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PREFACE  

This thesis contains the results of my Research Project for completing my Master’s program on 

Architecture Building & Planning with specialization in Building Technology. 

 

The main focus of this Research Project is on exploring the possibilities of enlargement a building’s 

energy management with generating electricity through the use of sunlight (solar photovoltaics)1 

which is  an already proven technology in advanced economic developed countries, as mentioned by 

the International Monetary Fund (2008). 

 

More specifically I have focussed my research on the use of solar electricity by designing  a BIPV 

product that can be implemented in the building technology of a hotel, where I have done my 

survey-research for this in Costa Rica.   

 

In addition to personal interests in Latin America and the Caribbean I was concerned to get more 

knowledge about sustainable development in a developing region. After meeting with one of my 

supervisors, originating from Costa Rica, I chose Costa Rica as destination to do my field research for 

this project, where it appears that Costa Rica - as  a developing country - has lots of natural – 

renewable - resources that are used and potentially can be used for electricity production, specifically 

solar energy. This resource, which can be converted into heat and electricity, might give a wide 

potential in Costa Rica’s energy management, also from a sustainable development point of view. 

Nevertheless, it is still very little exploited which motivated this research to provide appropriate 

information, so that the use of solar electricity in Costa Rica can be expanded and enhanced.   

 

Eindhoven, May 2014 

 

 

 

 
                                                           
1 Photovoltaics (PV) stands for a process which convert global solar irradiation into electricity with a wide range 
of potential (decentralized) applications. 
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‘Rather than building to protect ourselves from nature in order to protect our bodies, or building to protect 

nature from us in order to save the planet, we are now beginning to build with nature for the mutual benefit of 

our ‘world’2.’ (Graham, 2003). 

  

                                                           
2 (Yeang, 1995) 
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SUMMARY 

Background 

Costa Rica has the ambition to become one of the few developing nations with energy usage from 100% 

renewable resources. Since 95% of its energy production already comes from renewable, non-polluting 

resources (mainly hydropower) they believe in achieving this “carbon neutral”  status by 2021 and thus 

contributing to climate change mitigation (Rogers, 2009; Ministerio de Planificación y Política Económica, 

2010). Costa Rica relies mainly on the renewable resource of hydropower. This provides favorable energy 

tariffs in comparison with other countries in Central America. Nevertheless, electricity prices do have 

increased continuously and even more rapidly in recent years. The expectation is that this will continue 

due to the increase of demand. 

 

Problems 

In Costa Rica the hotel sector is an important contributor to the economy, mainly during the summer 

periods when a growing tourism sector is on its max. Future price increases of electricity, due to the 

increase in (peak) demand, as well as an unreliable electricity provision for peak demand that both effects 

the hotels would therefore bring serious damage to the economy of Costa Rica. Capturing of the 

electricity peak demand in periods of high (peak) demand by other sources than hydropower is necessary 

because no overcapacity of hydropower exists in Costa Rica for these periods. This results ultimately in 

monthly raising electricity bills for the hotel sector. 

 

Ecotourism 

Focusing on the strongly upcoming Ecotourism sector in Costa Rica there is a strong increase of hotel 

accommodation characterized as so called ‘Eco Hotel/Eco-Lodges’. As a new upcoming trend it is clear 

that the Ecotourism sector will even be more negatively affected by future price increases.  

 

Motivation 

Based on the necessity for Costa Rica to enhance a stable and reliable electricity provision for the tourist 

sector, this research focussed on the introduction of solar electricity generation in the hotel sector through 
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building Integrated photovoltaics (BIPVs). This resulted ultimately in the main objective of this thesis - 

the development of an innovative prefabricated building integrated photovoltaic product for the hotel 

sector in Costa Rica, focused on Eco-Lodges. In this way Eco-Lodges can reduce their electricity costs and 

it allows an Eco-Lodge to generate and fulfil a part of its own electricity during periods of (peak) 

demand, e.g. for cooling and other electronics. 

 

Research 

Data was gathered in Costa Rica using a mixed method approach. Together with the information 

collected from the literature review this gave the boundary conditions for establishment of the final plan 

of demands for the product design.  

 

Product development 

Based on this final plan of demands a BIPV product has been developed with the use of Morphological 

Overview (MO) as supportive design method for the product design. The fact that the sun, in general 

stands high above the horizon in Costa Rica, parallel to the equator, together with the need for a pleasant 

indoor comfort through roof cavity ventilation, and the need for ventilation of PV, this resulted in the 

final product design as presented in this thesis. Here the PV panel is partly mounted above the inclined 

rooftop of an Eco-Lodge, to ensure rain-tightness, and partly directly connected with the indoor 

environment. 

 

Although the product development does not meet the complete final plan of demands and there are still 

metals used in the mounting structure of the final product design, it does meet the vast majority of key 

demands. Mainly regarding the development of a low-tech solution with the use of renewable materials 

that are locally available without a complex joint structure and as less as possible nonrenewable 

(expensive) materials. Hereby, the use of standard solar panels ensured that the product development 

was mainly focused on the mounting structure of the solar panel. The presence of a ventilation duct 

provides cooling of the solar panels.  

 

Conclusion 

By providing an integral design methodology approach through the combination of the field research in 

Costa Rica and ultimately the product development, new insights for modular, locally and environment 

friendly product development and building integrated photovoltaic product design in Costa Rica are 
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gained. In particular for Eco-Lodges in Costa Rica. The development of the BIPV product will contribute 

to the independency of Costa Rica from polluting and price-sensitive energy sources from abroad.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Introduction  

Costa Rica has the ambition to become one of the few developing nations with energy usage from 100% 

renewable resources. Since 95% of its energy production already comes from renewable, non-polluting 

resources (mainly hydropower) they believe in achieving this “carbon neutral”  status by 2021 and thus 

contributing to climate change mitigation (Rogers, 2009; Ministerio de Planificación y Política Económica, 

2010).  

 

Energy management and demand  

Despite the above mentioned aim of Costa Rica to become the first nation with energy usage from 100% 

renewable sources it is currently confronted with a growing demand of electricity with associated price 

increases, mainly due to Costa Rica’s stable growth of economic development (Wells, 2012). Also climate 

change plays and important role in the growing demand of electricity, for example the increasing 

demand for air conditioning, since a trend seems to occur which foresees more prolonged droughts in the 

near future years because of this climate change. In some areas this will cause significant problems for 

hydroelectric generation next to a needed constant supply of drinking water. Since droughts reduce the 

amount of water available to produce electricity this could lead to black outs during periods where there 

is a great demand for electricity (peak demand), for instance during the high season for tourism when 

there is a great need for air conditioning (Blackshear et al., 2011; United Nations Development Program, 

2012).    
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Since the energy sector is government regulated it appears to be difficult to build new government 

controlled projects to fulfil future demand, decentralized projects financed by private institutions could 

help Costa Rica in providing a reliable energy stock during all periods as an alternative way (Philipsen, 

2009). Although ICE and the Sub-commission on Non-conventional Renewable Sources already promote 

a number of pilot projects, which assume that they understand the necessity of a private market, there is 

still a general low level of private production of electricity, given the institutional and legal complexity of 

the sector (UNIDO and OLADE, 2011a). But assuming that this will change in the near future, given the 

need for enough electricity, it’s feasible to investigate the option for decentralized power generation as a 

complementary source to current centrally arranged power generation. 

 

Figure 1-1 shows the historical and near future 

electricity demand in Costa Rica. This scenario 

presents a continuous growth in demand, as 

was the case in the previous period from 1990-

2007, when electricity demand grew at an 

average annual rate of 5%. It has been predicted 

that after two years of recovery, from the 

slowdown due to the global economic crisis, 

from 2013 the growth rate exceeds 6.6% (Orozco et al., 2012).  

According to recent data, in 2011 electricity demand was on 8.522,6 GWh and in 2012 8.922,2 GWh with a 

growth rate of 4.7% (Rojas and Ventura, 2013). This appears to correspond with the data in Figure 1-1.    

 

Solar electricity in Costa Rica  

In addition to what was mentioned in the preface, Table 1-1 shows that solar electricity is still little 

exploited in Costa Rica despite its theoretical potential due to its geographical location (Figure 1-2 and 1-

3; Wright Gilmore, 2006).   

 

  

Figure 1-1: Historical and expected electricity demand 

(Orozco et al., 2012) 
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Table 1-1: Potential Commercial Energy Resources Costa Rica (“Plan de expansión 2008,” 2008) 

Source Theoretical Potential Identified Degree of utilization 

Hydropower 25.500 MW 6.633 MW 21% 

Geothermal 865 MW 257 MW 64% 

Wind energy 600 MW 274 MW 35% 

Solar electricity 10.000 MW 0,14 MW Minimal 

Plant residue  7.953 X 103 Tm 13% 

Sugarcane bagasse  1.290 X 103 Tm 96% 

Wood burning 25.000 X 103 Tm 783 X 103 Tm 98% 

Biogas 9.981 TJ 5.206 TJ 1% 

Alcohol 32.556 X 106 It 115 X 106 It 0% 

Biodiesel 22.851 X 106 It 176 X 106 It Minimal 

Coal 27 X 106 TM  0% 

Oil 91,7-2.910 X 106 bbl     0% 

 

Solar electricity therefore leaves a wide potential available as a complementary source in addition to 

other (centrally arranged) natural - renewable - resources that are or can be used for power generation to 

fulfil the future electricity demand in Costa Rica. Appendix 1.1 gives a preview of the electricity 

production by source towards the year 2021 in Costa Rica.   

 

Besides that, this renewable energy source has a tremendous potential to reduce the carbon footprint and 

contributes to sustainable development in Costa Rica (Okken et al., 1989). Solar electricity has also the big 

advantage of very low risks of non-availability, e.g. compared with hydropower which can be affected by 

long-lasting periods of drought.   
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Figure 1-2: Yearly mean of daily irradiation in UV in the world 

(Mines ParisTech / Armines, 2008) 

Figure 1-3: Annual average daily global solar 

radiation in Costa Rica (Wright Gilmore, 2006) 

 

In terms of technical aspects, unlike the Netherlands where radiation is the most important factor 

regarding the yield of a solar panel, the temperature of panels is of major importance in Costa Rica. When 

temperature increases, the efficiency of a solar cell decreases (Jelle and Breivik, 2012a; Jelle and Breivik, 

2012b; Jelle et al., 2012a). A field experiment in the United Kingdom revealed a decrease of 1.1% of peak 

output for every increase in degrees Celsius of a photovoltaic solar panel once the panel reached 42 

degrees Celsius (“Effect Of Temperature On Solar Panels,” 2007). Similar results were found by 

laboratory experiments at the River State University of Science and Technology at Port Harcourt, Nigeria 

(“Effects of Temperature, Solar Flux, and Relative Humidity on the Efficient Conversion of Solar Energy 

to Electricity,” 2008). This thesis will discuss the necessity of sufficient cooling of the modules to reduce 

the temperature of the panel and take this as a design requirement for product development.  

 

Hotel sector  

Costa Rica relies mainly on the renewable resource of hydropower. This provides favorable energy tariffs 

in comparison with other countries in Central America. Although the average electricity prices in Costa 

Rica are relatively low in the region of Latin America and the Caribbean3, electricity prices do have 

increased continuously and even more rapidly in recent years as shown in Figure 1-4. The expectation is 

that this will continue due to the increase of demand. 

 

                                                           
3 According statistics of the Latin American Energy Organization (OLADE, 2003) 

MJ/m²-day 
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Figure 1-4: Annual average price of electricity US$/kWh (Dirección Sectorial de Energía, 2011) 

The development of the price of electricity in Costa Rica is also impacted by the need for fulfilling the 

peak demand for electricity. This has specifically a high impact on the hotel sector, an important 

contributor to the economy of Costa Rica, mainly during the summer periods when a growing tourism 

sector is on its max. Since the tourist sector of Costa Rica has twice the contribution to the country’s GDP4, 

compared with the Netherlands, future price increases affect the hotels which can ultimately bring 

serious damage to the economy of Costa Rica (Centraal Bureau voor de Statistiek, 2011; Naranjo, 2012; 

Instituto Costarricense de Turismo (ICT), 2012). 

 

Capturing of the electricity peak demand in periods of high (peak) demand by other sources than 

hydropower is necessary because no overcapacity exists in Costa Rica, ultimately resulting in monthly 

raising electricity bills for the hotel sector (Philipsen, 2009).  

 

During the summer periods river flows decrease significantly resulting in decreasing hydropower 

supplies, therefore, imported oil with high costs is currently used for thermal generation to provide Costa 

Rica of sufficient electricity during periods of high demand. (Dirección Sectorial de Energía and Minaet, 

2011; Mercedes Agüero, 2013). The use of solar electricity could be an attractive alternative for this, both 

from an economic and sustainability point of view.  

 

Accommodation in the hotel sector is the most energy intensive component after transportation due to its 

demand for heating or cooling, lighting, cooking (in restaurants), cleaning, pools and, in tropical or arid 

regions, the desalination of seawater, this also results in rising carbon emissions (UNEP, 2011). The 

                                                           
4 Gross domestic product (GDP) 
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rooftop is hereby the most effective place for application of solar photovoltaic panels, due to the position 

of the sun in Costa Rica. 

 

Ecotourism 

A new strongly upcoming trend in the Central American tourist industry is the so called Ecotourism. 

Although Central America accounts only for 0.1% of the Earth’s surface, this subcontinent contains 7% of 

the world’s biodiversity. Costa Rica and Panama are the  most bio diverse countries in this subcontinent 

(“The Nature Conservancy,” 2013). This attracts an enormous amount of Ecotourism to physically 

discover its variety in nature and wildlife, which is of significant importance for the Costa Rican 

economy. There is even a Costa Rica National Chamber of Ecotourism (Aarts, 1995; CANAECO5).  

 

Focusing on the Ecotourism sector there is a strong increase of hotel accommodation characterized as so 

called ‘Eco Hotel/Eco-Lodges’. This typology will be discussed further in the results of the field research 

in Costa Rica.  

 

As a new upcoming trend it is clear that the Ecotourism sector will even be more negatively affected by 

the here for mentioned price development. Specifically for this sector the use of solar electricity could be 

an attractive alternative for this, not only for the earlier mentioned economic and sustainability reasons, 

but also for Ecotourism “promotional” reasons.  

 

Building integrated photovoltaics (BIPVs)  

Although solar electricity in the form of solar photovoltaics (PV) is little exploited in Costa Rica, several 

main advantages can be seen by looking for a next step of PV application in the hotel sector of Costa Rica: 

 

•••• The integration of solar photovoltaics panels in the rooftop design of a building construction 

(Figure 1-5 and 1-6) provides an economic advantage compared with conventional Building 

Adopted/Applied/Attached Photovoltaics (BAPV) (Figure 1-7). Materials can be saved where for 

example solar panels can substitute building envelope materials (e.g. corrugated roof sheets).  

                                                           
5 Cámara Nacional de Ecoturismo 
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Figure 1-5: Integrated Just Roof® system 

(Oskomera Solar Power Solutions, n.d.)  

 

Figure 1-6: semi-transparent 

solar panels (Oskomera 

Solar Power Solutions, n.d.) 

 

Figure 1-7: Current typology of PV 

installation in Costa Rica  

•••• By substituting building envelope materials, solar panels fulfil more than only the function of 

electricity generator. They also fulfil functions such as the structural function and providing Eco-

Lodges protection from the weather elements. This makes a BIPV product multi-functional and 

more efficient compared with conventional photovoltaic solutions (Jelle and Breivik, 2012a).  

•••• As an integrated part of the building process it can also save time compared with the 

conventional way of PV applications on buildings, where the installation is done after that the 

building has completely been built. 

•••• Land-use can be reduced compared with PV power plants in open 

fields (Figure 1-8). For BIPV  ground and surfaces are used that are 

already in use for other purposes, so new land-use is not necessary and 

thus logging will not be needed (Frankl et al., 1997). 

•••• Ultimately, BIPV are often applied for aesthetic reasons due to their 

‘tight and clean’ integration in the building construction. Aesthetics are 

generally not taken into account for traditional rooftop systems (Jelle 

and Breivik, 2012a; Sinapis and Donker, 2013). 

 

Since aesthetics takes an important role in the accommodations for Eco-Tourists as well this research has 

focussed more specifically on the application of BIPV in the rooftop of Eco-Lodges. This choice will be 

argued and provided with additional argumentation from the field research in Costa Rica in chapter 2. 

 

  

Figure 1-8: PV power 

plant in open field 
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Geographic and demographic facts6 

Continent: America 

Geographic coordinates: 10 00 N, 84 00 W 

Area: 51,100 km2 

Highest point: Cerro Chirripo 3,810 m 

Capital: San José 

National population: 4,695,942 (July 2013 est.)  

Population growth rate: 1.27% (2013 est.) 

Density7: 92.57/km2  

Language: Spanish (official), English 

Religion: Roman Catholic 76.3%, Evangelical 13.7%, 

Jehovah’s Witnesses 1.3%, other Protestant 0.7%, other 4.8%, none 3.2% 

Currency: Costa Rican colones (CRC), US dollar 

GDP - per capita (PPP): $12,800 (2012 est.) 

Time zone: six hours behind GMT8 

 

Geography 

Costa Rica is situated in Central America and is bordered by Nicaragua to the north, to the north-east by 

the Caribbean sea, to the south-east by Panama and to the west and south-west by the Pacific Ocean 

(Figure 1-9) 

 

Climate and environment 

In general the climate in Costa Rica can be described as tropical and subtropical with cooler conditions in 

the highlands and the valleys. Due to the major geographical variation, many different climate zones can 

be distinguished in Costa Rica.  

 

History 

In September 1502, Costa Rica was discovered by the Spaniards during Columbus’ last journey. After 

colonization by the Spaniards, Costa Rica was declared independent from Spain in 1821 and became part  

of Mexico. In 1838 Costa Rica became an independent nation (Aarts, 1995).  
                                                           
6 (“CIA-The World Factbook 2013,” 2013) 
7 (“Costa Rica - Population density,” n.d.) 
8 (Economist Intelligence Unit, 2009) 

Figure 1-9: Map of Costa Rica (“United Nations 

Cartographic Section Web Site,” n.d.) 
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Politics 

The political system of Costa Rica can be considered stable with absence of hostility in any way. This 

formed an important condition for the Costa Rican government to focus on the preservation of natural 

resources, and set environmental protection laws during the years (Aarts, 1995).  

 

Economy  

Costa Rica’s economy can be stated as a middle income country given its GDP with a stable health and 

education situation, but compared to modern countries it is still lagging behind with its infrastructure 

and building environment. 

1.2 Motivation 

Introduction  

Based on the necessity for Costa Rica to enhance a stable and reliable electricity provision for the tourist 

sector, this research is focussed on the introduction of solar electricity generation in the hotel sector 

through building Integrated photovoltaics (BIPVs). This resulted in the development of an innovative 

prefabricated building integrated photovoltaic product for the hotel sector in Costa Rica, focused on Eco-

Lodges.  

 

From the background analysis two main problems have been determined that form the exact reasoning 

for this research. These problems may threaten a reliable electricity provision and stable electricity pricing 

for hotels in Costa Rica. 

 

These are: 

 

Problem 1 

Future price increases of electricity due to the increase in (peak) demand: experienced by the hotel sector 

mainly during summer periods, when a growing tourism sector is on its max and river flows decrease 

significantly resulting in decreasing hydropower supplies. Currently imported oil with high costs is used 

for thermal generation to provide Costa Rica of sufficient electricity during these periods. 
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Problem 2  

Unreliable electricity provision for peak demand: to fulfil the peak demand of hotels Costa 

Rican government-run Electricity and Telecommunications services provider (ICE9) planned to build 

several  geothermal power plants (Wells, 2012). However, there are several constraints to build these 

projects. Constraints are related to their high costs and the locations. Most potential sites are nearby 

volcanoes, which are national parks and therefore impossible to build according current legislation. But 

plans are also subject to held up by the lack of an agreement with indigenous peoples whose territories 

are affected by certain plans (UNIDO and OLADE, 2011a; Evans, 2012; Mercedes Agüero, 2013). 

Therefore it continues to be difficult for hotels in general to fulfil their peak demand or they have to pay 

relatively high peak tax if these plans would be built anyhow.  

This problem also accounts for planned hydropower plants.  

  

 

Figure 1-10: Problem analysis 

Problem statement 
Eco-Lodges in Costa Rica are confronted with unreliable and costly electricity provision, mainly in 

periods of peak demand. 

An assumption that has been made during this study is that the market of electricity generation is going 

to be more decentralized in the near future and can be closer to the end user contributing to an optimized 

electricity distribution system (Sinapis and Donker, 2013). 

 

Besides that, also energy efficiency measurements as well as additional governmental policies that could 

establish reduction in electricity consumption have been left out as potential solutions to the above stated 

problems. 
                                                           
9 Instituto Costarricense de Electricidad 
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1.3 Research objective and project framework  

Before defining the main objective of this research a qualitative field research was conducted in Costa 

Rica (November to mid-March 2013) with the main objective to investigate and verify the actual status of 

the two here for mentioned problems. 

 

Additionally, a more in-depth literature study was done. Together with the information collected from 

the field research, the information collected from literature, ultimately, helped to define the main 

objective of this thesis and the project frame work.  

 

Research objective 

To design a building integrated photovoltaic product for Eco-Lodges in Costa Rica to reduce their 

electricity costs and allow an Eco-Lodge to generate and fulfil a part of its own electricity during periods 

of (peak) demand. 

 

Eco-Lodges in general are aiming to minimise their environmental impact but it is questionable whether 

there is a clear understanding of the impact of the lodge on the natural environment prior to lodge 

construction, and even also regarding its energy use. Overall, energy use seems to be one of the weakest 

and least developed areas for most lodges (International Finance Corporation, 2005a). As a contribution 

to this, the development of a building integrated photovoltaic product could help Eco-Lodges fulfilling 

their aim to minimise their environmental impact regarding its energy use.  

 

Besides this, an important focus of this research project is on the adjustment of an established BIPV 

technique from a developed country into the specific needs and circumstances of a developing country. 

In this research the added value of this technique will be subject of an initial exploration into design 

strategies for the use of solar electricity in Eco-Lodges. This means in this context to help in meeting 

future electricity demand for Eco-Lodges while keeping future cost increase under control or even 

lowering and still keep attaining the ambition to minimise their environmental impact. 

  

This all with the purpose to come to an effective transfer of technology, combining the expertise of BIPV 

technology from the developed world with the knowledge from the developing world about tropical 

building design principles and the use of locally available renewable raw materials for product 

development. This purpose is schematically shown in the framework in Figure 1-11.  
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The framework is built by using a sustainable resource for power generation (solar electricity) together 

with the aim of building integration in a rooftop design (BIPV) and the use of a local renewable raw 

material for the mounting structure (e.g. bamboo or timber). An explanation of the importance of using 

renewable raw materials and sustainable energy sources from a sustainability perspective can be found in 

Appendix 1.2.  

 

The second step of the Trias Energetica approach, developed by Lysen (1996; Appendix 1.2), in 

combination with the first two steps of the Trias Hylica approach, developed by Entrop and Brouwers 

(2009; Appendix 1.2) provided the basis for the new developed framework.  

 

The framework refers to three steps as seen in  

Figure 1-11: 

 

1. Material saving (step 1 Trias Hylica): 

substitution of building envelope materials 

through integration of the photovoltaic 

solar panels in the rooftop 

2. Use of local renewable raw materials for 

mounting (step 2 Trias Hylica) 

3. Use of sustainable energy sources (step 2 

Trias Energetica): use of photovoltaic solar 

panels 
 

Figure 1-11: New combined framework 

 

To meet the main objective of this thesis the research attempts to answer the following questions, using 

the results from both the field research and the literature review. 

 

The main research question to be answered through a product development: 

 

Research Question:  

How can a building integrated photovoltaic product be designed and implemented in the rooftop of an 

Eco-Lodge in Costa Rica? 
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This research question can be divided in the following sub-questions, indicated with the corresponding 

chapters where these are discussed.  

 

The research attempts to answer the following sub-questions: 

 

Hotel sector (Chapter 2) 

Sub-Q 1: For what hotel type is the application of solar photovoltaic panels suitable? 

Sub-Q 2: What are the major barriers and motivators for hotel owners to invest in solar photovoltaic 

panels?  

 

Technical design parameters (Chapter 3)  

Sub-Q 3: What are the tropical building design principles for a rooftop in Costa Rica?  

Sub-Q 4: What kind of climate exposure factors influences the yield of photovoltaic systems?  

 

Product development (Chapter 4) 

Sub-Q 5: What are the technical, functional and economic criteria for product development of a BIPV 

product for Eco-Lodges in Costa Rica? 

 

Product evaluation (Chapter 5) 

Sub-Q 6: What is the influence of natural ventilation in lowering the module temperature? 
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1.4 Research approach  

Figure 1-12 provides a schematic overview of the research model and how this research is presented and 

organised in this thesis. The project framework is organized in four different sections excluding the first 

chapter. 

 

CHAPTER 2 and 3 – QUALITATIVE FIELD RESEARCH IN COSTA RICA and LITERATURE 

REVIEW, introduces the demand side. It includes qualitative field research in Costa Rica and literature 

review. These chapters describe how the data were collected, both through a field research and a 

literature review. It presents the two phases in which the data was gathered. A first phase using a mixed 

method approach, combining the use of a survey instrument, having structured interviews, on-site visits 

followed by discussions with experts, key-contacts from different organizations and environmental 

institutions and different hotel owners. In the second phase a more in-depth case study analysis was done 

with structured personal interviews with the hotel owners, combined with on-site visits and observations 

of the building technology of selected case studies. Additionally, the chapters  provide more in-depth 

information about the major barriers and motivators for hotel owners, in other words their demands and 

preconditions to succeed the implementation of photovoltaic solar panels in their electricity management. 

The literature review discusses various technical design parameters which, in addition to the barriers and 

motivators stated from the field research in Costa Rica, form the boundary conditions for establishment 

of the final plan of demands for the product design. 

 

CHAPTER 4 – PRODUCT DEVELOPMENT, introduces the supply side through a product 

development. The chapter presents a final plan of demands and the requirements which have been 

elaborated into a product design, based on findings from the field research in Costa Rica and from the 

literature review. 

 

CHAPTER 5 – EVALUATION, presents the results obtained from the research on the influence of 

natural ventilation in lowering the panel temperature and the influence of natural ventilation on the 

indoor environment of an Eco-Lodge (e.g. wind flows). Results from the research on rain tightness are 

presented and discussed here as well. 

 



Chapter 1 

31 
 

CHAPTER 6 – CONCLUSIONS AND RECOMMENDATIONS, will finally summarize and discuss the 

main findings and conclusions in this thesis of the research, and provides recommendations and 

suggestions for future research.  

 

Figure 1-12 presents the research model that is used as guidelines for the execution of this research to 

come to a final BIPV product design.  

 

For this research the design process is not focused on finding a definite solution, but focused on 

investigating feasible possibilities for the new product. This is based on interaction between different 

variables, called “barriers and motivators” and technical qualities, defined as “technical design 

parameters” (Gijsbers et al., 2009 ;Guerrero et al., 2013). The result of this interaction forms, as previously 

mentioned, a detailed final plan of demands for the product design.  

 

Because this research tries to combine different aspects related to the research questions and context, an 

integral approach is required which leads to the use of Morphological Overview (MO) as supportive 

design method for the product design (Quanjel et al., 2009). The final plan of demands is included in this 

Morphological Overview.  
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Figure 1-12: Research model and organization of thesis



 

33 
 

 
 
 

 

CHAPTER 2 QUALITATIVE FIELD RESEARCH IN COSTA RICA 

2.1 Introduction 

This chapter presents and discusses the results that are obtained from the field research. First the data 

gathering methods as used are introduced. Then, the results are presented, discussed and a conclusion is 

drawn from these results.    

 

The research questions to be answered in this chapter: 

 

Hotel sector  

Sub-Q 1: For what hotel type is the application of solar photovoltaic panels suitable? 

Sub-Q 2: What are the major barriers and motivators for hotel owners to invest in solar photovoltaic 

panels?  

2.2 Research methodology 

Data was gathered in two different phases.  

 

First phase 

The first phase consisted of different utilized survey-methods: 

 

Literature review 

Based on data from the Costa Rican Tourism Board hotels were qualified in Costa Rica according their 

hotel sizes.  
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Structured interviews/expert opinion 

This phase was conducted in combination with a short internship at Purasol, a Costa Rican company 

specialized in installing solar panels. Structured interviews were held with experts, key-contacts from 

different organizations and environmental institutions (e.g. Costa Rican Institute of Electricity “Instituto 

Costarricense de Electricidad”) and some initial brief interviews with a few hotel owners. The objective 

was to discuss the need for and feasibility of solar electricity in the hotel sector and to narrow its level of 

application. Several interviews provided additional literature, such as reports about the tourism sector in 

Costa Rica and about the energy management in Costa Rica. This literature helped to investigate and 

verify the actual status of the two mentioned problems in this thesis and to determine what their 

relationship is to different hotel typologies. 

 

Through the structured interviews data not available from written sources were collected as well as 

additional data in relation to tourism, tropical architecture, the energy sector and the solar photovoltaic 

sector in Costa Rica. 

 

For the interviews a list was made with key-contacts (Table 2-1). In some cases the interviews were 

recorded and transcribed for better analysis.  

 

Table 2-1: Conducted iterviews 

Source 

• Head of the pilot program “Plan Piloto de Generación Distribuida para Autoconsumo”; part of Costa Rican 

Institute of Electricity and Telecommunications 

• 1 Member from the Ministry of Environment and Energy 

• 1 Member from the Costa Rican Tourism Board 

• 1 Environmental organisation 

• 5 Researchers from  Costa Rica Institute of Technology 

• 1 Researcher from the Research Program for Urban Sustainability from the University of Costa Rica 

• 1 Researcher from the Electro-Chemical Energy Research Center from the University of Costa Rica    

Note: In addition to the interviews, written questions were asked by email to a member from The Costa Rica National 

Chamber of Ecotourism. 
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Questionnaire 

Based on the information gathered from the structured interviews and additional literature a 

questionnaire was created (Appendix 1.3). The questionnaire was the result of a partly collaboration with 

Purasol, dr. ir. R. Gijsbers and dr. L. Abarca-Guerrero who provided the questionnaire with different 

comments.  

 

Research population 

A total of around 60 questionnaires were sent by email to a list of hotels of which 20 wanted to participate 

in the research. Different hotel typologies were selected, although the research was also depending on the 

willingness of hotel owners and other people to co-operate. Nevertheless, the objective was to gain 

preferable differences in results.  Due to the uncertain factor of hotel owners and other people to co-

operate and in addition to this the time constraints of the research, it was decided to focus on the quality 

of the research and to make sure that qualitative acceptable results would be obtained and processed 

instead of tenaciously try to achieve the largest possible number of hotels to engage in this research. 

Therefore hotels were selected mainly from a database provided by the company Purasol, which have 

shown an interest, in any form whatsoever, in solar energy during the past (e.g. by attending information 

sessions about solar energy which Purasol organises throughout the year). Thus there may be a bias in 

the sample since not all hotels in the selected tourist zones were surveyed. 

 

Questionnaire analysis 

For analysing the questionnaires the data was edited in a data matrix. It was concluded in the phase of 

analysis that only the results of 13 questions from the questionnaire were useful for this research due to 

incomplete answers on the questionnaire. These 13 questions were coded in a coding scheme and entered 

in Microsoft Excel 2010 (Appendix 2.2).  

 

Supplemented with several more in-depth analyses of hotels using observations through on-site visits, 

the questionnaire was used to examine the (peak) demand of electricity, what the influences are of the 

raising electricity prices and, as an initial exploration, the use of solar electricity in the hotel sector. 

 

Based on this analysis, it is decided which hotel typology suits best in this research for a product 

development where solar electricity is implemented as a complementary source in its current electricity 

management.  
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More specific, it was finally investigated if and why smaller hotels, with a certain number of rooms that 

have the design characteristics of an Eco-Lodge, could be suitable for the implementation of photovoltaic 

solar panels, both from a technical and economic point of view, offering a feasible solution for meeting 

their needs for a reliable electricity supply for their (peak) demands with keeping their monthly 

electricity costs under control.  

In this way a – more qualified - understanding was obtained of the necessity and feasibility of 

implementing a solar photovoltaic product for the selected hotel typology. 

 

Second Phase 

The second phase was focussed on a more in-depth data gathering of specific selected hotels within the 

selected typology of Eco-lodges for exploration of their major barriers and motivators to implement 

photovoltaic solar panels in their electricity management. Literature from Guerrero et al. (2013) provided 

the necessary background information for the barriers and motivators as used in this research. The major 

barriers and motivators are presented and discussed in the results, paragraph 2.3 of this chapter. 

 

The following methods for data collection were used: 

 

Structured personal interviews 

8 Hotels were selected being considered to be representative for further research and also based on the 

interests of the hotel owners to participate in the research and travel time. Subsequently, a more in-depth 

analysis of their completed questionnaires was done and combined with structured personal interviews 

with 7 hotel owners. These interviews helped to enrich the collected data obtained from the 

questionnaires, and to elaborate and interpret their results. 

 

On-site visits and observation of building technology hotels 

The structured personal interviews held were part of the on-site visits that took place to these hotels. 

These on-site visits also provided information if and how sustainability and sustainable development, as 

explained in Appendix 1.2, already takes place in the building design/energy management of these 

hotels. Besides this, also information about the building technology of the selected hotels was collected. 

All information has been captured mainly on film (Appendix 2.3).  
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In addition to the hotel visits several other projects/institutions were visited for a better understanding of 

tropical building technology and the installation of solar energy systems (Table 2-2).  

 

Furthermore, active participation in an installation project of photovoltaic solar panels on the roof of a 

‘finca’ provided the research with additional more practical information regarding current technical 

design and installation parameters (Figure 2-1).  

 

Table 2-2: Selected visits 

Source 

 

Figure 2-1: Participation in installation project of 

photovoltaic solar panels 

 

• 7 Hotel owners combined with on-site visits 

• 3 Installation companies of solar energy 

systems 

• 1 Architect 

• 1 Architect/researcher from Veritas, University 

of Arts, Design and Architecture 

• 2 Architects/members from the Institute of 

Tropical Architecture 

Note: In addition to the interviews, written questions 

were asked by email to a member from the Costa Rican 

Chamber of Construction. 

 

 

Operationalization 

To analyse the results of the field research, different variables of the data collected were transferred into 

measurable terms (Appendix 3.4). These measurable terms are used to combine the results from the 

literature study with the results obtained from the different utilized survey-instruments in a way that a 

final plan of demands is generated for the design of the intended solar photovoltaic product. 

2.3 Results 

Hotel classification and typology  

Based on quantitative data and  literature from the Costa Rican Tourism Board (ICT)10 and the Chamber 

of Hotels (CCH)11 a classification in size and hotel typology is made for four provinces (Guanacaste, 

                                                           
10 Instituto Costarricense de Turismo 
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Limón, Puntarenas and San José) where tourism forms an important factor. These numbers refer to hotels 

that are associated and registered with the Costa Rican Tourism Board (ICT). Although this certification 

with ICT is optional, it provides an accurate and representative overview of the distribution of hotel sizes 

in Costa Rica, based on the number of hotels that are affiliated to this  certification.  

 

Distribution of hotel size in research area 

The frequency table of 

hotel sizes in Figure 2-2 

shows a significant 

distribution of hotels with 

a number of rooms 

ranging from 1 to 50 

rooms. With a mean of  

23,5 rooms. For 

comparison, an average 

hotel in the Netherlands 

has 35 rooms according to Rabobank (2013). 

 

79% of the hotels that are located in the research area are within the range from 1 to 50 rooms (Figure 2-3).  

On the other hand, considering the absolute total number of rooms per hotel size, the ‘bigger’ hotels (>100 

rooms) contain the largest share in the total number of rooms with a percentage of 76% (Figure 2-4).  

 

Figure 2-3: Share of hotel sizes 
 

Figure 2-4: Number of rooms 

Size of surveyed hotels 
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From only 16 of the responded hotels, the sizes could be presented by viewing their amount of rooms in 

Table 2-3. A significant number of the surveyed hotels are categorized as ‘small’ hotels (<21 rooms).  

 

Despite the limited number of respondents this corresponds pretty well with the here for presented over-

all distribution for the research area. 

 

Table 2-3: Hotel size 

Hotels Rooms 

11 1-20 

2 21-50 

2 51-100 

1 > 100 

 

Hotel typology 

Next to the characterization of sizes the respondents had to characterize their hotels in the questionnaires 

according to defined typologies, based on literature, which were:  

 

• Eco Hotel/Eco-Lodges 

• Apartments 

• Spa Hotel, Boutique Hotel 

• Others  

 

From the surveyed hotels 10 hotels were characterized as Eco Hotel/Eco-Lodges, where the number of 

rooms in these hotels averaged between 4 and 52 rooms. 

 

This typology is in line with the growing trend of ecotourism according to the Costa Rica National 

Chamber of Ecotourism (CANAECO12) and as mentioned in paragraph 1.1. 

 

According to the ‘Oxford Dictionaries Online13’ an Eco-Lodge is defined as ‘a type of tourist accommodation 

designed to have the minimum possible impact on the natural environment in which it is situated’. 

                                                           
12 Cámara Nacional de Ecoturismo 
13 http://oxforddictionaries.com/definition/english/ecolodge 
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Regarding their architectural appearance, building technology, size 

and materialization, Eco-Lodges vary by country 

(“InternationalEcolodges.com,” 2014).    

 

In Costa Rica, based on the surveyed hotels, similarities are found 

mainly in design and materialization of the rooftop. These 

similarities, which are discussed later in this chapter under ‘Tropical design characteristics rooftop of 

Eco-Lodges’ are characterized as typical roof top characteristics of the Costa Rican ‘Tropical Victorian’ 

(Figure 2-5) typology in SMITH-MASIS (2009). These rooftop characteristics will be discussed in the 

literature review.  

 

Despite the relative low-cost and low-tech architecture of many Eco-Lodges, it can be 

assumed that significant effort has been put into the design of an Eco-Lodge, its 

placement in its environment to attract (eco-)tourists and into their carefully chosen 

materialization compared with other hotel typologies in Costa Rica (Figure 2-6, 2-7 

and 2-8).  

 

In the classification of Eco-Lodges a distinction can be made between small and a 

larger ecotourism business according to International Finance Corporation (2005a; Figure 2-7 and 2-8).  

 

 

Figure 2-7: Hotel El Mono Feliz (small) Figure 2-8: Villas Rio Mar (large) 

 

Figure 2-5: Tropical Victorian 

Architecture (SMITH-MASIS, 2009) 

Figure 2-6: 

Conventional hotel 
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In Costa Rica some of these hotels do even have an official certification conforming sustainable tourism 

(CST14) to verify their typology. While others do not see any need for such certification, due to  different 

reasoning such as, ‘the certification does not provide additional revenue for the hotel, and takes too much 

time to purchase it’, as explained by a surveyed ‘small’ hotel. In other countries similar certification and 

standards are available to verify the status of an Eco-Lodge (“The International Ecotourism Society 

(TIES),” 1990).   

 

Despite the fact that Eco-Lodges in general are aiming to minimise their environmental impact as 

mentioned in paragraph 1.1, energy use seems to be one of the weakest areas for most lodges 

(International Finance Corporation, 2005a). Further research should investigate how Eco-Lodges can take 

advantage of the long-term cost savings and environmental benefits of alternative energy sources as solar 

electricity for instance. Taking this into account and based on the findings that the vast majority of hotels, 

that are located in the research area, are within the range from 1 to 50 rooms (Figure 2-3) and that the 

majority of the surveyed hotels could be characterized as Eco Hotel/Eco-Lodges, the further research has 

been focussed on this typology. This is also in line with the trend of a growing ecotourism in Costa Rica, 

as mentioned before and based on interviews with different hotel owners, environmental organizations, 

research institutes and the Costa Rican Tourism Board. Hotel owners are aware of the importance of 

performance and aesthetics of their accommodation.   

 

Case studies 

A total of eight hotels were selected for a more in-depth case study analysis on electricity use in ‘smaller’ 

hotels and the major barriers and motivators affecting the application of solar photovoltaic panels. 

The hotels that finally have been selected as case studies are presented in (Table 2-3). This selection is 

mainly based on how representative they were for the selected typology, the availability of accurate data 

regarding the amount of electricity use, and obviously the willingness of hotel owners to share certain 

information.  

 

The selected hotels are predominantly characterized as Eco-Hotels/Eco-Lodges according to their 

completed questionnaires.   

 

 

                                                           
14 Certificación para la Sostenibilidad Turística  
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Table 2-3: Selected hotels 

Test cases Tourist zone Number of rooms 

Hotel El Mono Feliz Pacífico Medio 8 

Hotel Natuga Ecolodge Villas y Reserva Natural Pacífico Medio 9 

Hotel Villas Gaia Pacífico Medio 14 

Hacienda Baru Lodge Pacífico Medio 6 

Mar y Selva Ecolodge Pacífico Medio 10 

Villas Rio Mar Pacífico Medio 52 

Dantica Cloud Forest Lodge Valle Central 20 

Tree House Lodge Caribe Sur 4 

Barriers and motivators 

This part of the research resulted in an initial exploration of several barriers and motivators for the hotel 

owners which may influence the willingness of hotel owners to purchase photovoltaics.  

 

The major barriers and motivators resulted mainly from an analysis of the barriers and motivators as 

reported by the hotel owners of the selected case studies, based on their responses in the questionnaires 

and additional interviews. Some others came from additional literature study. Table 2-4 and 2-5 briefly 

summarizes and presents the founded barriers and motivators. 
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Table 2-4: Barriers 

Barrier Variable Number 

Financial • Access to finance is limited B1 

• Length of payback period of investment B2 

• Difficult to notice any worth mentioning difference in monthly average 

electricity bill 

B3 

Socio-cultural • Lack of knowledge about (relatively) new sustainable technologies (e.g. solar 

energy) 

• Disbelieve in a sustainable business 

B4 

 

B5 

Institutional • ‘Bigger’ hotels are working according an in advanced fixed budget which 

leaves little space for ‘extra’ investments  

B6 

• Organizational confusion in ‘bigger’ hotels. Takes time to make a decision 

due to bureaucracy 

B7 

Technical • Technical not feasible to attach or integrate PV panels into the building due to 

their architecture and/or building technology  

B8 

• Difficult to implement solar electricity in the electricity management of a 

hotel due to specific electromechanical installations, difficulties with 

distribution of cables 

B9 

• Not enough suitable space for implementation of (sufficient) photovoltaic 

solar panels (e.g. roof surface, shading) 

• Without the use of expensive batteries, only during daytime solar electricity 

can be used 

B10 

 

B11 

Legal/policy • Lack of environmental regulations B12 

Notes financial barriers: Traditional banks are unwilling to provide loans for investments in sustainable initiatives. 

Access to finance is therefore limited. 

 

‘Bigger hotels’ need relatively a large amount of panels to notice any worth mentioning difference in their monthly 

average electricity bill. Especially when they consist of one big building volume with centrally arranged installations 

like air conditioning. Often this kind of installations are responsible for a significant part of the total electricity 

consumption. Here it does not matter whether the occupancy rate is high or low at that time. Certain installations are 

in operation anyway. 

 

In addition, ‘bigger hotels’ with, for instance, flat rooftops often do not have the ability to demonstrate their solar 

photovoltaic panels to their visitors. This is easier for ‘smaller’ hotels/Eco-Lodges.     
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Table 2-5: Motivators 

Motivator Variable Number 

Financial • Reduction of electricity bill (savings on expensive fossil fuel use in periods of 

high demand) 

M1 

 

 

• Attract Eco tourists and market share improvement for the hotel  

• A well-defined plan to convince potential investors or banks for providing 

loans for initial investments in sustainable initiatives  

M2 

M3 

 

Socio-cultural • The believe in a sustainable environment M4 

Institutional • Promoting the ‘green image/sustainable character’ of a hotel by representing 

the use of renewable energy in the building 

M5 

Environmental • Creating environmental awareness  M6 

Technical • Enrichment of the design of an Eco-Lodge M7 

• Reliable electricity provision for (peak) demand without the interference of 

sudden ‘black outs’ or frequency fluctuations 

M8 

Legal/policy • Support sustainable initiatives  through subsidies and regulations M9 

 

These different barriers and motivators are implemented in a targeted final plan of demands to establish 

the product design. Hereby, initial costs of photovoltaic systems are further neglected.  

 

Price mechanism 

In addition to the financial motivator M1 of Table 2-5, the price mechanism of electricity in Costa Rica has 

been analysed and how it affects the amount of electricity (peak) demand during high and low season for 

the selected case-studies.  

 

This analysis provides information about the following aspects: 

 

• Operation of the mechanism 

• How electricity prices for hotels are established 

• The influence of the price mechanism in different periods 
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Assuming that in principle all hotels take advantage of photovoltaic installation, based on the analysis of 

the price mechanism, specifically for Eco-Lodges, there are two major opportunities to lower their 

operational electricity costs15: 

  

a) Trying to lower their average electricity consumption, at least under 3000 kWh per month in 

order to ensure that less peak demand will exceed 3000 kWh, or, 

b) if this is not possible, minimizing their peak demand to pay less peak tax. 

 

Next to energy efficiency measurements, solar electricity could provide here a part of the solution by 

partially providing the electricity during (peak) demand.  

Tropical design characteristics rooftop of surveyed Eco-Lodges 

On-site visits provided information about the building technology of the rooftop of selected case studies. 

This information will briefly be presented in this chapter.  

 

Materialisation 

The most important materials for roof covering is corrugated galvanized 

steel sheeting, and in some cases combined with an indoor ceiling made 

of, for example small bamboo sticks (Figure 2-9; Appendix 2.2). 

 

The heat is conducted through the underside of the roofing sheets and 

spreads out over the interior spaces which on their hand produces 

thermal stress and occupants discomfort, in the absence of an indoor 

ceiling. 

 

The rooftop frame exists mainly out of steel or wood on top of a main support structure of either concrete 

blocks or steel (Appendix 2.2). 

 

 

 

                                                           
15 Obviously the initial investment costs of a photovoltaic system also need to be considered to define if this would be 
a profitable investment in a particular case. 

Figure 2-9: Materialization 



Qualitative field research in Costa Rica 
 

46 
 

Ventilation 

Ventilating the ceiling cavity is predominantly present in all the visited 

Eco-Lodges with ridge vents allowing excess moisture and hot air to go 

out. Several hotels make hereby use of roof ventilation through 

ventilating the ceiling cavity (Figure 2-10; Appendix 2.2).  

 

Roof shading and rain protection 

Substantially all of the rooftops from the visited Eco-Lodges have big 

eaves rain protection and providing shade. Some of the roof tops are relatively steep to enhance 

rainwater drainage (Figure 2-11; Appendix 2.2).  

 

Sustainable development 

Some of the surveyed hotels have already implemented sustainability 

into their hotel management for different reasons - believe in having a 

sustainable business,  marketing and promotional reasoning, but also to 

reduce peak demand from the traditional grid. For example, using of 

solar thermal panels for generating hot water, using LED lighting, and 

using fallen trees for building. There are even solar panels to be installed 

at one hotel, Villas Rio Mar, with the aim to reduce their peak demand 

from the traditional grid and ‘to use the sun more as a source for electricity generation than they do now 

(solar thermal)’. 

2.4 Conclusions and discussion 

The research questions to be answered in this chapter: 

 

Hotel sector  

Sub-Q 1: For what hotel type is the application of solar photovoltaic panels suitable? 

Sub-Q 2: What are the major barriers and motivators for hotel owners to invest in solar photovoltaic 

panels?  

 

  

Figure 2-10: ‘Stack effect’ 

Figure 2-11: Roof shading and 

rain protection 
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Response to sub question 1 

This research has learned that the vast majority of hotels that are located in the research area are within 

the range from 1 to 50 rooms, with a significant part belonging to the typology of Eco-Lodges, also in line 

with the trend of a growing ecotourism in Costa Rica. So, applying solar photovoltaic panels for this 

typology would have a potential significant impact for the hotel sector as a whole in Costa Rica.  

  

In addition, the application of solar photovoltaic panels would be most suitable for those hotels in the 

group of Eco-Lodges where the monthly average electricity consumption is around 3000 kWh or that 

have at least several peak demands over 3000 kWh (6 or more times a year is problematic regarding the 

price mechanism).  

 

Based on these findings it can be stated that smaller hotels with a number of rooms averaged between 1 

and 50 rooms that have the design characteristics of an Eco-Lodge are a suitable and relevant subject for 

the application for photovoltaic panels. 

  

These hotels can try to lower their average electricity consumption, at least under 3000 kWh per month, 

or if this is not possible, minimizing their peak demand and thus their peak tax, where the 

implementation of photovoltaic solar panels could also provide a part of the solution to support the need 

for a more reliable electricity supply for fulfilment of the (peak) demand. 

 

Response to sub question 2 

Several “barriers and motivators” are faced by hotel owners which may influence the willingness of hotel 

owners to purchase solar photovoltaic panels for their hotel. These are presented in Table 2-5 and 2-6. 

 

To maximize the potential success of implementing a future product design, different barriers and 

motivators have been taken as design parameters in this research to define a final plan of demands for the 

product development of the intended solar photovoltaic product. In the end, the hotel owners are the 

ones who will decide whether or not to implement solar photovoltaic products, so it is important to take 

their demands into account.  
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Together with various technical design parameters, to be discussed in the coming chapter, the following 

barriers and motivators will form ultimately the boundary conditions for establishment of the final plan 

of demands for the product design in Chapter 4: 

 

•••• B3, B5, B6 and B7: focus of the product design on smaller hotels with a number of rooms 

averaged between 1 and 50 rooms that have the design characteristics of an Eco-Lodge. 

•••• B4, M1, M2, M3, M4, M5 and M7: motivating the application of solar photovoltaic panels in the 

hotel sector through an innovative product design for Eco-Lodges in Costa Rica. Some hotel 

owners even believe that tourist agencies will work  in the future, preferably with 

environmentally conscious hotels. 

•••• B5, M4, M6 and M8: by generating electricity from the sun the product can motivate people’s 

environmental awareness and their believe in a sustainable future with a reliable electricity 

provision. 

•••• B8: seek for integration possibilities in the building envelope of a hotel. 

•••• M5 and M7: take aesthetics as an important design parameter into account for the product 

design. A high level of aesthetics is needed to appeal to a broad range of hotel owners. 

•••• M6: by using local available renewable material sources for the product design the influence of 

the product at the environment can be minimalized. 

 
Figure 2-12 shows, based on the demands from primarily the hotel owners (barriers & motivators), a 

schematization of the product development process that summarizes the context in which the product 

development has been established. De supply side is a response to the demands.  

 

 

Figure 2-12: Schematization of the product development process



 

49 
 

 

 

 

  

CHAPTER 3 LITERATURE REVIEW 

3.1 Introduction 

The objective of the literature review was to provide the foundation for the determination of location-

specific requirements in Costa Rica and of product technical requirements by investigating different 

technical design parameters. These design parameters are presented and discussed in different 

paragraphs in this chapter. The conclusions from every paragraph will determine how the product will 

meet the demands - supply - during product development (Figure 3-1). In addition to the major barriers 

and motivators from the field research this forms together the final plan of demands for the product 

design.  

 

 

Figure 3-1: Schematization of the product development process 

The research questions to be answered in this chapter: 
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Technical design parameters  

Sub-Q 3: What are the tropical building design principles for a rooftop in Costa Rica?  

Sub-Q 4: What kind of climate exposure factors influences the yield of photovoltaic systems?  

 

3.2 Tropical building design principles rooftop: state of the art  

Introduction 

In addition to the field research analysis of the tropical design characteristics from different rooftops of 

the surveyed Eco-Lodges, a more in-depth analysis of literature provided information for specification of 

location-specific requirements. These are presented and discussed in this paragraph.   

 

Depending on the climate zone and its conditions, 

characteristic climate factors have led to typical forms 

of construction over the history of building. They also 

have major influences at the state of the human body. 

For example, the body reacts differently in a tropical 

climate than it does in a more moderate climate. 

According to Figure 3-2 Costa Rica is situated in the 

tropical zone. 

 

From the climate factors air temperature, air movement, radiation and humidity are not the only climatic 

characteristics that affect human comfort, but they are the dominant ones, according to the Department of 

Economic and Social Affairs (1971).  Typical for the tropical zone are the permanently moist with low 

temperature fluctuations over the course of the day. This makes thermal masses by means of insulation or 

thick walls not necessary. Conventional forms of construction in the tropics are therefore elevated, 

lightweight and mainly built out of timber structures. Mainly to protect against the infiltration of 

moisture and to enable a cooling effect through maximizing a high air change rate. 

 

Table 3-1 shows different requirements at building level related to a tropical climate zone (Hegger et al., 

2008). 

 

 

Figure 3-2: The Earth's climate zones (Hegger et al., 

2008) 



Chapter 3 

51 
 

Table 3-1: Characteristic climate elements plus the resulting requirements at building level related to a 

tropical climate zone (Hegger et al., 2008) 

Tropical 

zone  

(Moist, 

warm) 

Climate elements  Requirements 

• High direct solar radiation with a cloudless sky, otherwise 

mostly tempered by cloud cover  

Relief from the unfavourable 

influence of heat and moisture 

(humid conditions) by using air 

circulation to promote heat 

dissipation via transpiration 

• High relative humidity (80-100%) 

• High precipitation (1200-2000 mm/a, in extreme cases up to 

5000 mm/a) 

• Low daily and annual temperature differences (daily 

average: approx.. 7K; annual average: approx. 5K 

Protecting buildings and building 

components against direct solar 

radiation and undesirable heat 

storage through shading and the 

right choice of building form and 

orientation 

 

• Max. daytime temperatures approx. 30°C as annual average 

• Min. night-time temperatures approx. 25°C as annual 

average 

• High frequency of cloud cover, i.e. high proportion of 

diffuse radiation 

• Low air pressure Protecting building components 

against permanent saturation 

through well-controlled rainwater 

run-off and good ventilation 

• Often only light winds, but sometimes stormy gusts during 

rainfall 

• Tropical storms (cyclones, typhoons, hurricanes) in certain 

regions 

 

Rooftop 

According to Stagno and V. Gutiérrez-Soto (n.d.) the natural climate is a major resource that should be 

exploited to achieve comfort in buildings, especially in poor countries. According to their understanding, 

the approach of involving climate in the establishment of the indoor environment of a building, is stated 

to be adequate and valid for developing countries. Projecting this believe on the indoor environment of 

an Eco-Lodge, according to Hegger et al. (2008), thermal comfort is the most important factor which 

needs to be experienced as agreeable for a human being. It influences the human heat balance and also 

has a direct effect on the energy consumption of a building regarding mechanical ventilation. A thermally 

comfortable environment is subject to physical influencing factors such as the temperature of the interior 

air and the average temperature of the external air, the humidity of the interior air and the movement of 

the air. The roof has herein an essential role among other building elements that protects interior spaces 

or any external surfaces from solar irradiation (SMITH-MASIS, 2009). 

Climatization of Eco-Lodges 
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Through maximizing the air movement and removing the hot air in addition to radiant control, rapid 

evaporation of human sweat is ensured and additionally less energy-extensive air-conditioning is 

needed. Prevention of heat in addition to the physiological cooling effect of natural air movement, as 

mentioned above, gains another passive cooling strategy to provide comfort (SMITH-MASIS, 2009).  

 

Cross ventilation is hereby the most efficient passive cooling design strategy. Wind driven flows can 

stream efficiently indoors, or when internal walls are included, they can ventilate rooms independently. 

Solid walls would hinder the circulation of cooling air. Often they are replaced by airy openings or lattice 

forms of construction. Wind pressure and suction can be accelerated, and airflows well distributed by 

adjustments such as wind catchers (Figure 3-3, 3-4 and 3-5; SMITH-MASIS, 2009). Aspects of privacy and 

security must be taken into account when designing the openings for ventilation.     

 

 

Figure 3-3: Passive (cross) ventilation
16

 

 

Figure 3-4: Convective airflow17  

 

Figure 3-5: Lattice wall18 

Describing and analysing natural ventilation asks for time-consuming and complex studies, since it is 

known now that natural ventilation contains a non-stationary process with non-uniform and highly 

turbulent wind flows and different variable factors, including: 

 

• Weather (temperature difference inside/outside, wind speed, wind direction) 

• Position of openings with respect to each other 

• Amount and sizing of openings 

• Surrounding, open area, semi open area, dense built-up area 

 

                                                           
16, 17, 18, 19  (Cairns Regional Council, 2011) 
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Natural ventilation can be driven by thermal draft (stack effect) or wind, depending on circumstances. In 

some cases both effects occur at the same time and may strengthen or just work against each other 

(Walker, 2010).   

 

Natural ventilation driven by thermics 

Natural ventilation driven by thermics arises due to differences in density of interior and exterior air. 

Since warmer air has a lower density than colder air, warmer air will rise above cold air creating an 

upward stream. Differences in temperature and difference in height between the input and output of 

ventilation will increase this upward stream. This is also called ‘stack effect’.  

  

Wind driven natural ventilation 

Ventilation by wind is based on the wind effect of creating a positive pressure on the windward side and 

a negative pressure on the leeward side of buildings. Fresh air will enter any windward opening and  be 

released through any leeward opening to equalize pressure. Hereby excess moisture and pollutants will 

be removed.  

 

Roof ventilation of Eco-Lodges by convection 

Ventilating the ceiling cavity of an Eco-Lodge is an effective 

way of replacing accumulated hot air with cool air from the 

outside by convection. It also reduces heat radiated from the 

ceiling cavity to the indoors of the building. Controlled 

openings can stop ventilation during heavy storms if 

necessary (Figure 3-6; Department of Economic and Social 

Affairs, 1971; Cairns Regional Council, 2011).  

 

Roof shading and rain protection 

In Costa Rica roofs of Eco-Lodges are additionally steep and have big eaves to protect against rain and 

provide shade in addition to protect from direct and diffuse radiation solar irradiation (Figure 3-7 and 3-

8; Hegger et al., 2008). The big eaves are typical characteristics of the Costa Rican ‘Tropical Victorian’ 

typology (SMITH-MASIS, 2009).   

 

Figure 3-6: Roof cavity ventilation19 
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Figure 3-7: Tropical building form 

 

Figure 3-8: Use of big eaves to protect external joinery 

and cladding from rain and direct sunlight (Berry, 

1993) 

 

Layered roof structure 

A common roof structure for Eco-Lodges in Costa Rica contains corrugated galvanized steel sheeting as 

an important main material for the outside layer as roof covering (Figure 3-7). Through light colours of 

the sheets or using shiny sheets, solar radiation reflection is optimized. The sheets are light and water 

tight (SMITH-MASIS, 2009). 

 

In the case of 3 layered roof structures the middle layer separates the roofing sheets from an indoor 

ceiling (Figure 3-9). The air cavity with sometimes a reflective foil included creates a pleasant indoor 

environment by covering installations and insulate spaces from convection of heat generated by the roof 

sheets. Excess of heat between the rooftop and the ceiling can be prevented by ventilation when the 

external air temperature is below internal temperatures. The ceiling itself (inside layer) is made of 

insulation materials and ceiling boards but can be expensive. 

 

Generally the roof rests on a frame with an air cavity of about 30-50 centimetres in height between the 

frame and the roof. Through this cavity the heat that is generated by the sun, heating up the steel sheets, 

can be ventilated away which otherwise would contribute to a warm indoor environment.  

 

 

Figure 3-9: Layered roof structure of conventional Eco-Lodge with steel roof structure 
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3.3 Solar photovoltaic technology 

Introduction 

Different advantages of BIPV products are discussed in the background analysis. Based on these 

advantages it is chosen to fulfil the need for decentralized power generation for Eco-Lodges in Costa Rica 

with the implementation of integrated photovoltaic panels in the building envelope. 

 

In order to maintain the yield of a (BI)PV system it is important to know how solar photovoltaic panels 

can be affected by climatic effects. The conclusions are presented in this paragraph also giving an answer 

on sub question 4.  

 

In addition, information about integration possibilities of solar photovoltaics in the building envelope 

will be given in paragraph 3.4 and requirements due to the influences of integrated solar photovoltaics at 

the indoor environment of an Eco-Lodge will be given in paragraph 3.5. 

 

Photovoltaics 

Photovoltaics (PV) stands for a process which convert global solar irradiation into electricity with a wide 

range of potential (decentralized) applications. From small applications as calculators to large power 

plants that can cover several square kilometres to foresee multiple buildings with electricity. In Appendix 

3.1 a brief history of the development of Photovoltaics is given followed by an explanation of the 

photovoltaic effect, overview of solar cell concepts, their efficiencies, the operating principle of a solar cell 

and the structure of a typical laminated PV module with typical connection and framing principles of PV 

modules.    

 

Influences on the yield 

The specified rated output of a solar module, measured in Wp or kilowatt-peak (kWp) for a bigger 

installation, correspondents to the peak output under laboratory conditions. Such conditions are, 

however, hardly ever achieved in practice, since Illuminance, temperature, angle of incidence and the 

spectral distribution of the light, factors which influence the output of a solar module, are variable.  

 

For each irradiation and temperature value, there is exactly one current/voltage combination at which the 

power output of the solar modules reaches its maximum value. This point is called the maximum power 
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point (MPP). A MPP tracker, connected to the inverter, is constantly searching for this point (Figure 3-10; 

Weller et al., 2010). 

 

The level of electricity production by a solar cell gets higher 

with the irradiation level. The conversion efficiency 

describes the percentage of the available solar energy that is 

converted into an electrical current by a solar cell or module. 

Hereby is the degree of efficiency of the module always 

lower than that of the cell because the module includes 

inactive spaces between cells and frame surfaces plus the 

transmittance of the solar glass (Weller et al., 2010). 

 

Solar radiation 

The most important factor for generating electricity with 

photovoltaics is formed by the amount of energy the sun reaches the earth in the form of electromagnetic 

radiation. This is measured on a surface of 1 m2 perpendicular to the incident solar radiation, also called 

solar irradiation/solar irradiance/global solar irradiance. Solar radiation can be used as a source for heat 

and light. Outside the earth’s atmosphere, that radiation is almost constant. The spectrum of the sun 

which provides the energy ranges from short-wave ultraviolet light to long-wave infrared light and high-

energy visible light in between. This accounts for the largest part of the spectrum. Through several factors 

in the atmosphere, the intensity of radiation at the earth’s surface as well as the spectral composition 

change. Hereby the level of global irradiation and the proportions of direct, diffuse and reflected light 

vary depending on the cloud cover. A part of the energy which reaches the earth’s surface goes lost.  

Where solar cells can function with all three forms of light, direct radiation does provide the most energy.   

 

Direct radiation is formed by the radiation that does reach the earth’s surface directly and is not to be 

reflected or scattered before (Appendix 3.2). Crystalline cells work best using long-wave red light, thin-

film cells adapt diffuse light of the spectrum better (Weller et al., 2010). 

 

Because the position of the sun changes over time, the amount of solar radiation at different locations is 

not constant throughout a whole year. Figure 3-11 shows how the position of the sun is described by 

Figure 3-10: Characteristic curves for modules 

shows how each factor relates to the another 

at a defined temperature and irradiance level 

(Mayfield, 2012) 
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using two angles: the azimuth (angle between the sun and the south) and the elevation angle (angle 

between the horizon and incident light of the sun).  

 

Figure 3-11: Orientation panels (Deutsche Gesellschaft Für Sonnenenergie, 2005) 

The trajectory of the sun provides differences in the amount of solar radiation throughout a whole year. 

Adding up the energy content of solar radiation over the period of one year the annual global irradiation, 

measured in kWh/m², can be calculated. This varies significantly per region. 

 

Figure 3-12 shows how a PV modules current dramatically changes as the irradiance varies. This is in 

contrast to the voltage which remains relatively constant.  

 

 

Figure 3-12: Varying voltage with different irradiance or intensity of sunlight (Mayfield, 2012) 

Costa Rica is a favourable geographical location for generating electricity with the use of sunlight, with 

an annual global irradiation ranging from 1014 kWh/m2 to 2028 kWh/m2. With the sun, in general, high 

on the horizon, compared to e.g. the Netherlands, and an air mass (AM; Appendix 3.2) which is lower 

nearby the equator the path which the light takes through the atmosphere is relatively short. For 



Literature review 
 

58 
 

comparison the average in the Netherlands ranges from  897 kWh/m2a to 1106 kWh/m2a (Figure 3-13 and 

3-14; Velds, n.d.; Dirección Sectorial de Energía, 2011).   

 

 
Figure 3-13: Global horizontal irradiation 

Costa Rica (GeoModel Solar, 2010)  

 
Figure 3-14: Global horizontal irradiation Europe (GeoModel 

Solar, 2010)  

 

Orientation and slope of the modules 

The more a solar module surface is turned directly into the sun, the more the energy yield per square 

metre rises. According to Table 3-2 a south-facing surface with an minimal incline of about 10° to the 

horizontal is best for maximising the irradiation in Costa Rica regarding San José (Eva Schubert, n.d.). 

But with the sun in general high above the horizon in Costa Rica and parallel to the equator, orientation 

will be less important than it is the case, for instance, in the Netherlands. 

 

Table 3-2: Global horizontal irradiation San José (kWh/m²) (Eva Schubert, n.d.) 
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Inclination solar panel 

As above mentioned a panel inclination of about 10° from the horizontal is best for maximising the 

irradiation in Costa Rica regarding the situation of San José. 

 

Additionally, back and side plates could be introduced to enhance aerodynamics. Although the exact 

effect of these back and side plates is not clear at this moment, it is assumed these plates will lower the 

effect of uplifting the module (Figure 3-15). 

 

 

Figure 3-15: Application of back plate  

Shading 

An important factor that has to be taken into account when dimensioning solar panels is avoiding 

shadows on solar panels. Shadows can reduce the amount of energy coming from the incident solar 

radiation by 60-80% and for partial shaded areas 30-40%.  Solar cells in the modules are connected in 

series and react very sensitively with shadowing, even with a small part of shading of a cell or module. 

Shadow reduces or even stops the current flow in a cell. When one cell doesn’t receive any sunlight, it 

will block de current and make sure a complete string will not provide any electricity at all to the 

inverter. Consequently, cells in the shadow part heats up which can damage the cell itself and the 

surrounding materials (Weller et al., 2010).     

 

To overcome this problem so called bypass diodes are placed in modules. 

Nevertheless, even with a bypass diode, the output of a module drops 

significantly. Thin-film modules react less sensitively because the long, 

thin strips of cells are not completely covered quite so easily by shadow. 

 

  

Figure 3-16: Possible causes of 

shadows (Weller et al., 2010) 
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Shadows can be caused by (Figure 3-16): 

• Adjacent buildings 

• Vegetation 

• Building projections 

• Rooftop structures 

• Snow 

• Soiling 

 

But also dust, dirt, leaves, bird dropping can have serious effects on the performance of a panel. With 

slopes of approximately 10° and more, the self-cleaning effect of rain can be adequate for cleaning the 

modules from, mainly dust and dirt for, in particular sandy areas.     

 

Module temperature and ventilation 

As previously mentioned in paragraph 1.1 the efficiency of a solar cell decreases when temperature 

increases. This happens because only a fraction of the incident solar irradiance is converted into electricity 

and a major part will directly be converted into thermal energy that heats the module immediately. This 

will form a resistance for the electrical current. The best PV modules operates at Nominal Operating Cell 

Temperature17  = 33°C, the worst at 58°C and a typical module at 48°C according Migan (2013). With high 

irradiation, module temperatures can even become 80°C so that module output reduces more than 25% 

compared to rated output.  

Also mounting conditions of the PV module can affect the heat transfer of a panel significantly. When the 

backside of the module for instance, cannot exchange heat with the ambient air (i.e. a covered backside of 

a panel mounted directly on a roof with no air duct), this will consequently result in a higher thermal 

resistance as well. Also the fact that convection in this situation is limited to the front of the module will 

result in higher module temperatures. Thus, roof-integrated mounting can cause higher operating 

temperatures of PV modules when ventilation from the backside is not taken into account in the product 

design. 

                                                           
17 Nominal Operating Cell Temperature (NOCT): temperature reached by open circuited cells in a module according 
following conditions: 
 

1. Irradiance on cell surface = 800 W/m2 
2. Air temperature = 20°C  
3. Wind speed = 1m/s 
4. Mounting = open back side 
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The parameter which is most affected by an increase in temperature, is the voltage. The impact of 

increasing temperature is shown in figure 3-17 (globally a decrease of 1.1% of peak output for every 

increase in degrees Celsius of a photovoltaic solar panel according to the already mentioned field 

experiment in the United Kingdom).  

  

 

Figure 3-17: Change in voltage by an increase in module temperature (Mayfield, 2012)  

According to ‘Agentschap NL’, currently ‘Rijksdienst voor Ondernemend Nederland’, a Dutch 

governmental organisation, a temperature increase of one degree Celsius corresponds with 0.45% 

decrease in power output. Table 3-3 shows different temperatures of photovoltaic panels with an ambient 

temperature of 40±C. This table shows a difference in temperature between a well-ventilated system and a 

non-ventilated system of 15±C. They recommend to use mounting structures that allow air to flow as 

much as possible. Therefore openings are required between PV panels and the underlying rooftop so that 

the ventilation is not obstructed (Agentschap NL, 2011). 

 
Table 3-3: Degree of ventilation and associated panel temperature (Agentschap NL, 2011)  

Level of ventilation Solar panel temperatures (∞C)  

 Maximum1  Average 

Non-ventilated 80-95 45-50 

Moderately ventilated 60-75 35-40 

Free ventilation 50-65 30-35 

1Based on maximum ambient temperature of 40±C 
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An approximate expression to determine a PV module operating temperature is given in (Masters, 2004): 

 

����� = ���� +�	
� − 20800 � 
( 3-1) 

Where, 

 ����   =  temperature of the air surrounding the solar cell (°C 

 �����   =  temperature of the solar cell (°C) 

 �	
�  =  Nominal Operating Cell Temperature (°C) 

 �  =  incident radiation (W/m2) 

 

So, to narrow higher operating temperatures of PV modules, ventilation of the underside of PV modules 

is necessary allowing the heat to escape quickly into the ambient. For the product design it is therefore 

important to know how natural ventilation could be maximized in the design. This is also needed to 

avoid (permanent) condensation.  

 

Regarding building integrated photovoltaic modules, information about ventilating the modules in the 

Costa Rican context is very scarce or even not available.  

 

In the case of crystalline module temperatures behaviour is generally more of a problem than in case of 

thin-film modules. (Figure 3-18 and 3-19; Weller et al., 2010).   

 
Figure 3-18: Module power with different module 

temperatures and constant irradiance at 1000 W/m2 

(Deutsche Gesellschaft Für Sonnenenergie, 2005) 

 
Figure 3-19: Influence ventilation at temperature 

(Deutsche Gesellschaft Für Sonnenenergie, 2005) 

 

In appendix 3.3, ultimately, a final overview of all the losses that occur during the conversion of sunlight 

into electricity in a module is presented. 
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3.4 Building integration 

Building integrated PV modules 

Building integration of photovoltaic (PV) cells are carried out on sloped roofs, flat roofs, 

facades and solar shading systems. PV cells may be mounted above or onto the existing 

or traditional roofing or wall systems (Jelle and Breivik, 2012a). By integrating the 

photovoltaic elements into a curtain wall façade, the first installation of building 

integrated photovoltaics (BIPV) was realized in 1991 in Aachen, Germany (Figure 3-20; 

Benemann et al., 1999). This resulted in the establishment of a new market, where today 

photovoltaic modules for building integration are produced as a standard building 

product, fitting into standard façade and roof structures. ‘Photovoltaic façades become 

visiting cards for the owners of the building, demonstrating the ecological awareness and 

innovative thinking and management’ (Benemann et al., 2001). According to Peng et al., 

2011 BIPV systems are either considered as a functional part of the building structure, or 

they are architecturally integrated into the building envelope, including designs that 

replace the conventional roofing materials.  

 

Some architects prefer to present a BIPV roof as a roof giving a clear visual impression, while others want 

the BIPV roof to look as much as a standard roof as possible according Jelle and Breivik (2012a). 

According to Marco Raugei and Paolo Frankl (2009) enhanced structural integration of PV systems in 

new buildings as well as during restoration and/or renewal of older buildings are one of the key factors in 

trying to draft possible future scenarios for PV, both in terms of costs and of environmental performance. 

Through the integration of photovoltaics they enhance the products value by adding a new function, 

generating clean electricity (Farkas et al., 2009). But BIPV modules can also fulfil tasks as weather 

proofing, thermal insulation, providing shading/sun protection and noise protection. 

 

  

Figure 3-20: 

Characteristic 

curves for 

modules shows 

how each factor 

relates to the 

another at a 

defined 

temperature and 

irradiance level 

(Mayfield, 2012) 
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State of the art 

Operating with different generation of cell typologies BIPV products can be categorized into the 

following groups according to Jelle and Breivik (Jelle and Breivik, 2012a): 

 

• BIPV foil products: which are lightweight and flexible. Often made from 

thin-film cells to maintain the flexibility in the foil and the efficiency 

regarding high temperatures for the use on non-ventilated roof solutions 

(Figure 3-21). 

• BIPV tile products: may cover entire roof or selected parts of the roof. Cell 

type and tile shape varies (Figure 3-22). 

• Solar cell glazing products: solar cells integrated in windows, 

glassed or tiles façades and roofs with different colours and 

transparencies. They transmit daylight and serve as water and sun 

protection, normally produced with either amorphous, 

polycrystalline or monocrystalline cells with different cell 

separations (Figure 3-23). 

• BIPV module products: more and less similar to conventional PV modules but are more suitable 

for integration in the building envelope as a weather skin solution (Figure 3-24 and 3-25). 

• BAPV products: this group called Building Adopted/Applied/Attached Photovoltaic (BAPV) 

products, are regarded as add-ons to the buildings and are not directly related to the building 

structures’ functional aspects. Thus they are not integrated into the outer building envelope and 

therefor replace no traditional building envelope materials as the BIPVs are doing. But in practice 

it can be difficult to separate these classifications. According to Peng et al.  (2011) men can 

assume, for example, BAPV becomes BIPV when the photovoltaic modules for a fully 

understanding of are integrated ‘tightly’ with buildings.  

 

 

Figure 3-21: Thin 

film solar cells 

Figure 3-22: BIPV tile  

product 
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Figure 3-23: Solar cell glazing product, 

integrated as a shadowing system 

(architectural intervention) 

 
Figure 3-24: Prefab solar roof 

element  

 
Figure 3-25: In-roof system with 

conventional solar modules  

 

Level of integration 

Above mentioned categorization is accompanied with different levels of integration with respect to non-

ventilated or ventilated integration through creating an air gap underneath the panel (Figure 3-26).    

 

 

Figure 3-26: Different levels of integration (Landesgewerbeamt Baden Württemberg, n.d.) 

There are two main possibilities (European project PURE, n.d.): 

 

• Real integration, where PV modules actually replace several building materials 

• Superposition, where PV modules are placed on existing external surfaces of buildings (roofs, 

façade) 

 

Integration of solar panels 

Integrating solar panels should be easier to integrate in the rooftop of an Eco-Lodge compared to a multi 

layered rooftop structure of a building in, for instance, the Netherlands. Due to the stable ‘tropical’ 

climate in Costa Rica, ‘low-tech’ rooftops are built without any requirements for insulation. This makes it 

easier to integrate solar panels. In a more developed and colder Netherlands there is stricter building 

legislation to the ‘high-tech’ rooftops and indoor environment compared to Costa Rica. 
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Characteristics from an architectural point of view 

In the case of the first generation photovoltaics (wafer-based solar cells) one needs to make a difference 

between the characteristics of the cell and the panels. Important characteristics of crystalline cells are the 

shape, size and texture. Where mono-crystalline cells have a homogeneous surface, poly-crystalline cells 

have a diffuse texture. In both cases colours of the cells can differ due to the use of a special anti-reflection 

layer. The efficiency of the cells, however, does decrease in this case in which their efficiency will vary 

between 73-98% of the original cell. 

 

At the level of panels visual appearance can be characterised by the arrangement of cells. Translucency 

achieved by creating distance between the cells and in this case the colour and pattern of the background 

are also design possibilities. Additionally the colour and type of framing are elements for architectural 

appearance. Also important element of architectural and thus visual appearance is formed by optical 

reflection due to the glass coating (Farkas et al., 2009). 

 

In the case of thin-film, solar cells with modules based on this technology have a homogenous surface 

with no cell size limitation, the possibility to have flexible modules that enhance building integration, and 

the possibility for translucent modules with different pattern types and various colours integrated into 

glazing. Optical reflection differs according to the substrate material (Farkas et al., 2009).  

 

Various opportunities for innovative architectural design, which may also be aesthetically appealing are 

provided by the integration of photovoltaic panels. By making the panels visible as part of the overall 

design of a building, owners can demonstrate their ecological awareness and innovative thinking and 

management.  

3.5 Influences on the indoor environment  

Introduction 

In paragraph 3.2 the essence and importance of the indoor environment of tropical buildings has been 

discussed. It is now known that when the operating temperature of a solar module heats up, the 

efficiency of a solar cell decreases.  

 

As a BIPV module is directly connected to the underlying space, heat transfer from a BIPV module, due 

to temperature difference, could affect the indoor environment of an Eco-Lodge negatively. 
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Understanding of these aspects could decide whether it make sense to integrate photovoltaics in the 

rooftop of an Eco-Lodge in Costa Rica instead of just keep them attached above a ‘closed’ rooftop where 

the rooftop separates the occupied spaces from any heat transfer coming from a solar module.  

 

Often, hotels in Costa Rica make use of mechanical ventilation as backing-up system to natural 

ventilation (hybrid ventilation) to meet a certain indoor temperature.  

 

From an energy reduction perspective, integrating PV panels in the rooftop should not impose the need 

for extra mechanical ventilation for cooling due to heat transfer from the panels.  

 

Heat transfer mechanisms  

There are three heat transfer mechanisms for heat 

exchange with the environment (Aarts et al., 2005; 

Figure 3-27): 

 

1. Conduction:  transfer of energy between objects 

that are in physical contact.      

2. Convection (flow): Energy transport from solids 

to liquids/gases that flows along the solid. A 

distinction is made between natural convection and 

forced convection. The process of convection 

includes conduction. 

3. Radiation: energy transfer through the emission or absorption of electromagnetic radiation. 

 

In some situations both natural convection and forced convection are involved. But, often one of the two 

will be the dominant factor (“Samenvatting Stromingsleer en warmteoverdracht,” n.d.). A natural wind 

flow can be used here as a potential low-tech cooling mechanism to take heat away through convective 

heat transfer. This process is generally called wind-induced forced convection by natural wind flows 

(“Numerical modelling of forced convective heat transfer from the inclined windward roof of a low-rise 

building with application to photovoltaic/thermal systems,” n.d.).  

Figure 3-27: Heat exchange mechanisms (“Heat Loss in 

PV Modules,” n.d.) 
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Determination and describing the patterns of the wind flows as well as the associated heat exchange 

contains, however, a complex non-stationary18 process of mathematical equations which are difficult to 

solve analytically. 

 

Nowadays, CFD19 software is capable to approach the above numerically, where before mainly 

experimental measurements by using anemometers and wind tunnel tests were used. 

 

The last two methods are often subject to expensive measurement equipment and long term 

measurements in order to extract general conclusions from the results (Depreeuw, 2011).  

Some other important notes hereby are:  

 

• Many environmental side-effects are neglected in different analyses, because of the level of 

complexity 

• Since airflows can reach solar panels from different directions, where different airflows can meet 

and even reinforce one another, a three-dimensional approach should be involved 

 

In conclusion, cooling of the photovoltaic panel is important. It improves its electricity generation 

efficiency. But these wind flows should not affect the indoor environment of an Eco-Lodge. This by 

means of providing an annoying indoor flow behavior and in addition to this, water penetration through 

wind-driven rain (Jelle et al., 2012b). These aspects needs to be excluded when designing an integrated 

photovoltaic solution and still maintain a sufficient ventilation rate simultaneously. 

 

It is important to know that indoor comfort in general contains a complex issue that is linked to the whole 

building or an interior space (e.g. heat transfer through walls and windows, devices and user behaviour). 

So it is not only linked to a rooftop or BIPV product in the rooftop. Both do have their influence on the 

indoor comfort, but are not the only defining factors in determination of the overall indoor comfort in an 

Eco-Lodge. 

 

To focus the research project, requirements related to the indoor comfort will further be neglected. In the 

product evaluation only a raw assumption has been made for temperature increase in the indoor 

                                                           
18 Temperatures and flow patterns vary with time 
19 Computational Fluid Dynamics 
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environment as a consequence of heat transfer from the BIPV product. Also an assumption has been 

made for the possible influence of natural ventilation on wind flows in the indoor environment of an Eco-

Lodge.  

3.6 Conclusions 

The research questions to be answered in this chapter: 

 

Technical design parameters  

Sub-Q 3: What are the tropical building design principles for a rooftop in Costa Rica?  

Sub-Q 4: What kind of climate exposure factors influences the yield of photovoltaic systems?  

 

Response to sub question 3 

A rooftop in Costa Rica has an important role to establish a thermally comfortable environment in an 

interior space (e.g. Eco-Lodge). In general, a rooftop protects interior spaces from direct solar irradiation 

and rain. For this research two tropical building design principles are presented:   

 

• A rooftop provides shade through big eaves 

• Roof cavity ventilation with ridge vents is often used as an effective way of replacing 

accumulated hot air with cool air from the outside by convection. This also provides a ‘stack 

effect’ and reduces heat radiated from the ceiling cavity to the indoors of the building 

 

Above mentioned principles could be combined with the integration of 

solar photovoltaic panels in the building envelope of an Eco-Lodge. For 

instance, solar panels could be implemented as (extended) eaves or patio 

roofs to provide shade (Figure 3-28)20. Next to the function of removing 

accumulated hot air, natural wind flows can also be used as a potential 

source for ventilation of the solar panel. 

 

  

                                                           
20 http://solarenergydesign.com/solar-electric-systems/building-integrated-photovoltaics/ 

Figure 3-28: Patio roof 
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Response to sub question 4 

In order to generate sufficient yield of a solar photovoltaic panel, the following climatic exposure factors 

and building physical issues need to be taken into account during the product development and 

implementation phase: 

 

• Solar radiation: geographical position and orientation tot the sun, inclination of the BIPV 

modules, shading effects, heat transport 

• Temperature: ventilation 

• Water (moisture, relative air humidity, rain and wind-driven rain): water-runoff and rain 

tightness  

• Dirt: solar panel is self-cleaning from an inclination of 15± 

• Wind tightness and wind loads: prevention of annoying indoor flow behavior and the 

aerodynamics of the panel 

• Tropical storms and earthquakes 

 

The aforementioned climatic exposure factors and building physical issues will ultimately influence the 

level of integration of a BIPV product. 

 

Additionally, as a BIPV module is directly connected to the underlying interior space, heat transfer from 

a BIPV module, due to temperature difference, could affect the indoor environment of an Eco-Lodge 

negatively. This is evaluated for the new BIPV product in chapter 5, also to provide a response to sub 

questions 6 and 7.  
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CHAPTER 4 PRODUCT DEVELOPMENT  

4.1 Introduction  

In paragraph 1.1 several main advantages have been discussed looking for a next step of PV application 

in the hotel sector of Costa Rica - more specifically on the application of BIPV in the rooftop of Eco-

Lodges. But to start the product development, it is first important to know why the state of the art of 

BIPV products does not meet certain demands and requirements for application in the rooftop of Eco-

Lodges.  

 

Several reasons are given to develop a new intended BIPV product for Eco-Lodges in Costa Rica: 

 

Low-tech solution 

In accordance with the relative low-cost and low-tech architecture of many Eco-Lodges, a low-tech 

solution is preferred for the BIPV product design, without a complex mounting structure with moving 

parts and as less as possible nonrenewable (expensive) materials. 

 

For this reason standard framed solar panels will be used instead of frameless panels, BIPV tile products 

or other type of solar cell glazing products and in-roof systems/prefab solar roof elements that are more 

expensive, difficult to handle and implement and are more susceptible to damage.  

 

Solar panels are responsible for a large part of the product. Due to the production capacity of 

conventional mono-/polycrystalline solar panels, costs are relatively low and the performance ratios are 

relatively good compared to, for instance, BIPV foil products. Although BIPV foil products are 

lightweight and flexible, which could be beneficial for easy installation, and perform more independently 

from the temperature, (BI)PV foil products have a considerably lower efficiency (Jelle and Breivik, 2012a). 

In order to compete with conventional mono-/polycrystalline solar panels (BI)PV foil products need to be 
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installed on a bigger scale. Besides that, in the case of traditional corrugated steel rooftop sheets it would 

be difficult to implement these foils anyway.  

 

By using conventional solar panels and striving to a convenient  structure , mounting and maintenance 

technologies, the total cost of a BIPV can be lowered significantly (Peng et al., 2011). 

The use of standard solar panels due has its consequence for the design of the mounting structure and 

limits the number of possibilities of innovation – mainly focused now on mounting the solar panel to the 

main support structure of an Eco-Lodge. 

 

Sustainable development  

Although PV systems cause no emissions during their use, during their manufacturing, installing and 

demolition or reuse they do need both materials and energy flows, which affect the environment. 

Especially with future described scenario’s predicting a large-scale use of PV this will be of more interest 

(Frankl et al., 1997).  

 

To ensure that the product design fits into the objective of sustainable development (Appendix 1.2) that 

adheres to a large part of the Eco-Lodges, a requirement for materialization of the mounting structure is 

the limited use of materials for product development and to use, if possible and feasible, renewable 

materials that are locally available, having a sufficient durability and being easy editable. This to support 

a lower carbon footprint compared with the metals used in traditional mounting structures of 

photovoltaic modules, although conventional aluminium mounting structures can be recycled well. But it 

is precisely the energy needed for the creation of new aluminium which makes production of new 

conventional mounting structures so energy intensive.   

  

With the purpose of developing a product with a lower environmental impact, a Life-Cycle Analysis/Life-

Cycle Assessment (LCA) method could evaluate the environmental impact of a product. An LCA analysis 

analyses all the environmental impacts of a building product design to the environment throughout its 

whole life-cycle.  
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An LCA will look at (Consoli et al., 1993): 

 

• Extraction, processing and transportation of raw materials 

• Production, transport and distribution of resulting products 

• Use, reuse and maintenance 

• Recycling and final disposal 

 

By evaluating the gained information through an LCA method, solutions for the implementation of solar 

electricity in the energy management of hotels can be optimized with the establishment of a BIPV product 

with a lower environmental impact compared to conventional solutions. 

 

Following from the above mentioned reasoning, the information obtained from the qualitative field 

research in Costa Rica and the in-depth literature study in the Netherlands about different technical 

design parameters provided the demands - mainly set by the hotel owners - and technical requirements 

for product development. Besides these demands and requirements other (technical) requirements are 

discussed in this Chapter. Ultimately, a final plan of demands summarizes all these demands and 

requirements as a response to sub question 5. 

 

Based on this plan of demands a morphological analysis provided different design concepts. These 

concepts are assessed through a multi-criteria analysis and resulted in one final product design. In 

paragraph 4.4 the BIPV product design (Figure 4-1) will be presented and discussed. 

 

 

Figure 4-1: Schematization of the product development process 
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The research question to be answered in this chapter: 

 

Product development  

Sub-Q 5: What are the technical, functional and economic criteria for product development of a BIPV 

product for Eco-Lodges in Costa Rica? 

 

In other words: What does the customer want and how can it be supplied? 

 

Challenges 

To establish a balanced product design for the intended BIPV product the main challenge could be seen 

in enhancing an integrated design approach where specific knowledge about energetic, economic, 

functional, constructional, structural, aesthetical, cultural and social aspects, specifically for the 

circumstances in Costa Rica are combined together. This is important since all these aspects are 

interdependent and have a direct influence on each other (Farkas et al., 2009). Hereby the BIPV product 

must meet at least certain functions which are normally easily met by conventional building materials 

and envelope constructions, such as the structural function and providing protection from the weather 

elements. Additionally, from the qualitative research it is known that in the case of Eco-Lodges aesthetics, 

about the way of implementing photovoltaic cells in the rooftop, do play an important role. 

 

Finally, the integrated design approach should result in a balanced and reasoned product design, to be 

complemented with detailed drawings (Appendix technical drawings). 

4.2 Other requirements 

Modularity 

For the following reasons it is chosen to design a modular system for the BIPV product: 

 

• To shorten construction time, reduce installation time and thus minimize disruption 

during implementation 

• To enhance the level of application possibilities 

• For easier maintenance and/or replacement 

• To reduce dimensional deviations 
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Nowadays, roof-integrated PV modules and systems are still custom-made, requiring a great amount of 

design work and manual manufacturing.  

 

Modularity will also have major economic advantages in the end as a modular system permits to build 

independent from the rapid changing weather in Costa Rica. A disadvantage of the modular principle 

will be that little customization can be manufactured due to the use of standard elements with fixed 

dimensions. 

 

Economic viability 

Above the mentioned economic advantages that a modular system will provide for the BIPV product, the 

multifunctional BIPV product will above all, also generate its own electricity.  

 

It would be difficult and also go too far for this research to make an overall cost calculation for the 

product (e.g. initial investment and installation, replacement, maintenance and labor costs) and based on 

that to make a viable payback calculation. Therefor this will not further be discussed. 

 

Also for simplification reasons other aspects that not have been included in this research are: 

  

• The fact that user behaviour influences the amount of electricity needed in an Eco-Lodge 

• Scenario that an Eco-Lodge is not always inhabited  

 

E.g. on the second aspect there could be done further research to the use of batteries for electricity storage 

during these periods and additional research to distribution networks for transport purposes inside an 

Eco-Lodge compound. But also during nights batteries could be used to provide electricity that has been 

collected during the day.    

 

Control, maintenance and replacement 

To maintain the yield of a solar panel, regular control and maintenance (e.g. cleaning the panels from 

dust) is required, and if necessary the module, including mounting structure should be easily to be 

replaced. 
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More specifically, regular annual service and maintenance contains (ISSO-Kontaktgroep 69, 2005): 

 

• Daily control: invertor interferences 

• Monthly control: yield, surface panel, panel surface check for heavy debris (leaves, bird 

droppings, accumulation of dirt at edges) and cleaning if necessary. For this reason controlled 

rainwater drainage should be achieved (self-cleaning from an inclination of 15±). In the design  

there are no pits for water to gather and perhaps entering the module 

• Every six months: junction boxes check for dirt, moisture or insect intrusion, if possible check 

fuses. After a thunder storm control of the overvoltage protection. Check wiring for signs of 

overheating, damaged insulation, other damages (e.g. rodents) and check connection points  

 

The efficiency of the panels directly affects the performance of buildings. Because the market of solar cells 

is subject to continuous innovations and developments it is important to keep maintenance and 

replacement simple. In this way new technologies can be implemented with ease and thus the demand of 

current markets in the photovoltaic industry can be met (Peng et al., 2011).    

4.3 Plan of demands 

In this paragraph the final plan of demands is defined as a conclusion of all the demands and 

requirements that are mentioned in this thesis. The final plan of demands forms the basis for product 

development and the evaluation of the final product design in chapter 5. Besides, the final plan of 

demands forms the response on sub question 5. 

 

To provide clarity in the number of demands, a distinction has been made between Primary (P) and 

Secondary (S) demands. Evaluation of the designed product will ultimately determine which demands 

have been met by the product and for which demands the product needs to be studied and designed 

further. 

 

Product composition 

P 1   The mounting structure is part of a modular system with the aim to develop a complete framing 

which can be easily transported, implemented and matched to the capacity needs of the customer. 

The product should be installed in one afternoon. Modularity will furthermore enhance its scope of 

application possibilities 
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P 2   The mounting structure is dimensionally stable and dismountable in fixation to the main support 

structure through corner anchor connections 

P 3   The mounting structure contains a low-tech design without complex joints that are difficult for 

fixation 

P 4   Strength, rigidity and stability: the BIPV module must be able to withstand wind induced 

vibrations and pressure loads, imposed by high winds and rainfall, particular during tropical storms 

and earthquakes. But also during handling before and during installation. If necessary, this could be 

investigated with an impact test and dynamic win load test (Agentschap NL, 2011) 

P 5   From an environmental point of view, the aim is limited use of materials for product 

development and to use, if possible and feasible, renewable materials that are locally available, 

having a sufficient durability and being easy editable 

P 6   The building product should meet the prevailing fire safety requirements. Regarding PV panels, 

building legislation and fire safety tests from developed countries can be used (e.g. NEN 7250) 

S 1    The mounting structure is constructed in the factory and only need to be mounted at the 

construction site 

S 2    Components, including cells, solar panels and support systems should be easily accessible for 

replacement and if possible should be replaceable individually 

S 3    The mounting structure should have a lifetime of approximately 20 years (economic lifetime of an 

averaged solar panel). This requires preservation of bamboo (Appendix 4.1) 

S 4    It is assumed to use panels with dimensions of 1650x1000 mm 

S 5    By proper positioning of the panels they could be prevented from stealing (e.g. top of the roof) 

 

Maintaining yield PV system and climate exposure 

P 7   An elevated temperature in the BIPV module decreases the performance of cells, especially for 

mono- and polycrystalline modules (Jelle and Breivik, 2012a). An air gap through a duct with a 

height of at least 200 mm must be integrated in the design to enhance ventilation on the bottom side 

of the panel. This can decrease the temperature of the module 

P 8   Rain tightness: taking into account the need for ventilation of a panel by creating ventilation 

space below the underside of the panel, this could result in possible water penetration through wind-

driven rain. A certain length of overlap should be estimated and established between the product 

design and the conventional rooftop to ensure water tightness. With the Rule of Sinus a simplified 

approximation of the length of overlap needed will be evaluated in chapter 5 
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P 9   Also the interconnection between modules (e.g. roof ridge) and to the conventional roof should 

receive special attention regarding water tightness 

P 10   When striving to openings in the rooftop for ventilation, direct sunlight must be prevented from 

intrusion (sun protection) 

S 6    In addition, pests, birds, pollution and wind tightness need to be taken into account regarding 

the implementation of a duct. This can be done through the placement of wire mesh in the duct 

and/or underneath the panel 

S 7    Furthermore, condensation on the underside of a module can be problematic during nights when 

temperature decreases. More specifically in areas located close to the sea where temperatures tend to 

decrease more rapidly. Moisture must be quickly dissipated. Moisture can also lead to shrinkage or 

expansion 

 

Installation 

P 11   Elements need to be handled easy during installation without the need for tools such as a crane. 

Two people should be able to install the product 

 

Social acceptance 

P 12   Aesthetical integration: the product should be noticed by the visitors but should not distract the 

architectural appearance of the Eco-Lodge. Although this is difficult to measure the product should 

form a unity with the Eco-Lodge. Through the integration of photovoltaic panels in the building 

envelope they become directly part of the building and gain a significant share in its architectural 

appearance 

 

Economic viability 

P 13   The mounting structure should be constructed using locally available materials. This requires 

local knowledge which potentially provides local employment 

4.4 Concept development  

In this paragraph the product design is presented, based on the final plan of demands.  
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Based on the final plan of demands the following development challenge was formulated for this thesis: 

 

Development Challenge:  

How can a building integrated photovoltaic product which enables stack effect, wind-induced forced 

convection in combination with a low-tech mounting structure be designed and implemented in the 

rooftop of an Eco-Lodge in Costa Rica and foresee an Eco-Lodge (partly) in its electricity demand? 

 

In this way an Eco-Lodge becomes (partly) independent from influences due to external central electricity 

supply. In the first sub-paragraph first a morphologic analyses is presented that formed the basis for the 

idea generation for the final product design (Gijsbers, n.d.). The aim was to provide a suitable and 

promising solution to the above mentioned development challenge. 

Morphological analysis 

The Morphological analysis, developed by Fritz Zwickey (1966,1969) is a method for exploring possible 

solutions to a complex technical problem (Ritchey, 1998). Hereby the design is divided into different 

elements. For every element different variants/ideas are developed which are weighted according a 

quantification and weighting of different parameters. These parameters are based on the defined 

demands and requirements from the field research and literature review (Chapter 2 and 3) together with 

certain other requirements from paragraph 4.2, which formed the final plan of demands. Ultimately, 

variants are combined to several concepts and weighted. One optimal concept has been executed and 

developed into a final design to be evaluated, ultimately, in Chapter 5.    

 

Globally, the following steps have been taken (Gijsbers, n.d.): 
 

1. Development challenge identification (Problem definition) 

2. Identification of parameters 

3. Quantification and weighting of parameters 

4. Composition of morphologic map with sub solutions for every element 

5. Evaluation of sub solutions based on qualification and weighting 

6. Composition of different concepts related to valued and weighted parameters 

7. Comparison and assessing of concepts followed by selection of final design concept 

8. Technical elaboration 
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Design parameters 

A Typology 

B Indoor comfort 

C Horizontal bamboo mounting structure 

D Vertical bamboo mounting structure 

E Joint typology 

F Framing 

G Fixation 

 

Quantification and weighting of parameters 

To value different parameters, a set of assessment criteria (Appendix 4.2) was developed based on the 

interpretation of importance of results from the field research and literature review by the author of this 

thesis. Table 4-1 shows how different parameters are quantified and weighted in a ranking matrix.  

 

Table 4-1: Ranking matrix 

 

 

The following page shows the morphologic map (Table 4-2) with different identified concepts. These 

concepts were chosen based on their valuation. 
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Based on the aim to use a local renewable material with high potential of use, it was chosen to include 

bamboo in the design process. Thus bamboo formed an element in the morphological scheme. 

 

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

threatened this biodiversity (Appendix 4.3; Aarts, 1995; Daling, 1996). 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.  

 

In addition to other advantages of using bamboo, 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. Furthermore, bamboo supports 

a lower carbon footprint compared to the use of metals in traditional mounting structures of photovoltaic 

modules. 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).   

 

This research could complement the knowledge about new possibilities for construction with bamboo in 

Costa Rica. 
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Table 4-2: Morphologic map of concepts 
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Concepts 

Through combinations of different variants of the elements several concepts are elaborated. 

 

Variants and their scores: 

 

Dark blue: 127  

Black: 130 

Green: 140 

Yellow: 127 

Light blue: 119 

Red: 140 

 

A comment on these scores is that in the case of some concepts not all the elements of the morphological 

scheme are relevant for the assessment. For instance, in the case Variant ‘light blue’ indoor comfort is out 

of question since the panel is installed outside of the occupied space. This results in lower value, but does 

not automatically mean that this concept is less suitable. 

Nevertheless, the morphological overview helped to make a considered choice for the final design 

concept and the design process of the final product design. 
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4.5 Design concept 

Despite above mentioned comment it is clear that based on the total score the green and red variant are 

most suitable for product development. These variants, however show similarities in joint typology.   

 

These variants show similarities in the joint typology, where the red variant was chosen as the preferred 

one as the bamboo beams in this variant can be fixed at different heights. Mainly because of the corner 

block these could also be dimensioned slimer. This reduces also the amount of material to be used for the 

mounting. In addition to this, glue will be used for fixation because of the aesthetic invisible property of 

glue. Clamps will be used to provide a dismountable mounting structure.  

 

Referring back to the roof cavity ventilation, described in paragraph 3.2, accumulated hot air removes 

through ridge vents through natural wind-induced convection and stack effect (Figure 4-2 and 4-3) and in 

addition to this these ridge vents can reduce potential wind suction which is beneficial for the indoor 

comfort.  

 

 

Figure 4-2: Ridge vents for ventilation (Janssen, 1988) 

 

Figure 4-3: ‘Stack effect’ 

Based on the fact that the sun, in general stands high above the horizon in Costa Rica and parallel to the 

equator, the concept contains a combination of sun orientated design and roof cavity ventilation.  

 

The result contains two panels installed opposite from each other (Figure 4-4). Because of the above 

mentioned characteristic, both panels will, first of all, receive sufficient solar radiation (Figure 4-6) 

throughout the day and in addition to this, both panels will receive natural wind flows from different 

wind directions. The main wind direction in Costa Rica over the entire year contains the East direction 

(Appendix 4.4). 
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Figure 4-4: Final design concept 

A second characteristic of the design contains the aerodynamics of the design. Because two panels are 

orientated opposite from each other the effect of uplifting by wind will be neglected. 

 

A third characteristic contains the opening underneath the panel. This duct enhances natural ventilation 

for cooling the panel, which was another aim of the final plan of demands. But it should not affect the 

indoor comfort negatively by means of providing annoying airflows. This will be argued in chapter 5.  

 

The fourth characteristic of the design contains it modularity in a way that the design could be extended 

with additional panels in order to generate a greater amount of solar electricity (Figure 4-5). 

 

 

Figure 4-5: Adaptability of needs through expendability of concept design 
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Together, the final design concept forms an innovative and universally applicable concept which has 

several of the above mentioned design characteristics, next to the two primary functions of generating 

electricity and substitution of rooftop materials.  

 

In this way, the concept meets the requirements of the development challenge as mentioned in the 

introduction of this paragraph. 

 

 

Figure 4-6: Sun movement diagram 
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4.6 Product design  

The product design is based on a modular building system that together with the solar panel will form 

the final product design. Due to its modularity, the installation time on site can be reduced. In this way, 

also nuisance can be kept minimal in touristic areas. 

 

Due to the level of integration the product is classified as an building integrated product according to the 

SEAC21 definition:  

 

“a BIPV product consists of solar photovoltaic cells and modules that are integrated in the building 

envelope as part of the building structure, thus replacing conventional building material. BIPV systems 

can be applied after the completion of the building structure or during the construction phase. BIPV 

modules are building elements providing at least, one additional functionality to the building envelope 

beside electricity generation”. 

 

Now the final product design will be presented and discussed.  

 

Based on the requirement to use standard solar panels for integration in the product design it is chosen to 

use a standard Perlight Solar PLM-250M-60 Series Monocrystalline Silicon Solar module: PLM-250M-60 

(Figure 4-7; Appendix 4.5) which is a type of module that several installation companies already work 

with.  

Doing a solid market research to other type of panels would take too much time and effort for this 

research.  

 

The final product design includes photovoltaic cell components and a substitution of the traditional  

metal mounting support structure with a structure of tropical hardwood corner blocks (Angelim 

Amargoso) and bamboo horizontal beams that connect the joints with each other (Figure 4-8). It is exactly 

this combination of renewable raw materials with a solar photovoltaic panel which makes it an 

innovative product that meets also the aesthetic requirements of an Eco-Lodge.   

 

                                                           
21 The Solar Energy Application Centre (SEAC) is an independent research organization that was founded in 2012 on 
the initiative of ECN, TNO and Holland Solar. The scope of SEAC is the field of solar energy systems & applications, 
which includes photovoltaic systems and solar thermal applications.  
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Figure 4-7: Perlight Solar PLM-250M-60 

Series Monocrystalline Silicon Solar 

module: PLM-250M-60   

 

 

Figure 4-8: Final product design (1) 

 

Solar module 

The dimensions of the product are mainly based on the dimensions of the solar panel. The Perlight Solar 

module has dimensions of 1650x992x46 mm, 10 strings of 6 cells (156x156 mm) and a weight of 19.6 kg. 

The colour of the cells could be varied in black or dark blue. Theoretical peak output of the panel contains 

250 Wp. The temperature coefficient of the module regarding its peak output contains a decrease of 0.45% 

for every increase in degrees Celsius according the datasheet (Appendix 4.5). This is lower than the 1.1 % 

in paragraph 3.3.    

 

Ventilation 

For the required ventilation a duct with a height of 200 mm is implemented in the design. The airflow 

will get ‘forced’ in the duct below the module along the back of the modules creating a maximum 'active 

cooling'. Through the creation of this airflow stationary air will be prevented and thus the module can 

partly excess the heat. The effect of this duct on the module temperature is evaluated in chapter 5. 

 

Joint typology 

The bamboo connection with the corner blocks are based on a proved 

chemical composition of bamboo and wooden cilinders (Figure 4-9). 

This joint typology was investigated by Moreira and Ghavami (2002). 

They presented the results at the 5th International Bamboo Congress 

and the 6th International Bamboo Workshop San Jose, Costa Rica, 2-6 

November 1998 (Inbar Proceedings). Figure 4-9: Tropical hard 

wood corner blocks, model 

1:1 
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Product composition 

Figure 4-10 shows a scheme of the product composition followed by different views of the product, with 

finally an architectural impression of the final product design in Figure 4-16. In Appendix technical 

drawings; detailed drawings of the product are presented.  

 

 

Figure 4-10: Product composition 
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Figure 4-11: Top view 

 

Figure 4-12: Side elevation (1) 

 

Figure 4-13: Back elevation  
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Figure 4-14: Side elevation (2) 

 

Figure 4-15: Front elevation 

 

 

Figure 4-16 Final product design (2) 
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Several elements are characteristic for this type of structure, namely:  

 

• The product contains a mounting structure, which is very convenient to implement, maintain and 

replace. 

• For this research the panel is included in portrait position (Figure 4-16), although the panel can 

also be installed in landscape position at the rooftop without the interference of wind-induced 

rain. This will be argued in paragraph 5.2. 

• It was chosen to work with Costa Rican tropical hardwood (Angelim Amargoso) corner blocks 

and cylinders which slide in and are glued in the corner block. Clamps will be used to fixate the 

bamboo beam to the cylinders. In this way the mounting structure will be demountable. Both 

corner blocks and the blocks where two panels are attached are 125x100x200 mm (1). The 

cylinders are 60 mm in diameter and length 140 mm (4). The corner blocks are used to provide 

height for ventilation in the design and as dimensional stable and fixed points for the attachment 

of the solar panel. 

• The panel (5) is attached with standard aluminum PV mounting clamps (7), (8) (Figure 4-17 and 

4-18) that are connected with a bolted joint to an underlying aluminum anchor (6) which is 

screwed to the corner blocks. 

 

 

Figure 4-17: PV mounting mid clamp 

 

Figure 4-18: PV mounting end clamp 

• According the guidelines of panel manufacturers the PV mounting clamps need to attach at least 

at ¼ of the total length of the panel from both the bottom side as well as the top side due to 

different pressure loads (e.g. wind and snow) (Figure 4-19). 

 

Figure 4-19: Attachment of PV mounting clamps 
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• The combination with Guadua bamboo beams (2) was set-up with the aim to provide a complete 

and solid frame. 

• When integrating the product at the main support structure, one could think of leaving the 

beams behind, however that would mean more work to be done like measuring on site where 

dimensional deviations would be harder to avoid. 

• Besides that the bamboo beams provide the frame with extra stability. The frame becomes 

dimensional stable without the need of siding the blocks to fit the solar panel. The panel will 

provide additional stability to the structure to withstand wind induced vibrations and pressure 

loads, imposed by high winds and rainfall, particular during tropical storms and earthquakes.  

• In addition, the bamboo beams can be extended or shortened to adapt to other dimensions of 

solar panels in the future. 

• On the side, vents (3) prevent the design from any incidence of rain. Through overlap these vents 

will also provide a water tight connection on the side with the conventional rooftop. At the front 

side the length of the panel, which overlaps with the conventional roof part, ensures the rain 

tightness of the panel. The length of overlap is determined with the Rule of Sinus as explained in 

the plan of demands. A simplified approximation of the length of overlap will be evaluated in 

chapter 5. 

• A strip of topical hardwood combined with a rubber strip (9) ensures rain tightness between 

panels when ‘extra’ panels are added to the rooftop. 

• The product will be integrated at the main support system through metal plates (10) that are 

screwed into the corner blocks and the beams from the underlaying main support structure 

(Figure 4-20 and 4-21). 

 

 

Figure 4-20: Integration at main support system (1) 

 

Figure 4-21: Integration at main support system (2) 

 



 Product development 

94 
 

• Through connection on top of the main support structure, the module can be integrated in both 

new and existing roofs. Additionally it would also be possible to integrate the BIPV product in 

other constructions, for instance as a shading construction nearby a pool (Figure 40-22 and 4-23). 

 

 

Figure 4-22: Combination of bamboo and PV 

 

Figure 4-23: Pergola shading construction 

4.7 Installation 

As mentioned before, the product is a combination of knowledge from the developed world and 

knowledge from the developing world. This resulted in a supply chain for the product where the final 

product will partly be built in Cost Rica, added with a solar panel from the developed world as presented 

in Figure 4-24. 

 

Figure 4-24: Workflow 
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A requirement from the final plan of demands was that the product needs to be installed without the 

need for tools such as a crane. This requires a structure that can be handled easy and does not contain a 

heavy load. Since the mounting structure contains a modular system which could be implemented partly 

on the ground this will not become a problem. From experience by the author, two people can carry the 

panel with a ladder to the rooftop. 

 

Now a schematic overview will follow of the installation process: 

  

1 Releasing the installation area from conventional rooftop material or preparation of the 

installation area in case of a new Eco-Lodge (Figures 4-25 and 4-26) 

2 Measuring and placing additional beams for the mounting structure (Figure 4-27) 

3 Measuring and implementation of the mounting blocks and bamboo beams (Figures 4-28 and 

4-29) 

4 Implementation of ridge blocks (Figure 4-30) 

5 Implementation of wooden lattices (Figure 4-31) 

6 Implementation of solar panels and waterproofing strips (Figures 4-32 and 4-33) 

7 Implementation of ridge cap (Figure 4-34; Appendix 4.6) 

8 Placement of the inverter, electrical connection  to the grid and/or possibly batteries (this last 

step is neglected in this research) 

 

 
Figure 4-25: Conventional rooftop 

 
Figure 4-26: Releasing the installation area from 

conventional rooftop material  
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Figure 4-27: Measuring and placing additional beams 

for the mounting structure 

 
Figure 4-28: Measuring and implementation of the 

mounting blocks and bamboo beams 

 

Figure 4-29: Connection to the main support system Figure 4-30: Implementation of ridge blocks 
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Figure 4-31: implementation of wooden lattices Figure 4-32: Implementation of solar panels 

Figure 4-33: Implementation of waterproofing strips Figure 4-34: Implementation of ridge cap 

 
Figure 4-35: Architectural impression of the integration of the final product design (1)  
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Figure 4-36: Architectural impression of the integration of the final product design (2) 

 
Figure 4-37: Side elevation  

 

Figure 4-38: Front elevation
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CHAPTER 5 EVALUATION  

5.1 Introduction 

This chapter focuses primarily on the evaluation of the module temperature in order to see if the product 

design  has an impact on this. As already mentioned and will be explained further in the next coming 

paragraphs, cooling of the photovoltaic panel will improve its electricity generation efficiency. A natural 

wind flow can be used here as a potential low-tech cooling mechanism.  For this reason, cooling of the 

photovoltaic panel forms an important design requirement for the product design. 

  

In addition, the aspect of rain tightness is highlighted in this chapter as it may be a challenge in the 

design of a BIPV solution to integrate and maintain a sufficient ventilation rate, simultaneously with the 

aim to prevent water penetration through wind-driven rain. Many BIPV manufacturers state that their 

products contain innovative rain tightness systems for extreme conditions according to Jelle et al. (2012b). 

However, only little experimental testing of rain tightness of BIPV systems has been conducted. 

 

Ultimately, a matrix is developed in order to see if the characteristics of the product design as they are 

conceived and developed meet, besides above mentioned requirements, the demands and requirements 

of the final plan of demands. This matrix shows through assessment with pluses and minuses where the 

product design actually (partly) meets or does not meet the final plan of demands. This will provide 

sufficient evidence for the (technical) feasibility of the developed product but will also provide 

suggestions for future research for optimization of the product. The matrix will be shown in paragraph 

6.2 and paragraph 6.3 provides suggestions for future research.  
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The research question to be answered in this chapter: 

 

Product evaluation  

Sub-Q 6: What is the influence of natural ventilation in lowering the module temperature? 

 

5.2 Evaluation of module temperature 

Available research results for module temperature 

Various authors analysed temperatures of a PV module by evaluation of energy inputs and outputs 

through radiation, convection, conduction and power generated inputs (JONES and UNDERWOOD, 

2001; Jelle et al., 2012b). 

 

The review of the literature about wind-induced ‘forced’ convective and radiative heat transfer of a 

building integrated solar panel, as it is presented in this research for the Costa Rican climate, showed 

however scarce information. A well-ventilated PV system has not been quantified by means of a minimal 

duct height or wind flows. Nevertheless, Gan (2009) suggests that a duct should be at least bigger than 15 

cm for a 2 panel long duct.  

 

Reason for the lack of quantification can be that the analysis of wind-induced forced convective and 

radiative heat transfer of a photovoltaic panel contains a complex non-stationary process with non-

uniform and highly turbulent wind flows and a wide range of parameters including building and/or 

surface geometry, local topography, wind speed, wind direction, turbulence intensity, surface roughness, 

texture and geometry, and moisture content (Karava et al., 2011). Experimental (wind-tunnel) and 

Computational Fluid Dynamics (CFD) studies are commonly used to do research on wind-induced 

convective and radiative heat transfer (Karava et al., 2011). But, these are generally time-consuming and 

complex studies.   

 

Research approach 

Due to the complexity of such an analysis it was chosen to narrow the research to a simplified analysis of 

the module temperatures of only a part of the panel. This by making use of a theoretical multiple steady 

state model at different times and places in Costa Rica. In this way an initial (simplified) exploration and 
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approximation of the influence of natural ventilation on the cooling of a BIPV product design could be 

done.  

 

This part of the research was elaborated as part of the technical development of the product. To do this, 

information gained from different theoretical and numerical analyses from Date et al. (n.d.); Karava et al. 

(2011); Elden et al. (2013) and the help of experts from the Eindhoven University of Technology were 

used to set up the energy balance for heat transfer and the design of an Excel datasheet to approach 

module temperatures under different conditions. 

 

Theoretical steady state model 

To analyse the cooling effect of a natural wind flow for a specific situation in Costa Rica a theoretical 

model was set-up (Figure 5-1). This model describes the temperature of a BIPV system, as proposed in 

this thesis, as a function of ambient temperature and amount of ventilation.   

 

As already mentioned an increased temperature in the module decreases the performance of the solar 

cells. Creating an air duct (air gap) underneath the module by integrating the panel according to the 

chimney effect (stack effect) enables incoming air to flow underneath the panel, which could decrease the 

module temperature (Figure 5-1; Jelle et al., 2012a).  

 

Since airflows can reach solar panels from different directions, where different airflows can meet and  

even reinforce one another, a three-dimensional approach should be involved. However, a two 

dimensional approach is used instead as will be explained in the coming part. 
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Figure 5-1: Theoretical steady state model for research to heat transfer energy exchange at BIPV module 

Energy balance equations for two separate sections in the rooftop are presented (Part A and Part B). 

Figure 5-2 shows the two separate analysed parts of the BIPV module section. Here the PV panel is partly 

mounted above the inclined rooftop of an Eco-Lodge for rain-tightness. It is chosen to analyse this part of 

the BIPV product and not the part at the ridge (space around number 5 in Figure 5-2).  

 

Although, it would be more interesting from a Building Integrated perspective to analyse this part where 

a solar panel is directly in contact with the indoor environment, without the presence of other 

intermediate layers. But at this stage, it only has been investigated to what degree one can influence the 

BIPV module temperature by developing an air duct for natural ventilation.   

 

The space between Part A and Part B contains a duct (underneath the solar panel). It is assumed that the 

air will flow here without interference of other influences from the indoor environment of an Eco-Lodge. 

As a result it becomes easier to approximate the module temperature here. Also external influences are 

neglected here which results in this simplified analysis of the module temperatures of only a part of the 

panel.  
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In case of the area at the ridge it would become difficult to neglect these external influences. As this part 

of the panel is directly connected with the indoor environment it would become inaccurate to neglect the 

influence of heat transfer from the indoor environment (e.g. walls, people, cooking) here as well. In this 

case many other additional assumptions had to be done to include all these influences in the energy 

balance equation for the BIPV product regarding this part. This would take too much time and effort for 

this research.   

 

As mentioned previously only an assumption about the influence of heat transfer from the BIPV module 

on the indoor environment of an Eco-Lodge is presented. Furthermore, rain tightness and an assumption 

for wind flow will be discussed.   

 

 

Figure 5-2: Theoretical steady state model for research to heat transfer energy exchange at BIPV module 

As previously mentioned, reduction of the operating temperature of a PV module will lead to a better 

yield and less heat transfer to the ambient. Hereby the operating temperature is determined by the 

equilibrium between the heat generated in the PV module by the sun and the conduction, convection and 
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radiative heat loss from the module. Energy is also taken from the module in the form of electrical energy 

generated. In order to demonstrate the calculation of the operating module temperature, a model was 

developed in Microsoft Excel 2010.  

 

But before demonstrating the results, the required energy balance of the module that was needed for the 

Excel model will be explained first. Then the concept of the calculation, the approach of the Excel model, 

the data and variables that are used as starting points for the final calculation of the operating module 

temperatures are explained. 

 

Energy balance 

The standard energy balance parameters for a PV module are schematically shown in Figure 5-2 with the 

relevant equation for the absorbed solar radiation by a PV panel expressed as: 

 ∞� = 4 + ��� + ���� + ���+���� (5-1) 

Where, 

 

 ∞�  = solar radiation absorbed by the PV panel (kWh/m2) 

 ���    = rate of heat removed by convection to the air in the channel underneath the panel    

per unit area (W/m2) ����  = rate of convective heat removed by wind flow over the panel per unit area  

  (W/m2) 

 ���  =  rate of heat removed by radiation heat transfer from the underside of the panel  

   per unit area (W/m2) ����  =  rate of radiation heat loss per unit area from its front surface (W/m2) 

 

Which is then equal to: 

  ∞� = 4 + 4�*�-5 (5-2) 

It can therefore be concluded that:  

 4�*�-5 = ��� + ���� + ���+����  (5-3) 
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The background of the energy balance is presented in appendix 5.1. 

 

Hereafter the energy balance parameters for the BIPV module can be determined and analysed. First a 

section is made and divided into two parts (Part A and Part B). This changes the situation into an open-

section problem in a steady state situation. Figure 5-3 shows the main heat transfer paths to and from the 

two module parts. Accumulated heat is also transferred by convection through the opening between the 

ridge cap and solar panel.  

 

 

Figure 5-3: Schematic of the open-section problem divided in Part A and Part B 

Hereby, heat is transferred from the outer and inner surface of 

the BIPV module. From the outer surface of the BIPV module 

the heat is transferred via radiation and forced convection  by 

wind. From the inner surface heat is transferred via ‘forced’ 

convection and radiation. Figure 5-4 shows how a cold wind 

flow streams through the duct, between the BIPV module and 

the conventional rooftop and extracts warmth through 

convection from both the rooftop and the BIPV module 

upwards through the duct eventually leaving the roof via the 

ridge opening. Due to the small area of contact points, heat 

conduction is considered negligible. 

Figure 5-4: Non-steady state model of 

heat exchange Part A and Part B 
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Now that the significant heat transfer paths are known, the heat transfer mechanisms can be put in the 

energy balance equations for the two separate open-sections of the BIPV module.  

 
The relevant equation for Part A (Figure 5-3) becomes: 

 4�*�-5 = ������ + ������� + ������ + ������� (5-4) 

Where, ������ =  rate of heat removed from the BIPV module by convection to the air in the  

   channel underneath the panel per unit area (W/m2) ������� = rate of convective heat removed by wind flow over the panel per unit area 

   (W/m2) 

 ������ = rate of heat removed by radiation heat transfer from the underside of the panel  

   per unit area (W/m2) ������� =  rate of radiation heat loss per unit area from the front surface of the BIPV module  

  (W/m2) 

The relevant equation for Part B (Figure 5-3) includes the roof part, assuming that it only absorbs 

radiation (������) from the BIPV module. This results in equation 5-5.  

 ������� = ����� + ������ + ����� + ������ (5-5) 

Where, 

 �����,������� !"	"��$%  =  absorbed solar radiation by the roof covering material (0,92) �����   = rate of heat removed from the rooftop by convection to the air of  

    the occupied space underneath the rooftop per unit area (W/m2)  ������    = rate of heat removed from the rooftop by convection to the air in  

    the channel above the rooftop per unit area (W/m2) �����   = rate of heat removed by radiation heat transfer from the rooftop  

    to the air of the occupied space per unit area (W/m2) ������   = rate of radiation heat loss per unit area from the top of the  

    rooftop (W/m2) 
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By calculating Equation 5-5 one can determine the temperature of the roof cover when partly covered by 

the BIPV module. To do so, a reference indoor temperature is needed. But since it is assumed that the 

temperature of the roof cover will not affect the module temperature equation 5-5 will not further be 

considered in this thesis.  

 

For completeness, after substituting equations (5-5) into (5-4), a third equation can be formulated which 

expresses the energy balance of the two parts combined where the BIPV panel overlaps the roof part (Part 

C; Figure 5-5). 

  

4�*�-5 = ������ + ������� + 6����� + ������ + ����� + ������� 7 + ������� (5-6) 

 

 

Figure 5-5: Part C 

The corresponding convective and radiative heat transfer mechanism equations are presented and 

discussed step by step in appendix 5.1. 

 

Module temperature 

By solving equation 5-4, the only unknown variable, module temperature, can be approximated. This 

module temperature changes over time. 



 Evaluation 

108 
 

But before solving and analysing the energy balance equations it is necessary to state the right forms of 

the heat transfer mechanisms and the environmental variables. To simplify the approximation of module 

temperatures and restrict the research project, a number of assumptions and preliminary design choices 

have been made. These aspects should be taken into account in any future research and will be discussed 

further below. 

 

Underlying assumptions 

Below, the assumptions made are stated together with their effect on the analysis.  

 

Assumptions: 

 

Wind 

• Only the wind ward side of the BIPV module is involved in the heat transfer calculations. 

• Incident wind intensity/velocity is considered at eaves height and is assumed to be the same at 

both the back (duct) and front side over the complete module. 

• Only average wind velocities are taken into the equations in order to compare mutual results 

with each other. 

 

Heat transfer 

• To simplify the model for the module temperature calculation, internal heat transfer is neglected 

as well as the thermal storage capacity of the panels. The temperature inside the panel is uniform 

and the difference of temperatures between photovoltaic cells and the cover (glass) are 

considered as negligible. Internal heat transfer is characterized by the thermal resistance and 

configuration of the materials used to encapsulate the solar cells and consists of a complex, 

dynamic, unevenly distributed temperature range (“Heat Loss in PV Modules,” n.d.). Instead, it 

is assumed that the BIPV module is able to release the heat, absorbed from the incoming solar 

radiation, entirely next to the amount of absorbed radiation that will be converted into electricity. 

Heat transfer will take place both at the front and back surface of the panel through convection 

and radiation. 

• The heat transfer calculations are considered 2-dimensionally without any enhancing effects of 

different wind flows coming together. 
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• Both the module temperature as well as convective and radiated heat transfer from both the front 

and back surfaces of the module are considered to be uniform over the complete surface of the 

module. Hereby Tair 1 and Tair 2 are considered to be the same to calculate the module temperature 

for Part A. 

• Non-stationary process characteristics in which temperatures and heat flows vary over time and 

height of a space are neglected. 

• Shading effects are neglected. 

 

Inclination BIPV module 

• The BIPV module is assumed to be south-facing with an incline of 15°. This is best for maximising 

the irradiation in Costa Rica as mentioned earlier in this thesis. But to restrict the research the 

influence of this inclination as well as the roof geometry on heat transfer has been neglected.  

 

Overlap 

• To compare results the length of overlap for calculation is assumed to be 1 m. Regarding the rain 

tightness the length of overlap corresponds ultimately to a certain maximum in duct height. This 

will be discussed later in this thesis. 

 

Implementation in Microsoft Excel 2010  

Now that the required energy balance is known for the theoretical steady state model (Figure 5-2) the 

stated energy balance equations from paragraph 5.2 are put into an Excel model to calculate operating 

module temperatures for different circumstances. The aim of this analysis was to identify the 

effectiveness of the duct height, underneath the panel, as potential Low-Tech cooling option. To do this 

two different analyses have been elaborated.  

 

Model approach  

The first analysis: focused on the effect of the duct height at the operating module temperature for a 

specific surface area (Acell): characteristic length (L) 1 meter and width 0,81 meter. This analysis contains 

different combinations of solar radiation and wind velocities. To elaborate this analysis, it was chosen to 

use available weather data from a place with a relative high solar radiation and average temperatures to 

consider worst-case scenarios for the application of the BIPV module in Costa Rica. Here Cañas was 

considered, situated in the Province of Guanacaste (Figure 5-6 and 5-7).  
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Figure 5-6: Global horizontal irradiation Costa Rica 

(GeoModel Solar, 2010) 

 
Figure 5-7: Areas with greater wind potential in 

Costa Rica (El Financiero, 2010) 

 

The second analysis: focused on the hourly operating module temperature for the same surface (Acell) 

during a part of the day subjected to different hourly incident solar radiations and average temperatures.  

It was chosen to consider operating module temperature calculations on the date of June 21, 2013 for the 

tropical area of San José (Central Valley of Costa Rica), based on availability of data about average hourly 

temperatures and solar radiation. An analysis of climate data of Costa Rica and the resulting comfort 

limits for San José on the date of June 21, 2013 can be found in Appendix 5.2. 

 

Then by implementing the energy balance equations in the program Excel and calculating the module 

temperatures, a differential equation of the energy balance could be approximated on an hourly basis.  

  

Structure of the analyses  

Analysis 1 is structured as follows: 

 

• First the module temperature depending on solar radiation, wind velocity, duct height and 

outdoor temperature is determined for Cañas. 
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• Derived from the module temperature, the effect of natural ventilation is analyzed by presenting 

the improved voltage. As already explained in the literature review this is the parameter which is 

most affected by an increase in temperature. 

 

Analysis 2 is structured as follows: 

 

• First the module temperature for every hour, depending on solar radiation, duct height and 

outdoor temperature is determined between 8:00 en 14:00 (significant solar radiation). 

• Finally, the effect of natural ventilation of the BIPV module in Costa Rica is compared with an 

approximation of the module temperature from a study of Migan, (2013) for a certain degree of 

validity of the developed theoretical model. 

 

Used software program 

It was advised to set up the model in Excel because it is easily accessible and provides a tool (Solver) 

which can approximate the operating module temperature. With this tool you can find an optimal value 

for a formula in one cell, called the target cell, on a worksheet by changing other cells. In this case the 

target cell (sum of the inner and outer heat transfer mechanisms) has to become 0 by changing the 

module operating temperature (derivative of a maximum = 0).  

 

Limitations of the model 

It should be noted that one cannot get an explicit expression of the cell temperature by looking at the heat 

balances, because the effect of how much heat convection participate in the cell cooling is neglected.  

In addition, solver is based on the Greedy algorithm, which means that it only approximates a global 

solution (module temperature) in a reasonable time. Furthermore, it is not possible to calculate the 

resulting indoor comfort temperature as a consequence of the effect of heat loss from a BIPV module at 

indoor environment. 

 

Another remark; JONES and UNDERWOOD, (2001) cited that a steady state model of module 

temperature cannot be justified during periods of rapidly fluctuating irradiance where the response time 

caused by the thermal mass of the PV material becomes significant. The module temperature will instead 

have an exponential decay.   
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Operation of the model  

Figure 5-8 shows a schematic overview of the operation of the model. The input variables are: 

 

• Solar radiation 

• Wind velocity 

• Duct height 

 

 

Figure 5-8: Operation scheme of Excel model 
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Analysis 1: Module temperature response in Cañas 

Taken all before mentioned assumptions from paragraph 5.2 into account, an analysis of the cooling effect 

from an air duct under the panel is conducted. The module temperature is approximated at duct height 0 

m and 0,25 m with two different wind velocities taken into account. In Figure 5-9, the predicted module 

temperature response is plotted against the level of irradiance for two different heights and wind 

velocities. These temperature values are determined using a set of theoretical values for the irradiance 

and two extreme values of wind velocity. The ambient air in this case is considered to be 30 ±C. The 

turbulent air will flow over the back heated surface of the PV panel and the front at different presumed 

velocities where the heat transfer coefficient for convection is determined by the Nusselt Number. Then, 

ultimately, the module temperature is approximated with the use of solver in Excel. The temperature of 

the PV panel in the module, logically, rises when the amount of irradiance extends or wind velocity 

drops. This can be justified from Figure 5-9. The cooling effect  of wind-induced convection is justified in 

this figure since lower module temperatures arises at high wind velocity for the same level of irradiance. 

This accounts also for the situation when there is no air duct (H = 0) situated under the panel and thus 

there is only natural ventilation possible from the top-side of the panel (H = 0 and V = 7).  

 

 

Figure 5-9: Module temperature response to change in irradiance, duct height and wind velocity  

When classifying the developed BIPV module as a moderately ventilated system, according to 

‘Agentschap NL’, a difference in temperature between a well-ventilated system and a moderately 

ventilated system can be found of approximately 10±C (Table 3-3 in paragraph 3.3). At a wind speed of 7 
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m/s, at higher irradiation levels, the founded differences in Figure 5-9 seem to correspond with the stated 

difference of Table 3-3. 

 

Of course, this is based on the assumption that climatic differences and the circumstances in which table 

3-3 has been drawn up are neglected. 

 

 

Figure 5-10: Reduction in module temperature when H = 0,25 m compared to H=0 m 

The module temperature differences in Figure 5-10 show a theoretical minimal reduction in module 

temperature of approximately 6% when wind speed is 1 m/s at in a range of irradiance between 900 W/m2 

and 2000 W/m2. 

 

In Figure 5-11 the improved voltage from the PV panel due to a reduction in module temperature is 

shown. As the wind velocity gets higher, the voltage will get improved further.  At a wind velocity of 7 

m/s this follows almost a linear trend. 

 

However it should be taken into account, that certain wind speeds rarely will occur. 
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Figure 5-11: Positive effect of duct height (H = 0.25 m) on module voltage  

Looking at Figure 5-11 the influence of ventilation will increase the voltage compared to the situation 

without ventilation underneath the panel. This has consequences ultimately for the electrical efficiency of 

the PV cell or module.  

 

A 12% reduction of module temperature at an averaged wind speed of 7 m/s corresponds to an 

theoretical increase in Pmax of approximately 8,5 W for traditional 250 Wp monocrystalline silicon 

modules (Appendix 4.5). This corresponds to an increase of about 3.39% in electrical output. 

  

Derived from different reduction levels at different irradiations, the relative estimated temperature 

coefficient of the modules, due to natural ventilation with an averaged wind speed of 7 m/s, is in the 

range of 0,44-0,50% °C−1. 
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Analysis 2: Module temperature response in San José on 21 June, 2013 

Figure 5-12 shows the level of irradiance with the corresponding wind velocities in San José on 21 June, 

2013. The figure illustrates  that the highest wind velocities occur when the level of irradiance is on its 

daily max. This is favourable regarding the potential cooling effect this wind can deliver at the moment it 

can be used most effective.  

 

Considering the irradiance levels, San José is exposed to low incident solar radiation compared to the 

national average that ranges from 1014 kWh/m2 to 2028 kWh/m2 (e.g. Cañas and paragraph 3.3). A reason 

for this has to do with the geographical location of San José between high mountains (Central Valley) 

where clouds tend to remain longer in the area and thus reduce the level of irradiance.  

 

 

Figure 5-12: Radiation and wind speed (“San Jose, Costa Rica [21 June, 2013] - Weather Records By Hour 

(Weatherbase),” n.d.) 
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For a set of duct heights the module temperature response to a change in irradiance has been conducted 

for a time period between 8:00 and 14:00 (significant solar radiation). To compare results the average 

wind speed for this time period (4,68 m/s) is used as potential cooling. Figure 5-13 illustrates the results. 

Only little difference can be noticed in model temperature reduction when expanding the duct height.  

 

 

Figure 5-13: Module temperature response to change in irradiance and duct height 

Figure 5-14 shows the percentage difference between H = 0,25 m and H = 0 m.  

An explanation for the little differences has to do with the low estimated module temperature outputs. 

These are the consequence of low incident solar radiation levels combined with low daily average 

ambient temperatures in San José, compared to the nationwide. The estimated module temperatures are 

relative low which result consequently in small differences for different duct heights and irradiation 

levels. In other words on a day with poor solar radiation, the difference in the performance of BIPV 

modules becomes negligible. Low solar radiation causes a general lowering of module temperatures. 
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Figure 5-14: Percentage difference in module temperature 

Figure 5-14 shows a theoretical reduction in module temperature of approximately 11% at most. 

 

Hereby approximately 64% of the heat is lost through convection and radiation to the front side of the 

module and 36% to the back side (Table 5-1). 

 

Table 5-1: Calculated heat flows 

 Convection (W/m2) Radiation (W/m2) 

Front side 276,72 82,43 

Back side 128,16 76,29 

 

Here it must be stressed again that it would be interesting to know how much of the heat that is 

transferred from the back side of the module would be transported through convection to the ridge 

opening and how much would ultimately result in a temperature increase of the indoor environment. 

This should, however, be done through additional research. 
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Comparing the above mentioned results with literature the approximation of  Migan (2013) for the 

module temperature results in an almost equal module temperature at duct height H = 0.20 m. 

 

This approximation states: 

 

 ����� = ���� + 8.:;<.=>?;∗5A��B � ( 5-7) 

Where, 

 ����   =  temperature of the air surrounding the solar cell (°C 

 �����   =  temperature of the solar cell (°C) 

 ()�*+  =  wind speed (m/s) 

 �  =  incident radiation (W/m2) 

 

With the knowledge that the module temperature increases as the solar irradiance gets higher and 

furthermore the ambient air and wind speed need to be taken into account, equation  

(5-7) evaluates the module temperature as a function of the wind speed (Migan, 2013).  

 

Figure 5-13 illustrates the corresponding module temperatures according equation (5-7), using the 

average wind speed of 4,68 m/s but without taking the convective ventilation effect of the added duct into 

account. The gradient of the graph seems to correspond with the gradient of the module temperature 

calculation for a duct height of 0,2 m. 

 

A quick scan of results from a field test in the Netherlands22 to the effect of ventilation on module 

temperature at 2 June, 2013  and 6 June, 2013 resulted in a temperature decrease of approximately 20% at 

the moment when the radiation level is at the highest point.  

 

Ambient temperature and radiation levels were approximately the same for these two days compared 

with the levels of San José at 21 June, 2013.  

  

                                                           
22 De Wijk van Morgen 
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5.3 Influences on indoor environment  

The environment of an Eco-Lodge is influenced by different effective thermal loads, in which internal and 

external thermal loads (sun) can be distinguished as shown in Figure 5-1.   

 

For a suitable integration of PV panels as rooftop material it is important to know if heat transfer from a 

BIPV module to the underlying occupied space is hereby of significance, especially in the establishment 

of a satisfying resulting indoor temperature (Paragraph 3.5). 

 

Besides the fact that the module temperature forms an important factor regarding the electrical efficiency, 

it is important to investigate if heat transfer from a BIPV module has a significant influence at the indoor 

temperature as well. But, describing the effect of heat loss from a BIPV module at the resulting indoor 

temperature contains a complex process of different dynamic environmental variables (e.g. temperature 

coefficients that vary over time and height).  

 

Heat transfer to a surrounding space will result in a temperature increase depending on several factors: 

 

• The amount of heat supply per second from the panel 

• The objects that are situated in the space and their materials 

• Insulation of the space. When room temperatures are getting higher than outdoor temperatures, 

than there will be a heat leak, mainly through conduction 

 

The research model developed in this study for calculation of the module temperature will not give any 

results about established indoor temperatures and peoples satisfaction level, resulting from heat losses. 

One can only assume that a part of the heat transfer from the BIPV module will result in a temperature 

increase of the indoor environment. But whether it will be annoying for occupants is debatable. 

 

This also accounts for annoying wind flows as a result of 

natural ventilation (Figure 5-15). 

 

Through the placement of wire mesh or a wooden lattice 

in the duct and/or underneath the panel this effect could 

be reduced. This should, however, be investigated. Figure 5-15: Scenario of annoying wind flow 

affecting the indoor environment 
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5.4 Rain tightness  

Taking the need for ventilation of a panel into account by creating ventilation space to the underside of 

the panel, and in addition to what was mentioned about the exclusion of water penetration through 

wind-driven rain, a certain length of overlap should be estimated for the product design of the BIPV 

product. The Rule of Sinus gives a simplified approximation of the length of overlap needed at a certain 

height (Figure 5-16). 

  

 

Figure 5-16: Determination of overlap PV panel over conventional rooftop  

' = sin F G &sin(I + 15°)sin � N 

 

(5-8) 

Where, 

 

 &   = height (m) '   = length (m) 

 ()�*+   =  wind speed (m/s)  (���+�,-  =  raindrop fall velocity (m/s)    

 —���*+�,-  =  angle of incidence raindrop (±) 

 

According to the Rule of Sinus, a duct height of 200 mm and inclination of 15°  corresponds with an 

overlap of 400 mm. This clarifies why the panel can also be installed in landscape position on the rooftop. 

In fact, from the perspective of maximizing the indoor comfort, this would be beneficial for the stack 

effect which is then taking place over a greater length of the rooftop. 
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A duct height of height of 200 mm is chosen. This corresponds with the finding of Gan (2009) that 

suggests a duct should be at least bigger than 15 cm for a 2 panel long duct.  

5.5 Conclusions 

The research question to be answered in this chapter: 

 

Product evaluation  

Sub-Q 6: What is the influence of natural ventilation in lowering the module temperature? 

 

Response to sub question 6 

Despite the number of (raw) assumptions that has been made, a simplified analysis of the module 

temperature showed that a natural air draft can be used as a considerable passive cooling strategy for the 

developed BIPV product. For investigation a simplified theoretical model was set-up. 

 

This natural process can be useful under more ‘extreme’ weather conditions, in comparison to those of 

the area around San José (Central Valley). Mainly for areas with high average levels of irradiance and 

reasonable wind velocities between 1 and 5 m/s natural ventilation can be used as passive cooling 

strategy of the developed BIPV product. A relative simple modification in the design of a BIPV product, 

by means of integrating an air duct of approximately 0,20 m in the design, can lower the module 

temperature. This results in a higher voltage output of the panel and consequently an increase in 

electrical efficiency of the panel.  

 

But we must keep in mind that this model contains a very simplified model and an explicit expression of 

the module temperature has not been found. Therefore the results should be taken with some caution. 

Nevertheless, the model provides an approach for module temperature estimation where one can assume 

that the module temperature increases as the solar irradiance increases and decreases when the wind 

speed gets higher. 

 

In addition, the developed BIPV product can contribute to the creation of a pleasant indoor climate of an 

Eco-Lodge through enabling a stack effect, by the integration of an air duct into the design of the BIPV 

product. The presence of the duct can also gain its influence at the indoor environment by means of a 

possible flow of air that can cause inconvenience in the indoor environment. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Introduction 

In Costa Rica the hotel sector is an important contributor to the economy, mainly during the summer 

periods when a growing tourism sector is on its max. Future price increases of electricity, due to the 

increase in (peak) demand, as well as an unreliable electricity provision for peak demand that both effects 

the hotels would therefore bring serious damage to the economy of Costa Rica.  

 

This motivated the research to focus on the introduction of building integrated photovoltaics (BIPVs) in 

the hotel sector as a way of solar electricity generation, with the aim to enhance a stable and reliable 

electricity provision for the tourist sector in Costa Rica. This resulted ultimately in the main objective of 

this thesis - the development of an innovative prefabricated building integrated photovoltaic product for 

the hotel sector in Costa Rica, focused on Eco-Lodges. In this way Eco-Lodges can reduce their electricity 

costs and it allows an Eco-Lodge to generate and fulfil a part of its own electricity during periods of 

(peak) demand, e.g. for cooling and other electronics. 

 

To meet the main objective of this thesis the research attempted to answer the following main research 

question through a product development: 

 

Research Question:  

How can a building integrated photovoltaic product be designed and implemented in the rooftop of an 

Eco-Lodge in Costa Rica? 

 
This chapter summarizes and discusses the main findings and conclusions in this thesis of the research, 

and provides recommendations and suggestions for future research. 
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6.2 Conclusions  

Qualitative field research in Costa Rica  

Data was gathered in Costa Rica using a mixed method approach of a survey instrument, having 

structured interviews, on-site visits and a more in-depth case study analysis with structured personal 

interviews combined with on-site visits and observations of selected case studies. The use of such an 

number of methods made it challenging to compare and interpret the results. 

 

The fact that many results of the research were depending on the willingness of hotel owners and  other 

people to co-operate and often their poor knowledge of the English language, this challenged the 

qualitative research. Also because there was a time constraint to the amount of time the author could 

elaborate the research in Costa Rica. Another factor that limited the research were the travel distances 

and travel time.  

 

In particular the interviews gave important information about the major “barriers and motivators” that 

are faced by, inter alia, hotel owners which may influence the willingness to purchase solar photovoltaic 

panels for their hotel. Table 2-4 and 2-5 in Paragraph 2.3 briefly summarizes and presents the founded 

barriers and motivators. This knowledge helps to maximize the potential success of implementing 

photovoltaic panels and thus the future product design but is also valuable because it provides the 

product from a corporate social basis. In the end, the hotel owners are the ones who will decide whether 

or not to implement solar photovoltaic products, so it is important to take their demands into account.  

 

Based on the findings of the qualitative field research it can be stated that smaller hotels with a number of 

rooms averaged between 1 and 50 rooms that have the design characteristics of an Eco-Lodge are a 

suitable and relevant subject for the application for photovoltaic panels. 

  

Literature review 

The literature review highlighted the use of  roof cavity ventilation with ridge vents as an effective way of 

replacing accumulated hot air with cool air from the outside by convection. This also provides a ‘stack 

effect’ and reduces heat radiated from the ceiling cavity to the indoors of the building. The literature 

review concluded with mentioning the possibility to combine above mentioned principles with the 

integration of solar photovoltaic panels in the building envelope of an Eco-Lodge. Next to the function of 
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removing accumulated hot air, natural wind flows could be used here as a potential source for ventilation 

of the solar panel. 

 

Product development 

Based on the above mentioned findings from the qualitative field research, the in-depth literature study 

and other (technical) requirements a final plan of demands was determined. Based on this final plan of 

demands a BIPV product has been developed with the use of Morphological Overview (MO) as 

supportive design method for the product design. From literature it is shown that the presence of an air 

gap between a photovoltaic module and roof covering forms an important design parameter. This 

reduces module temperature and improves its electrical performance through ventilation cooling under 

the PV panel. Even if there is no clear agreement on the optimum gap size for good PV performance 

according to Orazio et al. (2013).  

 

The fact that the sun, in general stands high above the horizon in Costa Rica, parallel to the equator, 

together with the need for a pleasant indoor comfort through roof cavity ventilation, and the need for 

ventilation of PV, this resulted in the final product design as presented in this thesis. Here the PV panel is 

partly mounted above the inclined rooftop of an Eco-Lodge, to ensure rain-tightness, and partly directly 

connected with the indoor environment. 

 

Module temperature 

Evaluating the effect of the presence of a cooling duct beneath the PV panel contains a complex process of 

different variables. For evaluation of the product development in this thesis, for various reasons a 

simplified model has been used to evaluate the module temperature of only the part of the BIPV product 

that is not directly connected with the indoor environment.  

This resulted in different main conclusions: 

 

• The presence of a cooling duct beneath the PV panel enables ventilation cooling under the PV 

panel and consequently reduces the module temperature and improves its electrical 

performance. However, results of this research about module temperatures do not show dramatic 

differences in electrical outputs. Therefore, application of the product should be completed with 

additional argumentation as architectural, social, environmental and economic argumentation 

(e.g. substitution of materials).  
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• Furthermore we must keep in mind that this model contains a very simplified model based on a 

great amount of raw assumptions in order to make any statements about the need for a 

ventilation duct. An explicit expression of the module temperature has therefore not been found. 

Therefore the results should be taken with some caution.  

• The model provides a first approach for a simplified module temperature estimation of a specific 

product development where one can assume that the module temperature increases as the solar 

irradiance increases and decreases when the wind speed gets higher. 

 

Plan of demands 

Concluding, this research intended to determine which are the barriers and motivators for hotel owners 

to integrate photovoltaics in their hotels and what are important technical design parameters for 

integrating photovoltaics in Eco-Lodges in Costa Rica. This research could be a starting point for further 

exploration of BIPV application in Costa Rica and the Tropics.  

 

Table 6-1 shows, ultimately, through assessment with pluses and minuses where the product design 

actually (partly) meets or does not meet the final plan of demands and thus need some further research 

and development. For clarity purposes a distinction has been made between Primary (P) and Secondary 

(S) demands.  
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Table 6-1: Evaluation of demands 

Demands +/- 

P 1 Modular system  + 

P 2 Dimensionally stable and dismountable  +/- 

P 3 Low-tech design  + 

P 4 Strength, rigidity and stability +/- 

P 5 Use of renewable materials that are locally available +/- 

P 6 Building legislation and fire safety   + 

P 7 Presence of air gap  + 

P 8 Rain tightness + 

P 9 Interconnection  +/- 

P 10 Direct sunlight prevention  + 

P 11 Installation  + 

P 12 Aesthetical integration + 

P 13 Providing local employment + 

S 1 Construction on site. + 

S 2 Replacement - 

S 3 Lifetime mounting structure +/- 

S 4 Dimensions of 1650x1000 mm. + 

S 5 Prevention of stealing  + 

S 6 Pests, birds, pollution and wind tightness  - 

S 7 Condensation  - 

 

Although the product development does not meet the complete final plan of demands and there are still 

metals used in the mounting structure and aluminum in the framing of the panel in the final product 

design, it does meet the vast majority of Primary (P) demands. Mainly regarding the development of a 

low-tech solution with the use of renewable materials that are locally available without a complex joint 

structure and as less as possible nonrenewable (expensive) materials. Hereby, the use of standard solar 

panels ensured that the product development was mainly focused on the mounting structure of the solar 

panel. The presence of a ventilation duct provides cooling of the solar panels.  

 

Some of the demands, although they seem to be concluded in the design in a convincing way, further 

research should be done to optimize the product design at these points. This will be discussed in the next 

coming paragraph. 

 

Above all, the combination of the field research in Costa Rica and the product development resulted in an 

integral design methodology approach that brings new insights for modular, locally and environment 

friendly product development and building integrated photovoltaic product design in Costa Rica. In 
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particular for Eco-Lodges in Costa Rica. The developed design methodology tries to be in equilibrium 

between the different variables, that have different influences on each other. In this way a successful 

application in an Eco-Lodge can be established. Future research should prove the effectiveness of the 

methodology. But based on this research the development of a BIPV product in general will definitely 

have a future. 

 

In this thesis, this resulted in a balanced and reasoned product design where specific knowledge about 

energetic, economic, functional, constructional, structural, aesthetical, cultural and social aspects, 

specifically for the circumstances in Costa Rica are combined together. In the end, the development of the 

BIPV product will contribute to the independency of Costa Rica from polluting and price-sensitive energy 

sources from abroad.  

6.3 Suggestions for future research 

Qualitative field research in Costa Rica 

Since the field research contains an initial exploration to barriers and motivators for implementation of 

solar electricity in the current electricity management of the selected hotel typology, further research to 

other hotels and hotel typologies is necessary in order to verify these barriers and motivators and 

increase the rate of a successful solar photovoltaic product development for the hotel sector.  

 

An important barrier which is neglected in this research, are the initial costs of solar photovoltaic 

systems. Obviously the initial investment costs of a photovoltaic system also need to be considered to 

define if the product would be a profitable investment for a particular case. As this subject is not included 

in this thesis, this could be a subject for future research. 

 

Furthermore, providing information and feedback about the electricity use in an Eco-Lodge could make 

both, the hotel owner and optionally the visitor more aware of its energy use. A hotel owner could, for 

example, link a visitors electricity use to a potential discount on the rental price of an Eco-Lodge. 
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Product development 

Through making an LCA analysis, solutions for the implementation of solar electricity in the energy 

management of hotels can be op timized with the establishment of a BIPV product with a lower 

environmental impact compared to conventional solutions. Making an LCA analysis is outside the scope 

of this research. This should therefore be included in future research. In this way different materialization 

and dimensions of the structure could be examined. For example, although the frame is still existing in 

the current product design, when frameless becomes cheaper, this could become interesting for future 

research and for the environmental impact of the product. 

 

In addition, the interconnection and the fixation to the main support structure should be investigated 

further. Derived from the plan off demands the product development including the joint typology should 

also be tested, ultimately, at strength, rigidity and stability. And preservation techniques for bamboo 

should be investigated in order to achieve a preferable of lifetime of approximately 20 years (economic 

lifetime of an averaged solar panel).  

 

Module temperature 

Despite the number of (raw) assumptions that has been made, a simplified analysis of the module 

temperature showed that a natural air draft can be used as a considerable passive cooling strategy for the 

developed BIPV product. To get an explicit expression of the module temperature, influenced by a 

number of variables, more specific research by numerical studies (CFD) should be done. Through 

experimental testing a comparison of the model with experimental data could be made. At this moment 

SEAC23 has the objective to perform a number experimental tests at the rooftop of the Vertigo Building at 

the campus of Eindhoven University of Technology. Through these tests new innovative BIPV products 

will be analyzed on their physical and electrical integration in the building envelope (“Solar BEAT,” 

2013).  

 
Future research could also result in modifications of the design by means of integrating a wind catching 

element which can accelerate wind speeds underneath the panel in order to increase the cooling effect. 

This could be important in situations when there is little wind. 

 

                                                           
23 The Solar Energy Application Centre (SEAC) is an independent research organization that was founded in 2012 on 
the initiative of ECN, TNO and Holland Solar. The scope of SEAC is the field of solar energy systems & applications, 
which includes photovoltaic systems and solar thermal applications.  
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Another way to handle module temperature increase is to consider hybrid photovoltaic/thermal (PVT) 

systems that uses the heat generated in order to heat, for instance, water in an Eco-Lodge (Migan, 2013). 

In this way heat will remove from the PV module. 

 
Economic viability 

To make the product economic viable in Costa Rica it is important for banks to provide finance, as is the 

case for any other country. A short study from UNIDO and OLADE (2011b) about the financial options 

available in the country showed that commercial banks are just getting prepared to offer lines of credit 

and technical assistance for projects. According to UNIDO and OLADE (2011b) the key issue in Costa 

Rica is not the lack of resources in the financial market, but the lack of knowledge of these institutions 

with regards to the renewable energy businesses. Also the lack of a clear legal framework which would 

incentivize investment is problematic. This should, however, be developed further in the future. 

6.4 Relevance of research   

In order to be able to adapt to the continuing process of global energy transition and climate change it’s 

necessary to continuously analyse the future evolution of technological change in the energy field. In the 

case of Costa Rica this means to promote its pioneering position as a developing country in its search to 

carbon neutrality and as a major consumer of renewable energy. 

 

The importance of this thesis is due to the fact that Costa Rica is currently facing continuously increasing 

electricity prices. The expectation is that this will continue due to the increase of demand.  

 

It is time to explore future steps that can be taken in the search to a stable and reliable electricity 

provision without harming the environment. For this research the design process is not focused on 

finding a definite solution, but focused on investigating feasible possibilities.  

 

The combination of the field research in Costa Rica and the product development resulted in an integral 

design methodology approach that brings new insights for modular, locally and environment friendly 

product development and building integrated photovoltaic product design in Costa Rica. In particular for 

Eco-Lodges in Costa Rica. Particularly the interviews gave important information which is valuable 

because it provides the product from a corporate social basis. Future research should prove the 

effectiveness of the methodology. An addition to this would be setting up a Methodological Design 

Model that can be used in different countries and contexts. 
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Although the product innovation may come too soon for  Costa Rica, with the help of foreign knowledge 

and investments, exploration of future solutions could just be the key for a sustainable future. In this 

thesis, this resulted in a balanced and reasoned product design where specific knowledge about 

energetic, economic, functional, constructional, structural, aesthetical, cultural and social aspects, 

specifically for the circumstances in Costa Rica are combined together. 

 

When the time has come, then Costa Rica is ready to keep their example role for developing countries by 

showing how it manages its energy management by bringing decentralized generation in a sustainable 

way to the next level. (Philipsen, 2009; Wells, 2012). And maybe it can become through this kind of 

initiatives  a developed country in the nearby future. In addition, this research could be useful for 

companies, institutions and hotels in the process of exploration solar electricity application in Costa Rica. 
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