yes No 

Raising energy price        �  �  

Lack of infrastructure (scheduled blackouts)     �  �   

Increased energy demand of hotel      �  �  

‘Green image/sustainable character of hotel’    �  �  

Personal interest        �  �  

Other, namely: ......................................................................................................................  

...............................................................................................................................................  

 

● Do you have any other special interest in solar energy? (e.g. possibilities of integration in 

the building) Please include them here: 

...............................................................................................................................................  

...............................................................................................................................................  

 

Yes No    

● Do you know what PV technology is?      �  �  

● Are you interested in PV technology?     �  �  

 

On Grid Off Grid Both  

● Are you interested in on grid connected,   �   �   �  

off grid connected or both? 

● Why On Grid (e.g. too expensive to have batteries): ...........................................................  

...............................................................................................................................................  

● Why Off Grid (e.g. too far from grid to be connected to the grid):  .....................................  

...............................................................................................................................................  

 

● Do you know what thermal solar energy is?     �  �  

● Are you interested in thermal solar energy?     �  �  
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Implementation 

 
-  What is the period of high season for your hotel (months): ………………...until…………………. 

 

- Which is your average energy consumption per month during high season:       .………(kWh) 

 

- Which is your average energy consumption per month during the whole year: ….. ….(kWh) 

 

- What will/can be the purpose of solar energy in your hotel and can you give a number of 

importance that the purpose could have for your hotel in a scale from 1-10?  

 

Yes No 1-10 

Heating the swimming pool      �  �  ……. 

Heating the water for cooking/showering etc.   �  �  ……. 

Gaining electricity for household items    �  �  ……. 

Gaining electricity for lighting      �  �  ……. 

Providing shadow by intelligent placement of the panels  �  �  ……. 

Other purpose(s): .............................................................................................  ……. 

  

● What are the major energy consuming factors in your hotel and what percentage 

concerns it in the total energy consumption of the hotel?  

 

Yes No 10-30% 30-50% 50-70% 

Air conditioning     �  �  �  �  �  

Heating the water for cooking/showering etc. �  �  �  �  �  

Household items     �  �  �  �  �  

Fossil fuel generators     �  �  �  �  �   

Lighting     �  �  �  �  �  

Other purpose(s):…………………………………………………………........ �  �  �   

…………………………………………………………………………………………….. 

    

● In the case of the implementation of solar energy (panels) in your hotel. What are 

important factors for you? 

Yes No 

Panels need to integrated on the roof     �  �  

Panels can be integrated on the walls of the building    �  �  

Marketing tool to attract 'sustainable tourism'    �  �  

Short payback time of panels       �  �  

Panels need to be visible for the people     �  �  

Other reasons: ......................................................................................................................  

...............................................................................................................................................  
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Case study 

            

● Are you open to consider your hotel as a subject for a case study for further research? 

(depending on your wishes and requirements)    

          Yes No  

�  �  

 

● Do you have any further comments? 

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

...............................................................................................................................................  

 

 

THANK YOU VERY MUCH FOR YOUR TIME AND INTEREST 
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APPENDIX 2.2 Coding scheme 
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APPENDIX 2.3 Picture page 

 

  

  

  
 

 

 

 

 



22 

 

 

APPENDIX 2.4 Operationalization 
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APPENDIX 3.1 Photovoltaic electricity 

 

History photovoltaic effect 

The photovoltaic effect was discovered by Becquerel in 1839 who demonstrated that electrons could 

interact with electromagnetic radiation (Creatore et al., 2012). This interaction is the physical principle of 

photovoltaic (PV) devices that convert solar light, also called global irradiation (light – Greek: phōs, phōt-) 

into electricity with the unit of measurement in volt (V). Based on this principle Rossel Ohl discovered the 

first silicon solar cell by accident in 1940 (Riordan and Hoddeson, 1997). From here a lot of progress has 

been made in the solar technology. The first commercial use of solar cells was in spacecraft, beginning in 

1958. These solar cells were made of crystalline silicon wafers and had an efficiency of 6%. For a long time 

this was the only application of solar cells (Creatore et al., 2012). Because of the energy crisis in the 

seventies of the 20th century the search of new energy sources for use on the planet was accelerated, 

which resulted in a growing interest for PV solar energy.  

 

 
Figure 0-9: History of PV technologies (Zeman, 2011) 

 

Photovoltaic system 

Nowadays four types of PV installations can be identified, i.e. grid-

connected centralised (large power plants), grid-connected distributed 

(smaller rooftop and façade systems), off-grid non-domestic (power plants 

and industrial installations in remote areas) and off-grid domestic (mainly 

stand-alone rooftop systems for houses in remote areas). Every type of 

installation differs in their requirements for Balance of System (BOS) 

components. Hereby the Balance of System includes all components of 

a photovoltaic system other than the photovoltaic panels itself. This includes 
Figure 0-10: Balance of 

System of (a) stand-alone 

PV system and (b) grid-

connected PV system (U.S. 

Department of Energy, 

2008) 
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wiring, switches, mounting structures, an inverter to change direct current (DC) to alternating 

current (AC), and batteries in the case of off-grid systems. Sometimes the BOS includes land in the case of 

free-standing systems (Figure 0-11). 

 

Furthermore PV systems can be classified according to the type of solar cells used. This will now further 

be explained.  

 

Solar cell concepts 

In general the development of building integrated photovoltaic (BIPV) systems follows the development 

within photovoltaic (PV) cells in general. Therefore, some aspects of the development in the PV industry 

will first be addressed.  

 

Considering aspects as efficiencies, costs, fabrication technologies and materials used until now, solar 

cells have been divided in three categories, so-called “generations” (Figure 0-11 and 0-13; Green, 2001; 

Raugei and Frankl, 2009; Creatore et al., 2012; Jelle et al., 2012a; William Harris, 2013): 

 

 
Figure 0-11: Overview of the different main PV technologies (Raugei and Frankl, 2009) 

 

• First generation solar cells: wafer-based types of silicon materials for solar cells based on mono- 

and multi-crystalline silicon (also called poly-crystalline) with relatively high efficiencies but also 

very high material costs. Sillicon is the most common used material for PV modules. Mono-

crystalline silicon cells have the highest efficiencies, but also higher prices and the color is usally 

black or gray. Also based on silicon there are amorphous silicon (a-Si:H) modules which consist 

of a very thin layer of hydrogenated silicon deposited on glass, metal or plastic, resulting in an 

essentially lower efficiency but lower costs for production of the modules compared to the other 
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silicon based modules. Thin-film solar cells are lightweight, durable and easy to use. The 

modules are primarily used for building integrated solutions (facades, roof shingles), as well as in 

consumer electronics. The cells, known as thin-film cells, have a brownish or reddish colour. 

• In addition to amorphous silicon thin-film cells, cadmium telluride (CdTe) and Copper Indium 

(Gallium) diSelenide (CI(G)S) are second generation non-silicon-based thin film solar cells with 

low cost and low efficiency. CdTe technology has the lowest production costs among the current 

thin-film modules and has a reflective dark green to black color. CIS and CIGS cells have the 

color of dark grey to black. 

• The third generation solar cell concepts consist of ultra-low cost and low-

medium efficiency organic-based modules (based on dye sensitized cells, 

extremely thin absorbers, organic polymer cells, etc.), ultra-high efficiency 

modules (based on quantum cells and nano-structured devices), and solar 

concentrator systems (in which arrays of PV modules are mounted onto 

large movable structures which are continuously aimed at the sun). These 

“third generation” PV technologies are still in the prototype stage and are 

far from commercial stage. 

 
Figure 0-13: three categories (Weller et al., 2010) 

The major challenge of using solar cells for 

electricity generation is formed by its cost price 

compared to electricity generated from 

traditional sources. As illustrated in Figure 0-14 

the main challenge of PV is to reduce the cost per 

kWh of delivered solar electricity drastically. 

Figure 0-12: Flexible 

use of thin-film solar 

cells 

Figure 0-14: Schematic view of main challenges in PV 

(Creatore et al., 2012) 
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Hereby  the constant improvement of the average efficiencies of solar 

modules can drive prices even further down, next to policy-driven 

incentives (Creatore et al., 2012).  

 

Despite their high material costs crystalline silicon solar cells are 

currently still dominating the PV market with a market share of 

approximately 90% (Creatore et al., 2012; Jelle et al., 2012a). The current 

market shares of the different PV technologies are illustrated in Figure 

0-15.  

 

Efficiencies 

Typical efficiencies for mono-crystalline cells are 16-24%, and the most efficient mono-crystalline modules 

nowadays have efficiencies of approximately 20% (Jelle et al., 2012a). Poly-crystalline cells have an 

efficiency of 14-18%, amorphous silicon cell efficiency vary from 4% to 10%. The power per unit area is 

typically 75–155 Wp/m2 for mono-crystalline and poly-crystalline modules, and 40–65 Wp/m2 for thin-

film modules (Jelle et al., 2012a). CdTe technology has cell efficiencies ranging between 9.4% and 13.8%, 

CIS and CIGS cells have efficiencies of 11–18.7% which are therefore the most effective thin-film cells to 

date. Hereby the most efficient CIS/CIGS modules to date have efficiencies of approximately 13% (Jelle et 

al., 2012a). See Figure 0-16 for a timeline for reported best research-cell efficiencies. 

 

 
Figure 0-16 A timeline for reported best research-cell efficiencies, depicting all verified records for various PV 

conversion technologies (National Renewable Energy Laboratory (NREL), 2013) 

 

 

Figure 0-15: : PV technology 

market shares (Raugei and 

Frankl, 2009) 
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In Table 0-1 current average technology specification data for the mentioned PV module types, in this 

research, are reported. 

 
Table 0-1: PV technology specification (Raugei and Frankl, 2009). 

 

 

Operating principles 

An important aspect of the conversion of light into energy lies in the material of the solar cells, also called 

the semiconductors. At very low temperatures these behave like insulators and do not become electrically 

conductive until heat or light is applied. When these semi-conductors are exposed to sunlight small 

amounts of electric current is produced, also known as the already mentioned “photovoltaic effect”. 

A solar panel basically exists of several linked solar cells. These solar cells consist of a combination of two 

layers with different conductivity, a negative top layer and a layer beneath which is positive. This 

different conductivity is processed through a chemical process, where in the case of crystalline silicon, for 

example, the layer on the sunlight side is negatively (n-) doped with phosphorus. The layer beneath is 

positively (p-) doped with boron, which therefor has an excess of positive charge carriers. The boundary 

between the layers is the p-n junction. At the junction of these two different materials  a voltage 

difference is generated when the solar cell is exposed to sunlight (Figure 0-17). 

 

Sunlight is made up of packets of energy, so called photons. When sunlight is striking a solar cell a 

portion of the photons are absorbed by the semiconductor. When this happens the energy of a photon, 

depending on their wavelength, is transferred to an electron in an atom of the cell causing the electron to 

escape from its normal position. Because of the electrical field at the p-n junction, the negatively charged 

electrons go to the top side, whereas the positive charge carriers accumulate in the p-zone. Additionally a 

hole is created in the atom which will attract another electron from a nearby atom now creating, at his 

turn, another hole, which is again filled by an electron from another atom. As this happens an enormous 

amount of times, the electrons will flow and an electric current is formed. The output power of a solar cell 

is the product of current and voltage expressed as watt-peak (Wp) (Weller et al., 2010; EnergyBible.com, 

2012).  
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Figure 0-17: Structure and operational principle of a solar cell (Zeman, 2011) 

Figure 0-17 shows also the transmission losses associated with the process of converting sunlight into an 

electric current. For example, losses are caused by reflection and shading of the front contacts, 

recombination effects4 next to unused energy that is absorbed and transformed into heat (Deutsche 

Gesellschaft Für Sonnenenergie, 2005).    

 

Modules 

Since a conventional single solar cell is only able to create a very small amount of voltage and power 

output, they are usually grouped together. By combining a collection of solar cells a solar panel is created. 

Hereby solar cells can be placed in series (cell strings) when a higher voltage is needed. These cell strings 

are embedded in a transparent material and placed in a laminated structure between glass or plastic 

sheeting to protect the cells from mechanical damage, weather and moisture (Figure 0-18). With the help 

of heat and a partial vacuum EVA film melts, in this laminated structure, to a transparent hard plastic 

layer that provides electrical insulation for the cells and connections. The backing sheet consists of a 

weather-resistant Tedlar foils that ensures electrical insulation on the back of the module. This sheet can 

be transparent which allow light to pass through the gaps between the cells. On the other hand, a 

reflective white colour ensures lower temperatures and therefore better efficiency (Weller et al., 2010).    

 

 
Figure 0-18: A typical laminated PV module structure (“Module Materials,” n.d.) 

                                                           
4 Physical process in which a positively charged atom or molecule absorbs an electron. 
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To establish modules with a larger output power, cell strings are connected parallel. The minimum 

distance between the cells must be about 2 mm. The same accounts for solar panels which can be placed 

in series and connected parallel to generate a higher system output. Due to the modularity of panels a 

great amount of panels can be interconnected to generate electricity (Figure 0-19).  

 

 
Figure 0-19: Modular principle of photovoltaics (Weller et al., 2010)  

To simplify the interconnection of several modules many modules are supplied with connecting cables 

and plugs where normally the positive and negative terminals are housed in a common junction box. A 

drilled hole in the backing sheet and glass enables the electrical connections to pass through to the 

weather-resistant plastic junction box that is glued to the module (Figure 0-20).   

 

 
Figure 0-10: Junction box, cables and plugs (Weller et al., 2010) 

 

The modules are normally available as square or rectangular elements with various standardised 

dimensions. This with the aim to achieve cost-effective production, maximum system yields and easy 

assembly. Next to this, also custom made modules are available for specialised architectural applications.  

 

Depending on the place of installation and ambient conditions, solar modules can achieve a life 

expectation of at least 30 years. Many suppliers even offer warranties for their modules which goes up  to 

30 years divided over two stages. Usually the first stage guarantees an output of 90% after the first 10 

years and 80% after 20-25 years. Although these warranties can be stated as ambitious, compared with 

other technical equipment of a PV installation, the modules have proven to be the most reliable 

component in PV installations (Weller et al., 2010). 

 



30 

 

A possibility which places building integration of photovoltaics in a wider perspective is the possibility of 

combination with solar thermal collectors, so called PVT-panels.  

 

Connection and frame 

Basically laminated solar cells can be used without a frame, but mostly the modules are fitted into an 

aluminium frame, which protects the vulnerable glass edges and can be used for assembly and earthen 

the system. Frameless modules are, on the other hand, often used to be integrated into vertical glazing or 

roofing glazing (Figure 0-21; Weller et al., 2010).     

 

 
1. aluminum frame 

2. sealing 

3. glass 

4. EVA 

5. Cells 

6. Tedlar film 

Figure 0-212: Framing a standard module (Deutsche 

Gesellschaft Für Sonnenenergie, 2005) 

 
 

 

 

Figure 0-223: Frameless panel with cabel exit at side 

(Weller et al., 2010) 

In contrast, in thin-film modules the cells are already interconnected, without soldering, and  

permanently attached to the backing material. Therefore, only one side, the side with the unprotected cell 

surface, has to be covered with a protecting layer, mostly float glass. 
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APPENDIX 3.2 Direct and diffuse radiation 

 

 

 
Figure 0-4: Direct and diffuse radiation (Deutsche Gesellschaft Für Sonnenenergie, 2005) 

  
Figure 0-5: Air Mass (AM) (Weller et al., 2010) 
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APPENDIX 3.3 Overview losses 

 

Overview losses  

Figure 0-24 provides a final overview of all the losses that occur during the conversion of sunlight into 

electricity in a module.  

 

Calculating the performance ratio (PR) ultimately, shows what percentage of the ideal energy production 

Eideal is lost due to factors which influence the output of a solar module. This forms the actual energy 

production Ereal. PR is defined by equation 0-1:    

 

�� =
�����

�	
���
 

(0-1) 

 

 
Figure 0-246: Overview losses (Deutsche Gesellschaft Für Sonnenenergie, 2005) 
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APPENDIX 4.1 Durability and preservation 

 

Durability and preservation 

Bamboo has several characteristics  why most bamboo has less natural durability than most woods. One 

of the problems of bamboo has to do with the hollowness of the culm, compared with the end-to-end 

massive cross-section of wood. When fungi or insects attack and destroy the outer layer of wood to a 

depth of, for example, 2 mm this would not be a problem due to its massive cross-section. In the case of 

bamboo with its hollowness and thus a thin outer layer this could have of a major impact  on its 

condition. Additionally, the hollow culm provides a good hiding space for other threats (e.g. beetles) as 

well (Janssen, 2000).  

 

Furthermore, after harvesting it is important to dry the bamboo and bring the moisture content down. 

High relative humidity, however, will make complete drying of bamboo difficult with the consequence 

that it becomes attractive for fungal attack. Moisture content can also lead to shrinkage or expansion. This 

forms another important aspect, especially in the climate of Costa Rica with a relative high humidity level 

(Janssen, 2000).  

 

So it is necessary to preserve bamboo. But bamboo is not made up in a way that it facilitates easy 

preservative treatment. Because the outer skin as well as the  inside, which is covered with a waxy layer, 

are both impermeable. So it does resists insects but it does also prevents bamboo from entering 

preservative into the culm. The only way how preservative can enter is through the conducting vessels, 

which are not more than ten percent of the cross-section. It is important to note that flaps in these vessels  

close forever within 24 hours after harvest. This means that preservation has to be carried out within this 

time limit (Janssen, 2000). 

 

Without preservation of bamboo  the service life of untreated bamboo is according Janssen (2000): 

 

1-3 years in the open area and in contact with soil; 

4-6 years under cover and free from contact with soil;  

10-15 years under very good storage/use conditions. 
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Because data about the durability of most species of bamboo is still insufficient, mostly people know by 

experience the durability of bamboos in their surroundings. It seems that the lower part of a culm is more 

durable, and so is the outer part of the culm wall.  

 

There are several fundamental rules regarding the natural durability of bamboo, whether or not 

traditional or chemical (Janssen, 2000). After taken these rules into account, one can consider preservation 

in a technical way. This can be done through traditional methods (e.g. curing, smoking) and through 

chemical methods. Janssen (2000) describes two chemical processes in ‘Designing and Building with 

Bamboo’ that can increase the service life of bamboo from 1-3 years to 15 years in the open area and from 

10-15 years to 25 years under cover. However, with this the price of the bamboo increases by about 30%.       

One of the chemical processes for instance contains the replacement of the bamboo sap by injecting a 

solution containing boron salt. This can be done with the modified Boucherie process for whole green 

culms (Figure 0-25). 

 

 
Figure 0-257: Modified Boucherie treatment (Janssen, 2000) 

  



35 

 

APPENDIX 4.2 Morphologic criteria 
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APPENDIX 4.3 Deforestation 

 

Deforestation 

Despite its biodiversity, Costa Rica has a history with several problems –mainly deforestation-  which 

threatened this biodiversity (Aarts, 1995; Daling, 1996). There are several industries in Costa Rica that 

contributed through several environmental laws to the declining of deforestation rates and conservation 

of nature, i.e. timber, bamboo and ecotourism. In addition to the growing interest in timber plantations as 

a possible solution of deforestation, the National Bamboo Project of Costa Rica was established in 1986 as 

a new technological approach to prevent deforestation in Costa Rica.  

 

Bamboo can regenerate within 2–3 years, while for timber it could take more than 25 years.  And since in 

some countries there is a shortage of wood raw material for construction, Bamboo could be a well 

substitution for wood. 

 

However, in Costa Rica the research about possibilities for construction in bamboo are still limited and at 

a small scale due to the high dependency of foreign investments and innovative technologies. But also the 

high variability in Costa Rican policies are an important constraint to apply innovative technologies 

(Adamson, PI. and López, 2001; Egmond and Erkelens, 2008).   
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APPENDIX 4.4 Climate data 

 

Table 0-2: Weather averages Costa Rica (“Costa Rica Travel Weather Averages (Weatherbase),” 2013) 

 
 

 
Figure 0-8: The daily average low (blue) and high (red) temperature with percentile bands (inner band from 25th 

to 75th percentile, outer band from 10th to 90th percentile; “Average Weather For San José, Costa Rica,” n.d.) 
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http://www.weather-guide.com/A1-weather/san-jose-costa-rica-weather-averages.html 
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Figure 0-9: The average daily high (blue) and low (brown) relative humidity with percentile bands (inner bands 

from 25th to 75th percentile, outer bands from 10th to 90th percentile; (“Average Weather For San José, Costa 

Rica,” n.d.) 

 

 
Figure 0-10: The average daily minimum (red), maximum (green), and average (black) wind speed with percentile 

bands (inner band from 25th to 75th percentile, outer band from 10th to 90th percentile; (“Average Weather For 

San José, Costa Rica,” n.d.) 

 

 
Figure 0-11: The fraction of time spent with the wind blowing from the various directions over the entire year. 

Values do not sum to 100% because the wind direction is undefined when the wind speed is zero (“Average 

Weather For San José, Costa Rica,” n.d.) 
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APPENDIX 4.5 Technical data sheet PV panel 
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APPENDIX 4.6 Ridge cap 
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APPENDIX 5.1 Energy balance 

 

PV modules have a certain efficiency in the amount of sunlight they convert into electricity. Typical 

efficiencies for mono-crystalline cells are ranging between 16% and 24% (Weller et al., 2010). The rest of 

the incident radiation is converted into thermal energy that heats up the cells in the Module.  

 

The incident radiation which is not converted into electricity can be determined with:  

 

��� = �1 − 	��� (0-2) 

Where, 

 �  =  incident radiation (W/m2) 

 � =  module efficiency  

  

The incident radiation can be transmitted, absorbed or reflected by a solar panel (Figure 0-26).  

 

 

Figure 0-26: Incident radiation (“Samenvatting Stromingsleer en warmteoverdracht,” n.d.) 

The incident radiation should be equal to:  

 

� + � + � = 1 (0-3) 

Where, 

 �  =  transmission 

 �  =  absorption  

 �  =  reflection  
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Energy balance 

Referring to a PV module, only a fraction of this solar irradiance is reflected by the PV panel and it is 

assumed that the structure of the cell will not allow any transmission of the incident radiation (� = 0). 

Apart from absorption by the front cover of the cell, absorbed solar radiation is either converted into heat 

or electricity (Santbergen and van Zolingen, 2007). Based on Migan (2013)  it is assumed that the following 

expression to calculate the heat losses from a PV module holds:  

 

�	���� = �1 − ���� − �� + ���� (0-4) 

Where, 

 � =  module efficiency (20 % assumed) 

 �  =  absorbed solar radiation by the front cover of the cell (0.05 for common glass)  

   (Migan, 2013) 

�  =  reflected solar radiation by the front cover of the cell (0.04 for common glass)  

  (Migan, 2013) 

�	����  =  irradiated energy which is not converted into electricity but into heat (W/m2) 

 �  =  module surface area (m2) 

 

Convective heat transfer 

Convective heat transfer in PV modules is caused by wind blowing across the surface of the module. The 

amount of heat that is transferred through convection from �	���� is expressed with �������	��	���� . 

 

Where �������	��	���� is given by “Newton’s law of cooling” with equation: 

 

�������	��	���� = ℎ�� ���� −  �	�� 

 

( 0-5) 

Where,  

�������	��	����  =  power generated as heat by the module resulting in   

  !��"#$% , !��"#'() , !���$% or !���'()  (W/m2) 

�   =  area of contact between air and the PV module (m2) 

 ℎ   =  convection heat transfer coefficient (W/m2°C) 

  ����    =  surface temperature of the PV (°C) 

 �	�    =  temperature of the air surrounding the solar cell (°C) 
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Since h is complicated to calculate directly and there is a lack of generality in calculation methods and 

thus accurate results, often h is experimentally determined for a particular system in a specific situation. 

Nevertheless, for this research it is chosen to use the Nusselt Number for calculating the heat transfer 

coefficient. The Nusselt Number is a non-dimensional ratio of, in this case, the heat entering the wind 

from the surface of the module to the heat conducted away by the wind.    

 

The Nusselt Number is defined by two different equations (Karava et al., 2011): 

 

*+, = 0.664�1,
2.3�4

5

6          Laminar flow ( 0-6) 

*+, = 0.037�1,
2.9�4

5

6          Turbulent flow ( 0-7) 

Where, 

�1, = Reynolds Number based on plate length in the stream-wise direction (L) or  

Hydraulic diameter in the case of the duct between the panel and the 

conventional rooftop (D) 

�4 = non-dimensional Prandtl number which measures the ability of a material  

  to conduct thermal energy relative to its ability to store thermal energy (0.713) 

 

First, calculations of the Reynolds Number with different wind velocities concluded that when a wind 

flow enters the BIPV module from above or into the duct, it becomes almost immediately turbulent. 

Knowing this, the convection heat transfer co-efficient can be determined with: 

 

 ℎ =
:

,
*+, ( 0-8) 

Where, 

 ; = molecular thermal conductivity of air (0.0257 W/m K) 

 

Because wind velocity is a dynamic process which varies over time, the heat transfer co-efficient varies as 

well with the wind velocity. This is included in the calculation of the Reynolds Number. According to 

Kuerten and de Goey (2010) the heat transfer coefficient varies between 2,5 W/m2°C and 25 W/m2°C for a 

natural air flow. Regarding a forced airflow (e.g. wind) it can vary between 10 W/m2°C and 500 W/m2°C. 
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Radiation 

In addition to the convective heat loss, the amount of radiative heat loss from the module based on its 

temperature can be computed with equation 0-9. 

 

����� = <=� ����
> −  �	�

> � ( 0-9) 

Where, 

 �����      = power generated as heat by the module    

      !��"#$% , !��"#'() , !���$% or !���'() (W/m2) 

=     =  Stefan-Boltzmann constant, describes the power radiated  

      from the module in terms of its temperature    

(5,67x10-8Js-1m-2K-4)     

<?��@@	    =  emissivity of front side module (0,9)  

<A�
���	B�	��	���@�	�	 =  emissivity of backside module (0,87) 

<?�����	C�
	���D?���
	@����	�

	

 =  emissivity of roofing material (0,88) 

 

Equation 0-9 states that the heat lost from the module due to radiation is the difference between the heat 

emitted from the surroundings to the module and the heat emitted from the PV module to the 

surroundings. 
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APPENDIX 5.2 Indoor comfort temperature 

 

Indoor comfort temperature 

As already assumed, the comfort temperature will comprise all different effective thermal loads (both 

heating as mechanical and natural ventilation) and is for this research defined as a steady state number 

which therefor not varies over height. 

 

This resulted in a simplified analysis of one specific day and place that gives an impression how radiation 

and wind can affect the heat flow of the BIPV module at a certain indoor comfort temperature (Tc) of an 

Eco-Lodge. For this analysis average numbers for temperature, wind and radiation are taken varying 

over hours in time provided by Eva Schubert (n.d).   

 

Focusing on the thermal perception in Costa Rica SMITH-MASIS (2009) defined an expression of thermal 

neutrality to state the thermal perception:  

 

 � = 0.31 ° + 17.6 (0-10) 

Where,  

 �  =  neutrality temperature (°C) 

 °  =  monthly mean outdoor temperature (°C) 

 

This expression is basically the same as the linear equation cited by Auliciems (1986), which is based on 

average monthly temperatures and covers all naturally ventilated buildings and air-conditioned 

buildings. 

 

 � = 0.31 ° + 17.6 (0-11) 

Where,  

 �  =  comfort or neutrality temperature (°C)  

 °  =  monthly mean outdoor temperature (°C) 

 

With this equation the average comfort temperature for a specific day and place in Costa Rica is 

determined. This temperature included in the calculation of 5-5.    
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Resulting comfort limits San José  

The analysis of climate data of Costa Rica and the analysis of comfort temperature in San José on date 

June 21, 2013, resulted in several characteristics that need to be taken into account in the conclusions 

about the analysis of the effect of duct height at cooling the BIPV module in the area of San José (SMITH-

MASIS, 2009; “Average Weather For San José, Costa Rica,” n.d.).  

 

Climate data 

 
Figure 0-127: Average outdoor temperature (“Costa Rica Travel Weather Averages (Weatherbase),” 2013) 

Characteristics:  

 

• The difference between the average temperature lines show a low fluctuation in yearly average 

(high) temperatures for San José and nationwide, whereby the average for San José is  lower 

compared with the national average;  

• depending on the region and altitude, the temperature in Costa Rica varies between 19 and 30 

degrees Celsius; 

• the relative humidity typically ranges from 41% (comfortable) to 99% (very humid) over the 

course of the year, high humidity restricts evaporative cooling from the skin (sweating), and thus 

wind speed at the skin surface becomes necessary to release heat from the body by increasing 

sweat rates; 

• March is the driest month (60 mm average rainfall) and October the wettest month (356 mm 

average rainfall); 

• daily average wind speeds ranges between 2 m/s and 7 m/s, as an available resource for passive 

cooling; 
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• the wind is most often out of the east (37% of the time). The wind is least often out of the south 

(1% of the time), north west (2% of the time), and north (2% of the time); 

• although Costa Rica is not affected regularly by hurricanes, these do effect the country with 

abundant rainfall; 

• in addition, small but sensible climatic variations in wind speed, air temperature and humidity 

can result in local major daily fluctuations between maximum and minimum values; 

• regarding the length of day and night, there is little difference over the course of the year, with 

the average of around 12 hours of daylight; 

• the sun path runs almost parallel to the equator, and thus is relative symmetrical. 

 

Comfort temperature  

 
Figure 0-28: Comfort limits (“San Jose, Costa Rica [21 June, 2013] - Weather Records By Hour (Weatherbase),” n.d.) 

Figure 0-28 shows a comfort zone with minimum and maximum limits of 21°C and 27°C. This comfort 

zone describes the combined influence of personal parameters (activity and clothing’s thermal protection) 

and environmental parameters (air temperature, radiant temperature, air speed and air humidity). 

Ventilation as a passive cooling strategy can be used to expand the upper comfort limit of acceptable 

conditions to 33 °C according SMITH-MASIS (2009).  

 

Through making a combination between the expression from Auliciems (1986) and the comfort limits of 

the adaptive model version, according the ASHRAE Standard 55 (2004; Figure 0-29), the average comfort 
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temperature for a specific day and place in Costa Rica is determined together with the acceptable range of 

temperatures.  

 

 
Figure 0-29: Ranges of comfort according to the average monthly outdoor temperature from the ASHRAE 

Standard 55 (2004; Evans, 2007) 

 


